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Abstract
Corrosion is a complex physicochemical process that results in the gradual degradation and
loss of functional integrity of metallic materials due fo interactions with their surrounding

environment. Factors such as electrochemical reactions, aggressive chemical species, Keywords

Corrosion Management,
) ) ) ) i i Corrosion Risks,

to structural failure. Beyond the deterioration of engineering components, corrosion poses coprosion Monitoring

moisture, and elevated salt concentrations accelerate material deterioration, often leading

significant threats to human safety, environmental sustainability, and economic development. Techniques,

Benefits,

Selection,

Advanced Technologies,
of corrosion science, corrosion monitoring techniques, and emerging artificial intelligence Machine Learning,

Its impacts are widespread across critical sectors including manufacturing, production,
energy, transportation, and civil infrastructure. This study presents a comprehensive review

(AI)-driven approaches for corrosion prediction and management. Relevant information was Artificial Intelligence

systematically collected, synthesized, and refined from journals, conference proceedings,

theses, books, and other credible scientific sources published between 1800 and May 2026,

covering a period of 226 years. Literature was obtained from major databases including Web

of Science (WoS), Google Scholar, and the Multidisciplinary Digital Publishing Institute

(MDPI). Bibliometric analysis revealed that 1,091,722 publications (approximately 4,831

articles annually) focused on corrosion and corrosion science, while 73,202 publications

(approximately 324 articles annually) addressed the application of Artificial Intelligence (AI),

Artificial Neural Networks (ANN), and Machine Learning (ML) in corrosion-related studies.

Publication trends for both categories exhibited exponential growth. The review identified

major corrosion forms, including erosion, cavitation, fretting, microbiologically influenced

corrosion, atmospheric corrosion, fatigue corrosion, waterline corrosion, selective leaching,

dry (chemical) corrosion, wet (electrochemical) corrosion, galvanic corrosion, pitting

corrosion, stress-corrosion cracking, and intergranular corrosion. Corrosion monitoring and

detection techniques were classified into Visual Inspection, Non-Destructive Testing (NDT),

Destructive Testing (DT), and Analytical Techniques. Furthermore, AI-, ANN-, and ML-based

models have significantly enhanced the speed, efficiency, and accuracy of corrosion

prediction. The study concludes that early corrosion prediction, coupled with effective

monitoring and control strategies, can substantially reduce economic losses, while AI-driven

approaches offer practical advantages over traditional methods, particularly in inaccessible TR JPAS

or hazardous environments. m““m
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INTRODUCTION

Corrosion is a main problem in industries and
organisations such as oil and gas industries,
chemical manufacturing and processing
industries, civil and construction engineering,
marine and hydraulic engineering, highway
and fransportation engineering, because
corrosion reduces the life span and strength,
appearance, and physical features of
materials as well as equipment needed for all
these industries and engineering processes
(Li et al., 2015, Chouhan et al., 2013; Jawad
et al., 2026). "Corrosion remains a persistent
and costly challenge in infrastructure and
manufacturing systems, affecting the
longevity, safety, and efficiency of metallic
components and structures. Corrosion
continues to pose significant challenges
across  various  infrastructures  and
manufacturing systems, compromising the
structural integrity and functionality of
metallic and composite materials in essential
constructions such as bridges, pipelines, and
offshore  platforms, and  affecting
production machinery and assembly lines”
(Adeleke and Peter, 2021; Oladosu et al.,
2021 a and b, Onukwulu, et al., 2021,

Adewoyin et al., 2023). Figure 1 presents the
effects of corrosion on an industrial cooling
pipeline.

The appearances of corrosion are
diverse. The appearance of corrosion is in
the form of atmospheric corrosion, uniform
corrosion, pitting corrosion, stress
corrosion, crevice corrosion, erosion
corrosion, selective corrosion, fretting
corrosion, intergranular corrosion, cracking
or corrosion fatigue, galvanic corrosion, and
waterline corrosion. Figure 2 shows a
selected form of corrosion available. Each of
these forms of corrosion is influenced by a
multifaceted interaction of environmental,
operational factors, and materials (Liu et al.,
2021; Adewoyin et al., 2023). Despite the
development, manufacturing, and applications
of protective varnishes and corrosion
inhibitors, the economic impact and effects
of corrosion remain deep. Corrosion
generates annual losses valued in the trillions
of American dollars (US$) due to equipment
replacement and maintenance, machine
dysfunction, risk, and safety incidents
(Elmas et al., 2023; Adewoyin et al., 2023).

Figure 1: the effects of corrosion on an industrial cooling pipeline
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Figure 2a: a selected form of corrosion available
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Figure 2b: a selected form of corrosion available

The economic burden of corrosion can be
attributed to several factors and
assessments across sectors such as oil and
gas industries, transportation and highway
industries, energy and chemical processing,
and construction and civil engineering. These
highlighted sectors and many other sectors
have  withessed calamitous events
emphasizing the cruciality of vigorous and
the importance of corrosion science,
prevention  practices and  knowledge
(Ogunwole, et al., 2022, Onukwulu, et al.,
2022; Okeke, et al., 2022, Adewoyin et al.,

2023; Souza et al.,, 2025 Talbot, and
Talbot2018. Tan et al., 2026, Thakur et
al.,2026, Ulhaq 2025, Usman et al.,2025 Yang
et al., 2026, Yuldashova et al.,2026). Notable
catastrophes caused by corrosion are
pipeline ruptures, bridge collapses and
shutdown of engines due to mechanical
faults, which are the highlight of the
potential consequences that endanger
operational continuity, human risk and
safety, as well as ecological integrity (Elmas
et al., 2023, Adewoyin et al., 2023). "The
weakening of metallic structures due to

Cavitation Corrosic
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corrosion can cause structural failures that
endanger people’s lives. Furthermore, the
corrosion of pipelines and equipment can
result in spills of hazardous and polluting
substances, leading to detrimental ecological
and human effects” (Ruiz et al., 2024,
Oyetola, 2026, Palit, 2018, Pedeferri et al.,
2018, Qamar and Zardari, 2023; Rajendran
and Subbian, 2026; Ridwan et al., 2026;
Rodrigo et al., 2026 , Ruiz et al., 2024, Ryl,
2020, Saminathan et al., 2024, Sastri, 1998,
Sheldon2018, Singh et al.,2025a.. and b).
Corrosion monitoring is a
management  practice of deliberately
averting corrosion effects and harm with an
effort to safeguard tangible and valuable
assets (6uma and Dele, 2025) . The urgency
for active knowledge of corrosion, corrosion
detection, corrosion science, corrosion
monitoring, and  corrosion  predictive
procedures is strong, particularly given that
there is a growing regulatory scrutiny of
immediate infrastructure integrity and
veracity (Ossai, 2019; Adewoyin et al., 2023).
Traditional  modelling  practices  for
corrosion, corrosion detection, corrosion
science, corrosion monitoring, and corrosion
prediction are foundational and fundamental,
but often fail to capture the complex,
dynamic nature of real-world corrosion
situations. Many conventional models depend
heavily on empirical data resulting from
laboratory ~ backgrounds  and  basic
mathematical  frameworks, which are
inadequate to address the unpredictability in
features (temperature, pressure, material
properties and relative humidity (Ossai,
2019:  Adewoyin et al, 2023). These
limitations offen result in conventional
predictions that do not accurately show or
reflect actual corrosion rates, resulting in
excessive maintenance interventions and
unanticipated or surprising equipment
failures (Ossai, 2019). These traditional
approaches struggle to establish or provide

the tailored or reliable insights required or
needed for proactive infrastructure and
corrosion management (Adewoyin et al.,
2023).

Emerging trends in  Artificial
Intelligence (AI), Artificial Neural Network
(ANN) and Machine Learning (ML) are
restructuring the landscape of corrosion,
corrosion modelling, and corrosion science by
permitting the analysis of large and complex
datasets. Machine learning techniques, such
as support vector machines, supervised
learning, and neural networks, are attractive
and instrumental in discovering intricate
patterns, trends, and relationships that
conventional techniques might miss (Ogu, et
al., 2023, Adebisi et al., 2023, Onukwulu, et
al.,, 2023a and b, Adewoyin et al., 2023).
These ANN, AI, and ML-enhanced models
influence historical data from inspections,
through environmental monitoring, and to
material characteristics to establish and
provide real-time predictive insights on
corrosion properties and behaviour (Elmas et
al.,, 2023; Adewoyin et al., 2023). These
transitions not only boost the accuracy of
corrosion rate forecasts but in-addition
facilitate condition-based and situation-
based maintenance and support risk-
informed decision-making across several
industrial and engineering sectors (Lin et al.,
2023, Elmas et al.,, 2023; Adewoyin et al.,
2023). Nonetheless, while ANN, AT and ML
provide promising improvements, the quality
and scope of datasets employed in these
models frequently vary significantly. In
addition, comprehensive datasets are
necessary and needed to effectively train
these AI systems. However, numerous and
similar existing datasets can be biased or
incomplete, thus limiting the generalizability
or reliability of the resulting predictive
models (Ma et al.,, 2021; Adewoyin et al.,
2023). Future research and studies on AI,
ANN and ML must emphasize improving
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dataset quality and quantity, standardizing
data assemblage practices, and
professionally integrating machine learning
models into real-world monitoring systems
and facilities to enhance the prediction
capabilities, practical applicability and
reliability (Lin et al., 2023). In summary,
these inquiries underscore the imperative
for continuous study and research, and
improve development in the realm of AI-
augmented corrosion science and corrosion
modelling.

It has been documented that in the
last three decades; several studies and
research have focused on the national and
global economic impact of corrosion. Through
different and several approaches, all these
studies have determined and evaluated costs
equivalent damage caused by corrosion to be
between 3.0 and 4.0 % of each nation’s gross
domestic product (GDP). In Europe (Spain),
the cost amounts to over 4.0 x 107 EUR in the
year 2022 (Ruiz et al.,, 2024). These
economic losses through the impact of
corrosion have a negative influence on the
competitiveness  of  industries  and
institutions and, consequently, an overall
impact on the country's economic
development and growth. The overall
implementation of effective knowledge on
corrosion and corrosion science, corrosion
models and scientific management of
corrosion could reduce national and global
expenditure between 2.5 x 10! and 3.0 x
10! % (Ruiz et al., 2024). In addition, the
implications of the impact of corrosion for
safety, risk and on the environment are more
significant (Okeke, et al., 2022, Olisakwe et
al.,, 2022, Lin et al., 2023, Ruiz et al., 2024,
Adewoyin et al., 2023). With the knowledge
of corrosion, corrosion science, scientific
management of corrosion and improved
development in the realm of AI-augmented
corrosion science and corrosion modelling,

these negative impacts of corrosion on
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national and global expenditure can be
reduced. The objectives of this review are o
provide data and information on the trend
and paftern of studies on corrosion and
corrosion science through the fundamentals
of corrosion science and the application of
artificial intelligence and machine learning,
with the key aim of enhancing the efficacy of
corrosion management strategies and
fostering greater resilience in critical

infrastructure.

MATERIALS AND METHODS

The main tool utilised for identifying
relevant literature for this review was
general academic search engines,
aggregators and discipline-specific and
regional repositories such as Web of
Science, Public Library of Science (PLOS), E-
Theses Online Service (ETHOS), Royal
Society of Chemistry, Google Scholar or
CORE were used to identify and establish
relevant papers. Citation managers such as
Mendeley, Zotero, and EndNote were used to
store, tag, and annotate the articles
downloaded. Articles between 1800 and May
2026 of the keywords were sorted by
publication year, relevance, subject area, or
keyword to avoid information overload. The
keywords such as corrosion, corrosion
science, machine learning, artificial
intelligence, deep learning, corrosion in
material science, simulation of corrosion,
atmospheric corrosion, pitting corrosion and
metallic materials, alloys, carbon steel,
reinforced concrete, different models using
artificial neural network (ANN), random
forest (RF), support vector machine (SVM)
and optimization were used individually and in
combination. In the research, peer-reviewed
articles written and published in English were
downloaded, considered, and evaluated.
Review papers, conference and workshop
abstracts, and studies not directly related to

the keywords were excluded. The data and
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obtained information were analysed using
Microsoft Excel.

RESEARCH FINDINGS
The results of the research findings are
presented and discussed as follows:
e Definitions of Corrosion

Corrosion has been defined as "The
steady either deterioration or degradation
of a metal or metallic material due to either
chemical or electrochemical reaction within
the surrounding environment of the metal.”.
Another simple definition says that
"Corrosion is the destructive attack of a
metal by its environment.”. Corrosion is a
natural process that causes the gradual
destruction or deterioration of metals and
other materials due to either chemical or
electrochemical reactions with  their
environment. Corrosion is the process by
which metallic material either degrades or
loses its initial quality due to several factors,
such as chemical reactions in the
environment and high concentrations of
salts, leading to efficient failure of the
component ((Harsimran et al., 2021; Ibrahimi
et al., 2021; Rajendran and Subbian, 2025).
Corrosion frequently occurs when metals or
metallic substances are exposed to moisture,
air, acids, high concentrations of salts, high
concentrations of dissolved solids in water or
air, or other corrosive substances (Odeyemi
and Alaba, 2025; Adewoyin et al., 2023,
Jumbo-Egwurugwu et al., 2026). Corrosion is
referred to as either a natural process or a
process in which solid substances,
specifically metallic substances or metals,
undergo modification in physical or chemical
properties through chemical reactions with
oxygen (as either oxidation or reduction,
redox). “Corrosion refers to a process
wherein a solid substance, specifically a
metal, undergoes alteration through a
chemical reaction with oxygen. It entails the
gradual deterioration of the material,

characterized by its consumption or erosion
over time. In a broader sense, corrosion can
be understood as the general tendency of
materials to seek a state of greater stability
or lower internal energy” (Fehintola, 2021;
Abdulmutaali et al., 2025; Adebisi et al,
2023a. Adebisi et al.,2023b, Adebisi et al.,
2023c, Adebisi et al., 2021 , Adeleke and
Peter, 2021, Adewoyin et al., 2023, Aljibori
et al.,, 2023a, Aljibori et al., 2023b, ASTM,
2002, Chenetal., 2025., Chouhan et al., 2013,
Coelho et al.,, 2022, Elmas et al., 2023,
Fehintola 2021, Guma and Dele, 2025, Guo
and Rong, 2026, Hamid and Gomaa, 2025,
Harsimran et al., 2021).

"Corrosion is a natural process that
converts a refined metal to a more
chemically stable form, such as its oxides,
hydroxides, or sulphides. It is the gradual
destruction of materials (usually metals) by
chemical and/or electrochemical reactions
within their environment. The term corrosion
can be defined as the interaction
(electrochemical reaction) of a metal with
the surrounding environment, causing a slow,
steady and irreversible deterioration in the
metal, in both physical and chemical
properties " (Sastri, 1998, Fehintola, 2021),
Corrosion is the product of the destruction
of a metal as a result of an electrochemical
reaction between the metal or alloy and its
surrounding  environment.  (Jones, 1996,
Fehintola, 2021). American Society for
Testing and Materials (ASTM International,
2002) defined corrosion as the deterioration
of different types of materials, usually
metals as a result of chemical or
electrochemical reaction between the metal
and the environment, producing material and
weakening of its properties. Corrosion is an
industrially and economically challenging
environmental material degradation process
that has a profound influence on human lives,
with an overwhelming annual global cost of
about 2.5 trillion dollars (Ruiz et al., 2024;
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Ibrahimi et al., 2021, Imran et al., 2023,
Jawad et al., 2026, Jones 1996, Jumbo-
Egwurugwu et al., 2026, Khalaf et al., 2024,
Khalilov et al., 2026; Kucharlapati et al.,
2025, Kurtz et al., 2023, Li et al., 2015 Lin et
al.,.2023,Linet al., 2023, Liu et al., 2021; Ma
et al., 2021, Mubeen et al.,2026, Nrior et al.,
2026.0deyemi and Alaba2025. Ogu et
al.,2023 , Ogunwole et al., 2022 , Okeke et
al.,2022 , Okeke et al.,, 2022 , Okeke et
al., .(2023d, Okeke et al., 2023c , Okeke et
al., 2023b).

ISO (International Organization for
Standardization, 2015) defined corrosion as
the interaction between a metal and its
environment,  physico-chemically,  that
results in the variation in the properties of
the metal and which may eventually lead to
changes in the functions of the metal and the
environment. Sheldon (2018) and Fehintola
(2021) define corrosion as the product of the
destruction of the electrochemical
interaction between a metal or its alloys and
its environment. "Corrosion is the weakening
or destruction of metals and alloys in the
presence of an environment by chemical or
electrochemical means. In simple
terminology, corrosion processes involve a
reaction of metals with environmental
species”. Corrosion of metals is defined as
the spontaneous destruction of metals
chemically, electrochemically, or
biochemically as a result of their
interactions  with  the  environment.
Therefore, corrosion can be referred to as
the opposite of the extraction of metals
from ores. It is also known as the
Destructive Oxidation Reaction of Metals by
the environmental oxidizing agents. Rusting
is the commonest form of corrosion. All
metals, including the noble metals such as
platinum, gold, silver and others. will undergo
corrosion inasmuch as these metals are
exposed to a powerful oxidizing agent that
results in the formation of oxides,

hydroxides and sometimes carbonates,
sulphides, and even nitrides (Fehintola,
2021). “Corrosion of metals entails the
gradual deterioration of the material,
characterized by its consumption or erosion
over time. In a broader sense, corrosion can
be understood as the general tendency of
materials to seek a state of greater stability
or lower internal energy” (Fehintola, 2021).
. Effects of Corrosion on the
Materials

The major impacts of corrosion on the
materials can be summarised as weakening of
metal structures, reduction of efficiency,
performance and life of equipment,
contamination of products, demand for high
maintenance and replacement costs, and
decreased  both  environmental and
occupational safety, increased occupational
hazards and environmental damage through air and
water pollutions
. Types of Corrosion

Corrosion is the gradual deterioration
of metals or alloys due to chemical or
electrochemical  reactions with  their
environment. The causes of corrosion can be
summarised as metals tend to return to their
natural state (ores) by reacting with
substances in their environment and common
corrosive environments: moisture, oxygen,
acids, salts, and pollutants. Corrosion occurs
in different forms depending on the
environment, metal, and conditions of
exposure. Types of corrosion can be
expressed as follows (Figure 2; Ibrahimi et
al., 2021, Imran et al., 2023, Jawad et al.,
2026, Jones 1996, Jumbo-Egwurugwu et al.,
2026, Khalaf et al., 2024, Khadlilov et al.,
2026; Kucharlapati et al., 2025, Kurtz et al.,
2023, Li et al., 2015 Lin et al., .2023, Lin et
al., 2023, Liu et al., 2021; Ma et al., 2021,
Mubeen et al.,2026, Nrior et al.,
2026.0deyemi and Alaba2025. Ogu et
al., 2023 , Ogunwole et al., 2022 , Okeke et
al.,2022 , Okeke et al.,, 2022 , Okeke et
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al., .(2023d, Okeke et al., 2023c , Okeke et b) Wet (Electrochemical) Corrosion:
al., 2023b): (occurs in the presence of an

electrolyte or moisture).
a) Dry (Chemical) Corrosion: (Direct Y L ) .
. ) . Wet corrosion is a type of corrosion
reaction with gases at high .
) that occurs when a metal is exposed
temperatures). Dry corrosion, known L .
) ) ) to a liquid environment, usually
as chemical corrosion, is the o ) ) )
] ) containing water (like moisture, rain,
deterioration of a metal caused by a ) )
) ) ] or an electrolyte solution). It involves
direct chemical reaction between the . .
o ) electrochemical reactions on the
metal and specific dry gases in the . .
metal surface. In wet corrosion, tiny
absence of an aqueous (water-based) ) ) )
) anodic and cathodic regions form on
electrolyte. Dry corrosion usually
) the metal, at the anode, metal atoms
occurs at high temperatures when . .
lose electrons (oxidation) and go into
metals are exposed to gases such as ) )
o . solution as ions, and at the cathode,
oxygen, sulphur dioxide, chlorine, ) )
) ) a reduction reaction occurs (often
hydrogen sulphide, or other reactive _ ) ,
. . involving oxygen or hydrogen ions).
gases. The main mechanisms of dry
. The presence of wafter or an
Corrosion are as follows: ]
. electrolyte allows ions to move,
. The metal surface comes into . .
) _ completing the corrosion process.
contact with a dry corrosive gas. _ i
) ) This process is also known as
o A chemical reaction occurs . .
electrochemical corrosion. An
between the metal and the gas. . .
) example of wet corrosion is the
o A layer of corrosion product . . )
) ) ) rusting of iron in the presence of
(oxide, sulphide, chloride) forms on L
water and oxygen, which is a common
the metal surface. .
i case of wet corrosion.
. The corrosion layer may . .
th ¢) Galvanic Corrosion: (occurs when two
either:
) dissimilar metals are in electrical
i. Protect the metal by .
_ contact in an electrolyte. An example
preventing further attack, or ) ) )
. ) is the corrosion of steel bolts in contact
ii. Crack or flake off, exposing ) ] o
. ) with copper). Galvanic corrosion is a
fresh metal and allowing continued ) )
, form of electrochemical corrosion
corrosion. o
) that occurs when two dissimilar
The common types of dry Corrosion are as ) o
foll metals with similar charges or
ollows:
o ) valencies are electrically connected
o Oxidation Corrosion (Occurs when .
. in the presence of an electrolyte
metals react with oxygen at elevated _
(such as water, seawater, or moist
temperatures. . . . .
o ) soil). In this situation, the more
o Sulphidation Corrosion (Occurs due )
) ) o active (less noble) metal becomes the
to reaction with sulphur-containing
) anode and corrodes, the more noble
ases).
9 . metal becomes the cathode and is
o Halogen Corrosion (Occurs when
) ) ] protected, and the electrolyte allows
metals react with chlorine, fluorine, ) )
the flow of ions, completing the
or other halogens) and . o )
L . corrosion  circuit.  The  main
o Liquid-Metal Corrosion (Occurs when . ) )
mechanisms of galvanic corrosion are

a metal is attacked by a molten
Y that two different metals are in

metal).
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electrical contact, an electrolyte is
present, a potential difference
develops between the metals,
electrons flow from the anodic metal
to the cathodic metal and the anodic
metal loses metal ions and corrodes.
An example of galvanic corrosion is
when steel is connected to copper in
seawater; the steel acts as the anode
and corrodes, and copper acts as the
cathode and remains protected. The
key factors that affect galvanic
corrosion are as follows:

. Difference in
electrode potentials between the
metals.

. Conductivity of the
electrolyte.
. Ratio of cathode area

to anode area.

. Temperature and
environmental conditions.

. Distance between
the metals

of Galvanic Corrosion

Galvanic corrosion is commonly classified

according to the way the galvanic cell
is formed as follows:
Dissimilar Metal Galvanic
Corrosion: Occurs when two
different metals or alloys are in
electrical contact in an
electrolyte and the less noble
metal acts as the anode and
corrodes. An example of Galvanic
corrosion is steel connected to
copper in seawater.
Concentration Cell Corrosion:
Occurs when different areas of
the same metal are exposed to
different  concentrations  of
oxygen, ions, or electrolytes. The
area of the metal with lower
concentration becomes anodic and
corrodes. An example of this is a

metal surfaces partly covered by
deposits.

Differential Aeration Corrosion:
A specific type of concentration
cell ~ corrosion caused by
differences in oxygen
concentration. Areas of the metal
with less oxygen become anodic
and corrode. An example of this
type of corrosion is corrosion
under water droplets or beneath
gaskefts.

Active-Passive Cell Corrosion:
Occurs when one part of a metal is
in the active state while another
part remains passive. The active
region of the metal becomes the
anode and corrodes rapidly. This
type of corrosion is common in
stainless steels when the passive
film is damaged locally.

d) Pitting Corrosion: Localized attack forming

small pits or holes. Localized attack that
causes small holes or pits in the metal
surface. Pitting corrosion is a highly
localized form of corrosion that
causes the formation of small holes,
pits, or cavities on the surface of a
metal. Pitting corrosion is one of the
most dangerous forms of corrosion
because it can cause failure with very
little overall material loss. The key
characteristics of Pitting corrosion
are that the corrosion occurs at
specific points on a metal surface,
pitting corrosion produces deep pits
while most of the surface remains
unaffected, pitting corrosion is
difficult to detect because the pits
may be small and hidden and pitting
corrosion can lead to sudden
equipment  failure. The  main
mechanism of pitting corrosion are
that the protective oxide film on the
metal surface is damaged or breaks
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down, a small anodic area forms at
the damaged spot of the metal, the
surrounding surface of the metal
acts as the cathode, the metal
dissolution occurs at the anodic site,
creating a pit and the pit grows
deeper as corrosion continues. The
causes of Pitting corrosion are as
follows:

e Presence of chloride ions

(seawater).
e Stagnant solutions.

e Surface defects or
scratches.
e Deposits and

contaminants on  the
metal surface.

e Breakdown of passive
films on metals such as
stainless steel.

Examples of Pitting corrosion are
pitting of stainless steel in seawater,
aluminum corrosion in chloride-
containing environments and
corrosion of storage tanks and
pipelines.

Effects of Pitting corrosion: The
major effects of Pitting corrosion
are that Pitting corrosion reduced
mechanical ~ strength,  produces
leakage in pipes and tanks, produces
premature equipment failure, and
increases maintenance and repair
costs

Types of Pitting Corrosion: Pitting
corrosion can be classified based on
the mechanism that initiates the pit
as follows:

Stable Pitting: In Pitting corrosion,
once initiated, the pit continues to
grow on its own, and the environment
inside the pit becomes increasingly
aggressive, accelerating corrosion.

Pitting corrosion is the most

d)

e)

f)

dangerous type because it can lead to
perforation and failure.

Metastable Pitting: These are small
pits that form but stop growing after
a short period. The metal's
protective  film reforms (re-
passivates) and is often considered
the early stage of pitting corrosion.
Chloride-Induced Pitting: Pitting
corrosion caused by the presence of
chloride ions (Cl7), such as those
found in seawater and salt solutions.
Pitting corrosion is common in
stainless steels, aluminum alloys, and
other passive metals. This corrosion
is one of the most frequently
encountered forms of pitting.
Deposit-Induced  Pitting:  This
corrosion occurs beneath deposits of
dirt, scale, corrosion products, or
biological growth. The deposit
creates localized differences in
oxygen concentration, promoting pit
formation.

Crevice-Associated Pitting: This is
corrosion that initiates within narrow
gaps or crevices where stagnant
solution exists. It is often found
under gaskets, washers, bolts, and
lap joints. It is closely related to
Crevice Corrosion.

Crevice  Corrosion: Occurs in
shielded areas such as gaps or joints.
Occurs in tight spaces or crevices
where stagnant solutions accumulate.
Uniform Corrosion: Corrosion that
occurs evenly across the entire
surface exposed to the environment.
An example of uniform corrosion is
the rusting of steel in the
atmosphere.

Stress corrosion cracking: This is
the corrosion caused due to the
presence of stress and a corrosive
environment. Corrosion is established
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by the presence of tensile stress,
which is accelerated by mutilation to
the surface of the metal. The
for  this
corrosion is not well established or
understood, but it is assumed that

specific ~ mechanism

the corrosion is due to either applied
force orinternal force (stress),
which causes atoms of the material
to leave the anodic tips of incipient
cracks. Stress corrosion cracking can
cause sudden and catastrophic
failure of a component, even when
the overall corrosion rate is low. The
three Conditions Required for Stress
corrosion cracking are Susceptible
material (certain steels, aluminum
alloys, stainless steels), Tensile
stress (applied stress or residual
stress from welding, machining) and
environment

Specific  corrosive

(chlorides, caustic solutions,
ammonia). The two Types of Stress
corrosion cracking are intergranular
Stress corrosion cracking (Cracks
propagate along grain boundaries)
and transgranular stress corrosion
cracking (Cracks pass through the
grains of the metal).
Intergranular Corrosion:
Intergranular  corrosion describes
preferential dissolution along the
grain boundaries and is related to
precipitation  of  second-phase
particles at the grain boundaries and
solute depletion in the vicinity of the
grain boundaries. An example of
intergranular  corrosion is in
austenitic Stainless Steel, in which
welding can cause chromium carbides
to form at grain boundaries. The
nearby regions become depleted of
chromium, reducing corrosion
resistance and making the grain

boundaries susceptible to attack

h) Erosion

J)
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Corrosion: Erosion
Corrosion is a form of corrosion that
occurs when a corrosive fluid moving
at high velocity wears away the
protective surface film of a metal,
exposing fresh metal to further
chemical attack. It involves the
combined action of mechanical
erosion and electrochemical
corrosion. An example of erosion
corrosion is in a water pipeline
carrying sand-laden water at high
speed, in which the sand particles
continuously strike the pipe wall and
remove the protective oxide layer.
The exposed metal then corrodes
more rapidly, leading tfo erosion
corrosion.

Cavitation Corrosion: Cavitation
Corrosion is a form of material
damage that occurs when vapor
bubbles form and collapse rapidly in
a liquid near a metal surface. The
collapse of these bubbles generates
intense shock waves and high-
pressure impacts that damage the
metal surface and accelerate
corrosion. An example is the blades
of a ship's propeller may develop pits
due to cavitation. As the propeller
rotates rapidly, pressure changes
create vapor bubbles that collapse
against the blade surface, causing
damage and accelerating corrosion.
Fretting Fretting
Corrosion is a form of localized

Corrosion:

corrosion that occurs at the contact
surfaces of two materials
undergoing repeated small-
amplitude relative motion (vibration
or rubbing) while under load. The
slight movement damages the
protective oxide layer on the metal
surfaces. The exposed metal then

reacts with oxygen in the


https://www.sciencedirect.com/topics/physics-and-astronomy/ultimate-tensile-strength
https://www.sciencedirect.com/topics/engineering/internal-stress
https://www.sciencedirect.com/topics/materials-science/incipient-crack
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environment, producing oxide debris.
Continued rubbing removes this
debris and exposes fresh metal,
leading to ongoing wear and
corrosion. An example of fretting
corrosion is in a bolted joint
subjected to continuous vibration,
tiny movements between the
contacting surfaces «can cause
fretting corrosion, producing oxide
debris and surface damage around
the contact area
Microbiological Corrosion:
Microbiologically Influenced
(MIC), often called

microbiological corrosion, is the

Corrosion

deterioration of a metal caused or
accelerated by the activity of
microorganisms such as bacteria,
fungi, algae, or other microbes.
These microorganisms form biofilms
on metal surfaces and produce
substances that alter the local
environment, making corrosion occur
faster than it normally would. An
example of MIC is in an oil pipeline,
in which sulphate-reducing bacteria
can produce hydrogen sulphide, which
promotes localized corrosion and
pitting of the pipe wall
Atmospheric Corrosion:
Atmospheric  Corrosion is the
corrosion of a metal caused by
exposure to the atmosphere,
particularly in the presence of
moisture, oxygen, and airborne
contaminants. It is the most common
type of corrosion and occurs when a
thin film of water forms on a metal
surface, allowing electrochemical
reactions to take place.

Fatigue Corrosion: Corrosion
Fatigue (Fatigue Corrosion) is the
progressive  deterioration  and

cracking of a material caused by the

n)
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combined  action of  cyclic
(repeated) stress and a corrosive
environment. A metal subjected to
repeated loading normally develops
fatigue cracks over time. When
corrosion is also present, crack
initiation and growth occur much
faster, reducing the material's
fatigue life. An example of Corrosion
Fatigue (Fatigue Corrosion) is a ship
propeller shaft operating in seawater
that experiences repeated rotational
stresses. The seawater causes
corrosion pits on the shaft surface,
and these pits become starting
points for fatigue cracks, eventually
leading to failure.

Waterline Corrosion: Waterline
corrosion is a type of localized
corrosion that occurs on a metal
surface at or near the interface
between air and water (the
waterline). It is common onh
structures  that are  partly
submerged and partly exposed to
air. An example of waterline
corrosion is a steel ship hull left in
seawater, which often shows a visible
rust band along the waterline
because oxygen levels differ above
and below the water surface, causing

accelerated corrosion at that

boundary.
Selective  Leaching  (Selective)
Corrosion: Selective  leaching

corrosion (also called dealloying) is a
form of corrosion in which one
element is selectively removed from
an alloy, leaving behind a weakened,
porous structure made of the more
noble (less reactive) metal. An
example of Selective Leaching
(Selective) Corrosion is in seawater,
in which brass plumbing fittings may
lose zinc over time. The remaining
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copper structure becomes weak and
porous, even though the fitting may
still look intact externally.

Mechanism and Equations of Corrosion
"Metals mostly corrode when they come into contact with oxygen, moisture, acids, salts, or other
substances. Electrons are transferred from the metal (anode) to an oxidizing agent (cathode)
through an electrolyte in the most prevalent type, known as electrochemical corrosion”. The most
common mechanism is electrochemical corrosion, especially in the presence of moisture. Common
corrosion equations (especially for rusting of iron) are as follows:
1. Anodic Reaction (Oxidation)
Metal loses electrons: Fe » Fe?* + 2e~
)
2. Cathodic Reaction (Reduction)
In neutral or alkaline water containing oxygen: 0, + 2H,0 + 4e~ — 40H~
(2)
3. Formation of Ferrous Hydroxide
Fe?t + 20H™ - Fe(0OH), 3)
4. Oxidation to Ferric Hydroxide4Fe(OH), + 0, + 2H,0 — 4Fe(0OH); 4
5. Formation of Rust
2Fe(OH); — Fe, 05 - xH,0 ®)
where: Fe,0; - xH,0is hydrated iron (IIT) oxide (rust).
Overall Rusting Equation

4Fe + 30, + 6H,0 — 4Fe(OH); (6)
which eventually converts to rust:
4Fe + 30, + xH,0 - 2Fe,0; - xH,0 7
Electrochemical Corrosion Cell Summary
Anode: M - M™ + ne~ (8)
Cathode: 0, + 2H,0 + 4e~ — 40H~ 9)
Overall: Metal + 0, + H,0 — Corrosion Products
(10)

Figure 3 shows the selected frequent appearance of corrosion in selected materials. Figure 4

presents the summary of mechanisms and equations in corrosion.
Corrosion Detection Techniques: Corrosion detection techniques are methods used to identify,
monitor, and measure corrosion in materials and structures before serious damage or failure
occurs. Corrosion detection techniques help in maintenance planning, safety assurance, and
extending service life. Corrosion can be detected, monitored, and evaluated using several
techniques. These methods and techniques are generally classified as visual, non-destructive
testing (NDT), electrochemical, and analytical techniques. The breakdown of these techniques
is as follows:

a. Visual Inspection Technique: Visual Inspection Technique is the simplest and most
common method, which involves direct observation of rust, discoloration, pitting, or
surface damage. Visual Inspection Technique can be done with the naked eye or
magnifying tools.
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b. Ultrasonic Testing Technique (UT): Ultrasonic Testing Technique (UT) utilises high-
frequency sound waves to measure or evaluate material thickness. Ultrasonic Testing
Technique (UT) detects internal corrosion and wall thinning without damaging the
material. The technique is very useful for pipes, tanks, and pressure vessels. The
technique is non-destructive testing.

Figure 3: The selected frequent appearance of corrosion in selected materials.

Single metal corrosion : Iron

Anode Cathode

Electrolyte | Fe(OH),
OXIDATION (Anode): Corrosion! REDUCTION (Cathode)
Fe—2e = Fe?* 2H,C=2 2H +2 OH
Fe?' + 2 OH = Fe(OH) 2H +2e > H,

4 Fe(OH),; + O; = 2Fe,0; + 4 H,0O
In presence of oxygen : 02+ 2 H:0+4 e > 4 OH

4Fe+30,> 2Fe,0;

Figure 4: The summary of mechanisms and equations in corrosion (Source: Hamid and Goma 2025)
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Radiographic Testing xX-
ray/6amma Ray) Technique: The
radiographic testing (X-ray/Gamma
Ray) technique uftilises radiation to
create or produce images of internal
structure. Radiographic Testing (X-
ray/Gamma Ray) helps in detecting
internal corrosion, cracks, and voids.
Radiographic Testing (X-ray/Gamma
Ray) is common or frequently found
in weld inspection and thick
components. The technique is a non-
destructive test.

Eddy Current Testing Technique:
Eddy Current Testing Technique
utilises electromagnetic induction to
evaluate or detect surface and near-
surface corrosion. Eddy Current
Testing Technique is effective for
conductive materials such as
aluminium and copper alloys. Eddy
Current Testing Technique is often
utilised in aircraft inspection. The
technique is a non-destructive test.
Magnetic Particle Inspection (MPI)
Technique: The Magnetic Particle
Inspection (MPI) Technique is used
for ferromagnetic materials (like
steel). Magnetic Particle Inspection
(MPT) Technique reveals surface and
slightly subsurface corrosion cracks
and corroded particles gather at
defect locations under a magnetic
field. The technique is a non-
destructive test.

Electrochemical Methods or
Techniques: This technique
measures or evaluates corrosion
rate utilising electrical signals. The
technique includes other techniques
such as Linear  polarization
resistance (LPR) and Potentio-
dynamic polarization. The technique
is useful for real-time monitoring in

pipelines and tanks. The technique is
a non-destructive test.

Weight Loss (Coupon Test)
Technique: In the Weight Loss
(Coupon Test) Technique, metal
samples (coupons) are exposed to
the environment for a specific
period, and the corrosion rate of the
metal is calculated by measuring
weight loss or change in weight over
time. The technique is simple and
easy to utilise but the technique is a
time-consuming method. The
technique is a destructive test.
Acoustic ~ Emission  Monitoring
Technique: The Acoustic Emission
Monitoring Technique detects sound
waves produced by crack growth and
corrosion activities. The technique is
useful for real-time structural
health monitoring. The technique is a
non-destructive test.

Infrared Thermography Technique:
Infrared Thermography Technique
detects temperature differences
caused by corrosion activities or
material loss by the metal in a
specific environment. The Infrared
Thermography Technique is useful
for corrosion level evaluation of
large structures and electrical
systems. The technique is a non-
destructive test.

Corrosion Probes and Sensors
Technique: Corrosion Probes and
Sensors are installed in pipelines and
tanks for continuous monitoring of
the corrosion rate. Corrosion Probes
and Sensors Technique measures
corrosion parameters such as
corrosion rate, pH, oxygen, and
conductivity. Figure 5 presents the
corrosion forms with the required
monitoring techniques. The
technique is non-destructive testing.
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Overview and summaries of publications on

Corrosion and Corrosion Science

A summary and overview of corrosion and

corrosion science is as follows:

“Corrosion is the gradual
deterioration of a material, usually a
metal, due to chemical or
electrochemical reactions with its
environment. It converts metals into
more stable radicals, groups, or
compounds such as oxides,
hydroxides, or sulphides”. Examples
of corrosion are the rusting of ironin
the presence of oxygen and water,
tarnishing of silver. and corrosion of
steel pipelines, ships, and bridges.

The major effects of Corrosion are
loss of material strength and
structural  integrity, increased
maintenance and replacement costs,
safety hazards and equipment
failures and reduced efficiency of
industrial systems. The key types of
Corrosion are uniform corrosion
(occurs evenly over the surface),
galvanic corrosion (happens when two
dissimilar metals are electrically
connected in an electrolyte), pitting
corrosion (localized attack forming
small holes or pits), crevice corrosion
(occurs in  narrow gaps where
stagnant  solution  accumulates),
infergranular  corrosion (Attacks
grain boundaries of metals), stress
corrosion cracking (combined effect
of fensile stress and a corrosive
environment) and erosion-corrosion
(accelerated by fluid movement).

Corrosion Science is the branch of
science and engineering that studies
the mechanisms of corrosion, factors
affecting corrosion rates, and
methods  for  preventing and

controlling corrosion. It combines

principles from chemistry,

electrochemistry, materials science,
metallurgy, and engineering. The
major key concepts are

a. Electrochemical Nature: Most
corrosion  occurs  through
electrochemical reactions. In
which a metal surface develops:

* Anode: where metal
dissolves (oxidation).

» Cathode: where
reduction reactions occur.

b. Corrosion Cell Components:
The major components of
corrosion are anode (positive
electrode), Cathode (negative
electrode), electrolyte
(aqueous solution or water
containing dissolved salts) and
electrical connection between
anodic and cathodic areas

c. Factors Affecting Corrosion:
The major factors that have
significant effects on
corrosion are temperature,
humidity and moisture, pH of
the environment, presence of
salts and pollutants

o  Metal composition
and microstructure
o Mechanical stresses

a. Desktop Review on Corrosion and
Corrosion Science
Figure 6a presents the outcome of
the desktop review, search, and findings on
corrosion and corrosion science. The results
of the desktop review provide 1,091,722
journal articles, conference proceedings,
reviewed journal articles, and edited books
with an overall average of 4831 articles per
year between 1800 and May 2026. The figure
established that the growth of publications
on corrosion and corrosion science between
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1800 and May 2026 can be grouped into
three phases of linear phase between 1800
and 1945, logarithm-linear phase between
1945 and 1993 and exponential phase
between 1993 and 2026. In the growth,
between 1800 and 1945 the number of
publications rose from 1685 to 4090
articles; between 1945 and 1993, it was from
4090 to 58200 articles and between 1993
and 2026, the number increased from
58,200 to 358000 articles. In the case of
publications per year, the figure established
that the growth of publications per year on
corrosion and corrosion science between
1800 and May 2026 can be grouped into
three phases like publications growth of
linear phase between 1800 and 1945,
logarithm-linear phase between 1945 and
1993 and exponential phase between 1993
and 2026. In the publication growth per year,
between 1800 and 1945 the number of
publications rose from 20 o 372 articles per
year; between 1945 and 1993, it was from
372 to 5291 articles per year and between
1993 and 2026, the number increased from
5291 to 34095 articles per year. It is well
known that the correlation coefficient is a
measure of the strength and direction of
the linear relationship beftween two
variables.
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Corrosion forms and its monitoring techniques.

Figure 5: The corrosion forms with the required monitoring techniques. (Source: Rajendran and Subbian 2025)
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It ranges from -1.00 to +1.00, as a perfect
positive linear relationship, from 0.700 to
0.900 as a strong positive relationship, from
0.400 to 0.600 as a moderate positive
relationship, from 0.100 to 0.300 as a weak
positive relationship, and less than 0.100 as no
linear relationship. The figure revealed 0.8700
and 0.8858 as the correlation coefficient for
publication growth and the rate of publication
growth per year. The results established that
as the year increases, the publications and
rate of publication per year on corrosion and
corrosion science tend fo increase. In addition,
these results show an increase in the study and
its  applications. The differences in
publications per year revealed that there is
more understanding, research, experiments,
and studies on the subject of corrosion and
corrosion science applications in  the
environment (Ibrahimi et al., 2021, Imran et
al.,, 2023, Jawad et al., 2026, Jones 1996,
Jumbo-Egwurugwu et al., 2026, Khalaf et al.,
2024, Khalilov et al., 2026; Kucharlapati et al.,
2025, Kurtz et al., 2023, Li et al., 2015 Lin et
al., .2023, Lin et al., 2023, Liu et al., 2021; Ma
et al., 2021, Mubeen et al.,2026, Nrior et al.,
2026.0deyemi and Alaba 2025. Ogu et
al., 2023 , Ogunwole et al., 2022 , Okeke et
al.,2022 , Okeke et al., 2022 , Okeke et
al., .(2023d, Okeke et al., 2023c , Okeke et al.,
2023b).

b. Desktop Review on Application of
AI, ANN, and ML in predicting
Corrosion and in Corrosion Science

Figure 6b presents the outcome of the

desktop review, search, and findings on the
applications of AL, ANN and ML in predicting
Corrosion and in Corrosion Science. The results
of the desktop review provide 1,091,722
journal articles, conference proceedings,

reviewed journal articles, and edited books
with an overall average of 324 articles per
year between 1800 and May 2026. The figure
established that the growth of publications on
corrosion and corrosion science between 1800
and May 2026 can be grouped into three
phases: a linear phase between 1800 and 1945,
a logarithm-linear phase between 1945 and
1993, and an exponential phase between 1993
and 2026. In the growth, between 1800 and
1945, the number of publications rose from
327 to 487 articles; between 1945 and 1993,
it was from 487 to 10600 articles, and
between 1993 and 2026, the number increased
from 10600 to 18300 articles. In the case of
rate publications per year, the figure
established that the growth of publications
per year on the application of AT, ANN, and ML
in predicting Corrosion and in Corrosion
Science between 1800 and May 2026 can be
grouped info three phases like publications
growth of linear phase between 1800 and 1945,
a logarithm-linear phase between 1945 and
1993, and an exponential phase between 1993
and 2026. In the publication growth per year,
between 1800 and 1945 the number of
publications rose from 4 to 44 articles per
year; between 1945 and 1993, it was from 44
to 964 articles per year and between 1993 and
2026, the number increased from 964 to 1743
articles per year. It is well known that the
correlation coefficient is a measure of the
strength and direction of the linear
relationship between fwo variables. It ranges
from -1.00 to +1.00, as a perfect positive
linear relationship, from 0.700 to 0.900 as a
strong positive relationship, from 0.400 to
0.600 as a moderate positive relationship,
from 0.100 to 0.300 as a weak positive
relationship, and less than 0.100 as no linear
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relationship. The figure revealed 0.8196 and
0.8383 as the correlation coefficient for
publication growth and the rate of publication
growth per year. The results established that
as the year increases, the publications and
rate of publication per year on corrosion and
corrosion science tend to increase. In addition,
these results show that there is an increase in
the study and its applications. The differences
in publications per year revealed that there is
more understanding, research, experiments,

and studies on the subject of corrosion and
corrosion science applications in  the
environment (Okeke et al., .2023a , Okeke et
al., 2022d, ¢ , b, and a, Okeke et al., 2023c ,
2023b , Okeke et al.,, 2023a, b, ¢ and d;
2022a , Okuma et al.,, 2026, ,Oladosu et
al., .2021a and b, Olisakwe et al., 2022a; b and
¢, 2023a and b, 2011 Onukwulu et al.,2022,
2023a and b, Ossai, 2019). Figure 7 shows the
more on the applications of AT, ANN and ML in
predicting corrosion and in corrosion science.

Figure 6a: the outcome of the desktop review, search, and findings on corrosion and corrosion science.

Figure 6b: the outcome of the desktop review, search, and findings on Application of AT, ANN and ML in
predicting Corrosion and in Corrosion Science.
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Figure 7a: Flow chart ofeveloped ML model (Source: Chen et al., 2025)
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Data Pre-Processing and

Machine Leaming Model
(MATLAB Version 2025b)
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Figure 7d: Conventional research and Al approaches to corrosion detection (Source: Hamid and Goma 2025)
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Marine Corrosion Dataset (9,000 Images)

Dataset Label Consolidation: Dataset Partitioning: Train (5608),

"All_forms_of corrosion" vs. Validation (1696). Test (1696)
"Healthy structures" (Binary)

Model Selection & Configuration: VGG16
VGG19, InceptionV3 & ResNet50
(Transfer Learning W/ ImageNet Weights)

Data Augmentation (flip, zoom,
shear, rotate)

Model Training (Adam Optimizer)
Loss: Binary Cross-Entropy

Model Evaluation: Test Set Classification
Report, Confusion Matrix, Precision, etc.

Tali daat . ] IR 2 8 5 .
Validation (Monitor C urves) Performance Comparison & Interpretation:
Accuracy & Loss per Epoch Best Model Selection

Figure 7e: Outline of dataset for model using ML (Source: Khalilov et al., 2026)
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Figure 7f: Enhanced ML flow chart for model optimization of multi-photochemical (Source: Oyetola, 2025)
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Monitoring techniques
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Figure 7h: Corrosion classification and applicable detection techniques (Source: Rajendran and Subbian
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Conclusion
It can be concluded based on the findings that:

a.
b.

corrosion is a natural process,

there is more understanding, research,
experiments, and studies on the subject
of corrosion and corrosion science
applications in the environment

as the year increases, the publications and
rate of publication per year on corrosion
and corrosion science tend to increase.
there is an increase in the study and its
applications.

corrosion canbe controlled.
understanding the causes, types, and
prevention methods is essential to protect
materials from corrosion, ensure safety,
and reduce economic losses
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