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Abstract

Corrosion is one of the most fundamental challenges encountered by metal materials, the applications of which are
increasingly expanding due to technological advancements. This process, occurring through the oxidation of metals
resulting from chemical or electrochemical reactions under environmental conditions, shortens material lifespan,
leads to significant economic losses, and poses occupational safety risks. Therefore, corrosion holds strategic
importance regarding industrial efficiency and occupational health. The primary aim of this study is to provide an
understanding of the industrial, environmental, and economic damages caused by corrosion and to develop solution
proposals to mitigate these effects. In this context, the role of corrosion in technical education is examined, and the
necessity of integrating a "Corrosion and Durability Education" course into the curriculum of technical programs is
discussed. The integration of this course—covering topics such as material selection, protective coating techniques,
and environmental impact control—will enhance students' competencies in material science, facilitate practical
solutions to industrial problems, and contribute to the safer, sustainable, and efficient management of processes.
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Introduction

Corrosion is not only a scientific phenomenon but also a subject of considerable technical and economic
significance. The recycling of materials derived from nature becomes feasible through corrosion prevention
techniques, and this process is further optimized by the expenditure of time and energy. Corrosion, in
essence, results not merely in material loss but also in the waste of labor, energy, and financial resources
required to recover this loss [1]. Numerous components of buildings, transportation vehicles, and industrial
facilities encounter corrosion problems under atmospheric pressure and harsh environmental conditions. This
situation shortens the service life of metal structures, pipelines, storage units, and underwater vehicles,
leading to operational downtime and substantial financial costs. The adverse effects of corrosion are not
limited to material degradation alone; if not addressed promptly, they may also cause severe economic
damage.

The use of metals and alloys in industry has increased significantly with technological advancements.
However, this rise has also brought about corrosion-related problems in metallic materials. Corrosion occurs
when metals lose their properties due to chemical or electrochemical reactions in their natural environment.
This process deteriorates the structural integrity of the material, reduces its durability, and shortens its
service life. Corrosion can lead to substantial costs by negatively affecting the efficiency of metals and alloys
used particularly in industrial applications [2]. The interaction of metallic materials with environmental
factors, resulting in such damage, hinders their long-term and safe utilization. Preventive measures taken
before or after corrosion are critical factors that directly influence industrial efficiency and costs [3].

The natural tendency of metallic materials to revert to the elemental forms in which they exist in nature is a
major factor that complicates the prevention of corrosion. This process—driven by the material’s attempt to
return to its original state through chemical or electrochemical reactions—makes corrosion difficult to
control. Corrosion not only affects metallic materials but also causes significant problems in other
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industrially used materials such as glass, ceramics, plastics, rubber, composites, and enamels [4]. Each
material may lose its durability due to varying influences from environmental factors, chemical interactions,
and physical conditions. This presents a substantial challenge in industrial settings with respect to preventing
corrosion and extending the service life of materials [5].

In these non-metallic materials, degradation occurs through different mechanisms; for instance, ceramics and
glass typically undergo chemical dissolution or ion exchange in aggressive environments, while composites
face polymer matrix degradation, delamination, or fiber-matrix interface failure due to UV radiation,
moisture absorption, and thermal fluctuations.

Research indicates that corrosion is a significant issue affecting all materials, and that incorporating this
topic into the curricula—particularly for students in technical programs—is a critical necessity. Teaching
corrosion enables students to identify and prevent the factors that cause it, from the design stage to material
selection, and to take the necessary precautions [6]. Moreover, students who receive such instruction
become individuals with heightened awareness, equipped to anticipate potential industrial problems and
develop appropriate solutions [7]. With technological advancement and increasing industrialization, the
importance of corrosion is becoming more evident, and its impact on national economies is increasingly
negative. For this reason, including corrosion as a practical course in all departments of vocational schools
will enhance students’ awareness and provide significant benefits to individuals who will work in various
industrial sectors after graduation [8].

Importance of Corrosion

Corrosion is the process by which metallic materials or alloys lose their inherent properties and become more
stable under the influence of environmental factors such as the atmosphere. This phenomenon results from
chemical or electrochemical reactions that cause the material to deteriorate and eventually disintegrate to an
unusable state [9]. Corrosion weakens the structural integrity of the metal, reduces its durability, and
shortens its service life. This process can lead to significant costs in industrial settings, as corroded materials
are often irreparable and must be replaced.

The fundamental electrochemical process of corrosion involves two simultaneous reactions: the anodic
reaction, where the metal (M) undergoes oxidation and loses electrons (M—M"" + ne’), and the cathodic
reaction, where these electrons are consumed by an oxidizing agent in the environment. For instance, in an
acidic medium, the reduction of hydrogen ions (2H" + 2¢” —H,) or, in neutral environments, the reduction of
dissolved oxygen (O, + 2H,0 + 4¢-—40H") typically accompanies the metal loss.

Corrosion is a process driven by electrochemical and chemical phenomena. These phenomena are natural
reactions inherent to materials, and in theoretical coursework, students are taught how reactions occur in
cathodic and anodic regions [10]. Corrosion arises from the corresponding reactions that take place at the
cathode and the anode. Through the oxidation reaction occurring at the anode, metallic materials transform
into ionized forms. During this transformation, electrons are released and accumulate on the surface of the
metal. As the corrosion process continues, these released electrons must be transferred to the cathode [11]. If
the electrons accumulated at the anode are not transported, the anodic reaction eventually reaches
equilibrium and stops. However, if electron exchange occurs, the corrosion process continues, and the
material progressively deteriorates and loses its properties. Therefore, in any environment where corrosion
persists, the facilitation of electron transfer enables the continuation of the process.

Corrosion is a natural phenomenon that can be encountered at every stage of life. The degradation of metallic
materials under the influence of environmental factors leads not only to material loss but also to serious
safety and cost-related issues. The significance of corrosion can be evaluated from multiple perspectives.
From a cost standpoint, restoring a deteriorated metal component to a functional state typically requires
substantial expenses. Corrosion shortens the service life of materials and creates a continuous need for
maintenance and repair. From a safety perspective, corrosion weakens the structural integrity of metallic
components, potentially rendering structures unable to perform their intended function and causing serious
occupational safety and health risks [12]. In terms of resource efficiency, corrosion reduces the amount of
usable material, necessitating the creation of additional reserves. In conclusion, corrosion not only results in
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material loss but also leads to major financial burdens, safety hazards, and inefficient resource utilization.
For these reasons, the prevention and control of corrosion are of critical importance in industrial applications.

In the construction sector, corrosion presents a major problem. The corrosion of reinforced concrete steel
bars not only causes a loss of cross-sectional area in the reinforcement but also leads to internal stresses and
micro-cracking within the concrete due to the corrosion products (rust) occupying a significantly greater
volume than the original metal. This condition weakens the durability of reinforced concrete structures and
threatens their structural integrity [13]. The formation of rust within the concrete occurs when the protective
outer layer is penetrated by environmental factors, leading to the oxidation of the steel reinforcement. As rust
expands, it generates stresses within the concrete matrix, which over time cause cracking and structural
damage. Consequently, the service life of reinforced concrete structures is shortened and safety risks
increase. These adverse effects of corrosion elevate construction costs and create additional demands for
resources and labor related to repair and structural strengthening. Therefore, in order to mitigate the impacts
of corrosion in the construction industry, appropriate material selection, protective coatings, and regular
maintenance are essential.

Corrosion is of great importance not only in terms of cost but also regarding occupational safety and worker
health. In products that come into contact with metallic materials—particularly food products and
pharmaceuticals—corrosion can pose serious hazards. The infiltration of corroded metal residues into such
substances presents significant health risks. Corrosion effects can be observed at every stage of industry;
structures such as outdoor metal components, buildings, poles, underground pipelines, heavy machinery,
tanks, storage units, vehicles, submarines, and conventional ships are all susceptible to corrosion. Structures
that lose their properties as a result of corrosion may collapse unexpectedly, posing a major threat to worker
safety and occupational health. The damage and deterioration caused by corrosion increase costs and elevate
production expenses. According to research conducted in the United Kingdom, the economic loss caused by
corrosion is approximately 1,365 million pounds annually. To prevent this issue, scientists continuously
conduct research on corrosion rate measurement and protective measures. Additionally, the development of
new metals and alloys is being pursued as a means of reducing the effects of corrosion [14].

Corrosion is a phenomenon that leads to serious economic and health-related problems. In particular, the
harmful effects of corroded metals on human health can pose significant risks, as these materials may
transform into carcinogenic compounds. Moreover, as corrosion progresses, the durability of metallic
structures decreases rapidly. For example, in buildings with inadequate insulation and persistent exposure to
moisture, the strength of metal components can decline by 66% within ten years. This significantly threatens
both the safety and the service life of the structure. According to studies conducted in the United States,
economic losses due to corrosion amounted to 460 billion dollars in 2010. In Turkey, the economic loss
attributable to corrosion reached 45.6 billion dollars as of 2012. These figures highlight the substantial
economic impact of corrosion and the importance of implementing preventive measures. Preventing
corrosion is therefore critical both for occupational safety and for cost reduction [15].

Given the industrial expansion and inflation rates over the past decade, it is projected that the annual cost of
corrosion in Turkey has escalated significantly. Based on international benchmarks where corrosion costs
represent approximately 3—4% of a nation's GDP, the current economic burden is estimated to be several
times higher than the 2012 baseline, further necessitating advanced corrosion education to mitigate these
substantial financial losses.

Materials and Methods
Measures aimed at reducing the rate of corrosion can be examined under three main categories:
Material Selection and Coating:

The use of corrosion-resistant materials is one of the most effective methods of preventing corrosion.
Materials such as stainless steels and aluminum alloys may be preferred due to their inherent resistance. In
addition, protective surface coatings applied to metals—such as paints, galvanization, or passivation—can
significantly slow the corrosion process. These coatings protect the metal surface from environmental
influences and help prevent the initiation of corrosion.
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Control of Environmental Conditions:

Corrosion can accelerate due to environmental factors such as humidity, temperature, and chemical
exposure. Therefore, improving the conditions of the environments in which metal materials are located can
reduce corrosion risks. For example, controlling humidity levels or preventing direct contact with water can
minimize corrosion. Furthermore, the use of protective chemicals can reduce the impact of environmental
agents.

Regular Maintenance and Monitoring:

Regular maintenance and monitoring are essential for mitigating the effects of corrosion. Periodic cleaning
of metal surfaces, repairing corroded areas, and monitoring the condition of the material allow for early
intervention in the initial stages of corrosion. In addition, technological tools used for corrosion detection
help identify potential problems in advance, enabling preventive measures to be taken.

These three fundamental measures provide effective solutions for reducing the rate of corrosion, extending
material life, and preventing economic losses.

Electrochemical Methods

Cathodic protection is a widely used method to enhance the corrosion resistance of metal-based materials. In
this technique, when current flows through an electrochemical cell, oxidation reactions occur at the anode,
while reduction reactions take place at the cathode. Since reduction reactions dominate at the cathodic
region, undesirable processes such as corrosion do not occur. In this way, metal materials that are highly
susceptible to corrosion—particularly those in contact with water or buried underground—can be effectively
protected. For example, water, natural gas, and petroleum pipelines, storage tanks, marine vessels, and
submerged bridge piers can be safeguarded using cathodic protection systems.

Cathodic protection can be implemented through two different methods. The first method involves protecting
a steel pipe by connecting it to galvanized anodes using rubber-coated wires. In this system, the wire is
soldered to a steel ring, and the ring is then attached to the pipe by arc welding (Figure 1). The second
method employs an external power source to provide current for the protection of the steel pipe (Figure 2).
Both approaches help prevent corrosion of metallic materials and extend their service life. [16].

rubber-coated wire

steel pipe
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Figure 1. Protection of a steel pipe using a galvanic anode
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Figure 2. Protection of a steel pipe using impressed current

Figure 3 illustrates the transformation of refined aluminum into a more chemically stable form, such as
oxide, through electrochemical reactions with the environment. The figure depicts the gradual destruction of
the material, specifically showing the effects of oxygen on the aluminum surface before and after oxidation.

Corrosion

Surface attacked by Thin protective layer
Oxygen in the air of aluminium oxide

NN LSS

Aluminium Aluminium

Figure 3. Visual Representation of the Corrosion Process on Aluminum

A significant portion of metals and alloys used in technical and industrial applications exhibit a tendency to
passivate. Passivation enhances a metal’s resistance to corrosion and substantially reduces the rate of
corrosive attack. Anodic protection is a method applied to halt the corrosion process by shifting the
corroding metal into a passive region, where further degradation is prevented [17]. To maintain the metal in
its passive state, its potential must be kept at a constant level, which is achieved through the use of a

potentiostatic control circuit. Figure 4 illustrates an example of anodic protection applied to an acid storage
tank.
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In the protection circuit, the potential of the metal to be protected must be continuously monitored. For this
purpose, an appropriate reference electrode is employed, with the calomel electrode being a commonly used
example [18]. When deviations from the protection potential occur, the feedback system converts these
deviations into an electrical current, thereby shifting the metal back into the passive region. This process
reduces the deviations to zero and ensures that the protection level is maintained at a stable value. In this
manner, the metal is effectively protected against corrosion [19].
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Figure 4. Anodic Protection Circuit.
Chemical Methods

Corrosion inhibitors are compounds added to an environment in small quantities to slow down the corrosion
process and help protect metallic materials. Instead of using corrosion-resistant but high-cost materials,
effective protection can be achieved more economically by adding inhibitors to the environment [20]. The
use of inhibitors is particularly the most cost-effective solution against pitting corrosion. Some inhibitors
form a very thin film on metal surfaces, thereby reducing the reaction rate between the metal and its
surroundings. In many cases, corrosive species present in the environment—such as dissolved oxygen—are
chemically bound by the inhibitors, preventing the onset of corrosion [21].

Inhibitors are mainly classified into two groups: anodic inhibitors and cathodic inhibitors. However, when
corrosion prevention systems are examined more broadly, inhibitors can be categorized into five major
groups. These groups encompass different types of inhibitors optimized to protect metals and alloys against
corrosion. This method offers an effective and economical solution, especially for large-scale industrial
applications.

These five major groups are classified based on their protection mechanism and application method as
follows: (1) Adsorption-type inhibitors, which form a protective film on the metal surface; (2) Hydrogen-
evolution retardants, which increase the overpotential of the cathodic reaction; (3) Scavengers, which remove
corrosive agents like oxygen from the environment; (4) Oxidizers, which promote the formation of a passive
film; and (5) Vapor-phase inhibitors (VPIs), which protect metals in enclosed spaces through volatile
compounds.
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Protective Coatings

Paint materials act as natural protective layers that shield metal surfaces from adverse environmental
conditions by preventing water and oxygen from reaching the metal surface. The basic composition of paints
includes specific pigments that help prevent corrosion. These pigments enhance the performance of the
coating in its application area while simultaneously inhibiting corrosion. Paints are widely used for
protecting metal surfaces against corrosion due to their ease of application and low cost.

A wide variety of paint types have been developed to provide protection against corrosion. Although the
chemical compositions and physical properties of these paints differ, their common characteristic is the
formation of an impermeable and durable barrier on the metal surface, preventing direct contact between the
metal and its surroundings. Through this protective layer, the metal is shielded from water, oxygen, and other
corrosive agents.

Some types of paint further reduce corrosion through the incorporation of inhibitor pigments, offering an
additional level of protection for metal surfaces. Certain paints also promote the passivation of metal
substrates, contributing to corrosion prevention by forming a protective layer that prevents environmental
agents from directly contacting the metal. In addition, some paints contain zinc powder.

Zinc is a metal with galvanic properties and provides cathodic protection to metal surfaces. When applied to
a metal substrate, zinc acts as a “sacrificial anode,” corroding preferentially instead of the underlying metal.
In this case, zinc corrodes first, thereby protecting the primary metal. This application, similar to
galvanizing, is a widely used method to extend metal service life and reduce corrosion risk. Such coatings
significantly enhance the durability of metal materials, particularly in outdoor environments and under harsh
environmental conditions.

To protect metal surfaces, coatings consisting of metals with different properties are frequently applied.
These coatings either consist of more noble and durable metals compared to the base material, or the coating
metal preferentially dissolves to prevent the corrosion of the underlying metal. Examples include gold or
silver plating on copper, and tin, lead, or chromium coatings on steel.

These coatings are preferred for both aesthetic and protective purposes and play a crucial role in
safeguarding the substrate against corrosion. A second group of coatings includes zinc, cadmium, or
aluminum applied on steel. These coatings are primarily used for corrosion prevention. Metals such as zinc,
cadmium, and aluminum exhibit galvanic behavior, providing protection by corroding preferentially and
preventing the degradation of the base metal. Such coatings inhibit the progression of corrosion and enhance
the service life of metallic materials. They are particularly effective in outdoor applications and in
challenging environments such as seawater exposure or high humidity [22].

Results

The findings indicate that cathodic protection emerged in Tiirkiye through its early application on foreign
vessels entering national ports. This technique soon became widely adopted for protecting metal structures—
particularly marine vessels, pipelines, and underground infrastructure. Due to Tiirkiye’s active involvement
in NATO, cathodic protection technologies were incorporated into many NATO-related construction
projects, accelerating technological adaptation and extending the method’s use across the country [23-24].

Additionally, scientific interest in corrosion in Tiirkiye began in the 1950s and expanded parallel to industrial
development. Over the decades, corrosion research has contributed significantly to the advancement of
protection methods used especially in the construction, maritime, and energy sectors. These developments
led to more durable and corrosion-resistant infrastructure systems.

Discussion

The results highlight two major themes:
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e The historical evolution and technological spread of cathodic protection in Tiirkiye, and
e The essential role of corrosion education in supporting national industrial development.

The early adoption of cathodic protection due to NATO involvement positioned Tiirkiye ahead of many
developing nations in corrosion-control technologies. This early exposure facilitated the long-term use of
internationally accepted protection techniques.

The second key finding concerns the inadequacy of corrosion education. Although corrosion is a critical
factor affecting material longevity, maintenance costs, and industrial safety, university-level education on
corrosion remains limited to a relatively small number of programs. This gap restricts the dissemination of
corrosion awareness and hinders both public and private sectors from effectively managing corrosion-related
problems.

The present findings clearly support the need for integrating corrosion courses across all technical
disciplines, as corrosion knowledge strengthens design decisions, contributes to sustainability, and reduces
economic losses [25].

The Table 1 below summarizes how the study’s findings relate to previously published literature.

Table 1. Alignment of Current Findings with Existing Literature

Relevant

Study Finding Literature

Alignment / Contrast

Early adoption of cathodic protection in Ucar [16], Okaner v Supp qrts hteratu@ stating \.Vlde'sp'r cad use of
Tiirkiye due to NATO involvement [19] cathodic and anodic protection in industrial
systems

) v Consistent with historical accounts marking
Uneri [5], Erbil [6] the 1950s as the beginning of systematic
corrosion studies in Tiirkiye

Importance of corrosion research
starting in the 1950s

v Strongly aligned; Bilgi¢c emphasizes the lack

Need fi ded ion educati Bilgi¢ [21 . .. .
ced for expanded corrosion education ilgi¢ [21] of structured corrosion education in Tiirkiye

v Supported; numerous studies highlight the
Gerengi [13-2] economic impacts of corrosion on metal
infrastructures

Economic losses from corrosion and
need for preventive methods

Use of scientific and protective
techniques (cathodic protection,
inhibitors, coatings) in industry

Bereket & Gerengi v Compatible; technological techniques cited in
[3]; Gerengi [8] the literature match those discussed in this study

Overall, the current study’s results are in strong alignment with the existing body of literature, especially
regarding the historical progression of corrosion science and the need for improved education.

Furthermore, the absence of comprehensive corrosion education in technical curricula creates a gap in
achieving global 'Sustainability’ and 'Green Material' goals. Effective corrosion management is not just a
maintenance issue but a core pillar of a circular economy; by extending the lifespan of industrial assets, we
reduce the demand for raw material extraction and minimize the carbon footprint associated with metal
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production. Integrating 'Green Corrosion Inhibitors' and sustainable coating technologies into technical
education will empower future professionals to align industrial practices with modern environmental
standards, ensuring that durability and sustainability go hand-in-hand [26].

Conclusion and Future Recommendations

Corrosion remains a critical issue in both industrial processes and national infrastructure, leading to
considerable economic losses. This study demonstrates that insufficient corrosion education in Tiirkiye
contributes to ineffective implementation of protection methods in the public and private sectors.

Furthermore, these centers should establish strong collaborations with industrial partners to provide
professional certification programs aligned with international standards, such as ISO 15257 (for cathodic
protection personnel) and ISO 12944 (for protective paint systems). By offering standardized training and
officially recognized certifications, 'National Corrosion Training Centers' would not only bridge the gap
between academia and industry but also ensure that the workforce is equipped with globally validated
competencies, ultimately enhancing industrial quality control and safety protocols.

Conclusions
¢ Corrosion education in Tiirkiye is insufficiently widespread and limited to specialized programs.

¢ Corrosion awareness is essential for effective material selection, design strategies, and maintenance
operations.

¢ Expanding corrosion education would improve industrial efficiency, reduce maintenance costs, and
prolong the lifespan of infrastructure systems.

e Corrosion-aware engineers and technicians would strengthen decision-making processes and
promote sustainable resource use.

Recommendations for Future Work

Expand Corrosion Education Nationally

Corrosion courses should be compulsory in all technical and engineering programs.
Hands-on laboratory programs must be developed to support theoretical knowledge.
Develop National Corrosion Training Centers

Establish regional training hubs for public and private sector personnel.

Provide certification programs for corrosion specialists.

Integrate Sustainability and Green Materials

Future curricula should include eco-friendly materials, recycling technologies, and energy-efficient design
principles.

Industry—University Collaboration
Joint projects should be supported to develop innovative protection systems, coatings, and safety protocols.

Long-term corrosion monitoring databases should be created for national infrastructure.
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Further Research
Studies should focus on cost-benefit analyses of corrosion protection methods in Tiirkiye.

Additional research is needed on advanced inhibitors, smart coatings, and digital corrosion monitoring
systems.
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