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ABSTRACT

ABSTRACT

Corrosion in atmospheric environments degrades the mechanical properties and
durability of steel members. While methods like coating aim to enhance corrosion
resistance, they may have limitations. The sacrificial anode cathodic protection (SACP)
method, utilizing electrolyte carriers, emerges as a potential choice for corrosion
protection without the need for surface treatment. However, its effectiveness in the
atmospheric environment can be constrained by factors like electrolyte scarcity or high
resistance of the electrolyte carrier. Therefore, the development of the electrolyte carriers
with superior electrolyte absorption and retention capacities and high ionic conductivity
is crucial for the application of the SACP method in the atmospheric environment.
Moreover, the environment surrounding steel structures plays a pivotal role in their
corrosion behavior, with factors such as humidity, temperature, airborne salts, and
proximity to marine or industrial zones exerting distinct influences. Therefore, the
development of the electrolyte carriers is also necessary to adapt the surrounding
environments.

The development of electrolyte carriers for SACP methods used in the atmospheric
environment is presented in this dissertation. Water-swelling rubber, cotton-like fiber and
PANa-CMC hydrogels selected as electrolyte carriers were utilized in corrosion locations
of in boundary with ground, enclosed sections, and high-humidity areas, respectively. The
effectiveness of the SACP method with the above electrolyte carriers were evaluated by
electrochemical experiments and SACP tests. Furthermore, the configuration, fixation
with electrodes, hydrophilicity and ionic conductivity of the electrolyte carriers were also
discussed, based on experiments such as water absorption and retention tests, adhesion

tests.
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The results showed that effectiveness of the three types of electrolytes, including water-
swelling rubber, cotton-like fiber, and PANa-CMC hydrogels, in the SACP method were
enough to protection steel members in corrosion locations of boundary with ground,
enclosed sections, and high-humidity areas in the atmospheric environment. In the SACP
method using water-swelling rubber for steel members located in boundary with ground,
unless completely dry, rubber retains sufficient moisture for the maintenance of the
sacrificial anode corrosion protection circuit. Besides, transitioning from a water-
submerged to a dry environment is facilitated by the high-water retention capability of
the rubber, ensuring the continuity of sacrificial anode action. Furthermore, the OCP of
the Al-3Zn sacrificial anode was approximately —0.2 V relative to steel when immersed
in the cotton-like fiber, indicating the effectiveness of the SACP method with cotton-like
fiber applied for steel members in closed section. Meanwhile, the Al-3Zn alloy exhibited
the ability to provide adequate and relatively stable protective current density and
potential for steel members, mitigating corrosion risks within the cotton-like fiber
environment. Moreover, PANa—CMC hydrogels coupled with Al-3Zn alloy generate and
sustain a protective current to safeguard steel in high-humidity environments. Adding 5%
CMC in hydrogels increases the density of the protective current up to about 3 pA/cm?.
These innovative applications pave the way for expanding SACP methods in atmospheric
environments.

In addition, the suitability of the configuration of the three electrolyte carriers and the
fixation to the electrodes for specific corrosion sites was discussed. Furthermore, the
above electrolyte carriers showed superior water absorption and retention capacities, to
sustain the SACP in the atmospheric environment. Moreover, the ionic conductivity of

the electrolyte carriers was high enough to obtain protective current density for steel
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members in atmospheric environment.

Keywords: Electrolyte carrier, Sacrificial anode cathodic protection (SACP),

Atmospheric Corrosion, steel

Highlights:

(1) Electrolyte carriers were developed in the SACP method for steel members in
atmospheric environments considering specifical corrosion locations.

(2) The suitability of the configuration of the three electrolyte carriers and the fixation
to the electrodes for specific corrosion sites was discussed

(3) Water absorption and retention capability shows the potential applicability of
electrolyte carriers in atmospheric environments.

(4) The ionic conductivity of the electrolyte carriers was high enough to obtain

protective current density for steel members, coupling with sacrificial anodes.
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INTRODUCTION

CHAPTER 1 INTRODUCTION

1.1  Background

The realm of steel structural atmospheric corrosion represents a pivotal domain of
inquiry encompassing multifaceted chemical, electrochemical, and physical
transformations evident upon steel exposure to atmospheric elements[1-3].
Predominantly instigated by elements such as oxygen, water vapor, atmospheric oxides,
acid rain, and saline compounds, this corrosion profoundly influences not only the
aesthetic integrity of structural steel but also portends potential diminutions in its
mechanical robustness and longevity, thus imperiling the dependability and safety of
steel-based constructions[4-7].

The impetus for investigating atmospheric corrosion of steel emanates from the
pragmatic repercussions of economic losses and safety hazards stemming from corrosive
manifestations in real-world applications of steel[8-10]. Given the burgeoning demand
for steel-infused structures—be it in the form of edifices, bridges, or maritime
platforms—exposed to a gamut of environmental exigencies within engineering contexts,
unraveling and governing atmospheric corrosion within steel matrices assumes
paramount importance[11, 12].

The comprehensive investigation of atmospheric corrosion in steel structures
necessitates a nuanced exploration of corrosion catalysts and mechanisms across diverse
positions and environmental contexts[16, 17]. The disparate locations of steel exposure
within a structure engender distinct corrosion dynamics, notably discernible at steel
members in boundary with ground, enclosed sections, and high-humidity areas[9, 18-23],

as shown in the Figure 1- 1.
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Figure 1- 1 Representative atmospheric corrosion locations of steel members including:

(a) steel members in boundary with ground[13], (b) enclosed sections [14], (c) high-
humidity areas[15].

Primarily, the study of corrosion at the steel-concrete interface involves investigating
the corrosion phenomena and associated mechanisms arising from the contact between
two different materials[15]. Research in this field focuses on exploring the chemical,
electrochemical, and physical reactions at the interface between concrete and steel, and
their impact on structural durability and stability.

Common types of corrosion at this interface include electrochemical corrosion, alkali
attack, and chemical corrosion. Electrochemical corrosion often arises from inter-metallic
currents at different potentials, leading to corrosion on the surface of the steel.
Additionally, alkali substances from concrete may penetrate the steel surface, causing
alkali attack and surface damage to the steel[16, 17]. Furthermore, potential chemical
ingress and reactions may result in corrosion at the steel-concrete interface.

Researchers aim to understand the mechanisms and characteristics of corrosion at this
interface, proposing preventive and restorative measures accordingly. This involves
mitigating the risk of interface corrosion through improved interface designs, specialized
materials, and adjustments in concrete formulations[18-20]. Additionally, efforts are

directed towards developing new coatings, protective measures, and monitoring
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techniques to enhance the durability of steel-concrete interactions, ensuring long-term
structural stability and reliability[20-22].

Secondly, the investigation into corrosion at enclosed sections delves into regions
within structures that pose challenges in direct accessibility and protection, encompassing
welded joints, obscured sections, and analogous areas. These zones, hindered in
observation and safeguarding, are inherently predisposed to heightened susceptibility to
corrosion, potentially manifesting distinct corrosion mechanisms and attributes in
contrast to their exposed counterparts. Enclosed sections present a spectrum of corrosion
types, including microbiological corrosion, stress corrosion cracking, anaerobic corrosion,
and more[23-25]. For instance, the microenvironment prevailing within these concealed
spaces, devoid of adequate oxygen and moisture, fosters conducive conditions for
microbial proliferation, thereby instigating microbiological corrosion and expediting
material degradation. Additionally, the interplay between structural stress and
environmental influences could incite stress corrosion cracking in such concealed
domains.

The core objective underpinning the exploration of corrosion at enclosed sections
revolves around attaining an intricate understanding of corrosion mechanisms and
contributory factors intrinsic to their specialized environments. This pursuit is geared
toward devising more efficacious preventive and remedial strategies, necessitating the
formulation of tailored protective methodologies. These encompass specialized coatings,
judicious selection of alloy materials, enhancements in welding methodologies, and
advancements in monitoring and assessment techniques tailored to appraise corrosion
conditions within concealed areas.

Hence, the inquiry into corrosion at enclosed sections endeavors to meticulously probe
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the challenges inherent in these challenging-to-surveil and safeguard spaces, striving to
proffer more adept solutions to ensure structural integrity and reliability.

The scholarly inquiry into atmospheric corrosion at exposed surface areas is centered
on the systematic exploration of corrosion dynamics and their ramifications on the
surfaces of steel structures directly confronted with atmospheric elements[26]. These
regions inherently exhibit heightened vulnerability to corrosion owing to the direct impact
of constituents such as oxygen, moisture, salts, acid rain, oxidizing agents, and other
atmospheric components[27, 28]. Within these exposed domains, pivotal factors
encompassing humidity levels, temperature fluctuations, and chemical concentrations
prevailing in the atmospheric milieu wield substantial influence over corrosion dynamics.
Elevated humidity levels, when coupled with the presence of oxygen, expedite corrosion
mechanisms. Furthermore, the deposition of salts, particularly pronounced in coastal or
industrially polluted locales, accelerates the corrosion trajectory. Moreover, acidic
compounds and oxidizing agents present in acid rain constitute pivotal contributors to
corrosion incidence at exposed surfaces[29]. These agents instigate chemical reactions
upon interaction with the steel surface, culminating in metal dissolution, oxidation
processes, and subsequent corrosion affliction.

The paramount goal underscoring the investigation of atmospheric corrosion at
exposed surface areas revolves around attaining a comprehensive grasp of corrosion
mechanisms and influential determinants, concomitant with the formulation of targeted
preventive and management protocols. The endeavors of scientists and engineers
converge on the development of materials fortified against corrosion, specialized surface
coatings, protective interventions, and proficient monitoring and assessment

methodologies. These concerted initiatives are geared toward augmenting the longevity
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of steel structures, fortifying their corrosion resilience, and ensuring steadfast stability
and reliability even amidst adversarial atmospheric conditions.

Research endeavors targeting countermeasures against atmospheric corrosion are
rooted in addressing the corrosion challenges confronting steel structures exposed to
diverse atmospheric conditions. These strategic approaches encompass a spectrum of
interventions, including material innovation, protective coatings, design refinement,
monitoring methodologies, and maintenance strategies, all aimed at mitigating or
impeding the deleterious impact of atmospheric corrosion on steel structures.

Central to these endeavors is material innovation, a pivotal facet entailing the
advancement of more corrosion-resistant alloy materials, coatings, and protective surface
treatments. This encompasses a multifaceted approach encompassing alloy refinement,
bolstering steel's resistance against oxidation, weathering, and chemical degradation,
alongside the creation of innovative protective coatings or films to fortify steel surfaces
against atmospheric corrosion[30, 31]. Design optimization emerges as another critical
sphere, involving a proactive integration of corrosion considerations during the structural
design phase. Implementing apt structural designs and protective measures serves to
curtail the susceptibility of structures to corrosion. This may encompass optimizing
structural configurations, deploying suitable protective methodologies, and refining the
design of structural constituents[32]. Furthermore, the development of monitoring
techniques stands as a significant stride in the pursuit of countermeasures against
atmospheric corrosion[33]. This aims at augmenting monitoring and diagnostic
capabilities vis-a-vis the corrosion process. Refined monitoring methodologies enable
prompt detection and assessment of corrosion degrees, furnishing crucial data support for

preemptive maintenance and remedial actions.
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However, persistent challenges and constraints persist within extant research on
countermeasures against atmospheric corrosion. The diverse atmospheric exposures
encountered by steel structures necessitate a nuanced approach, as a singular protective
method may not comprehensively mitigate corrosion under varied environmental
conditions. There exists an exigency for a deeper comprehension of corrosion
mechanisms, fostering targeted protective technologies to fortify the durability and
corrosion resistance of steel structures. Additionally, refining monitoring techniques
remains pivotal, demanding greater precision and comprehensiveness to discern corrosion
indicators early and facilitate more precise maintenance and repair interventions. In
essence, sustained endeavors spanning diverse facets of research on countermeasures
against atmospheric corrosion are imperative to confront the intricate corrosion

challenges prevalent across heterogeneous environmental terrains.

1.2 Research objectives and scope

The primary objective of this dissertation is to advocate a specific remedy addressing
atmospheric corrosion concerns in diverse segments of steel structures. This proposed
solution centers on leveraging sacrificial anode cathodic protection (SACP)
methodologies that employ electrolyte carriers within the atmospheric environment.
Validating the viability of SACP protection technology within the atmospheric domain
necessitates an initial comprehension of the corrosion milieu, its diverse conditions, and
the underlying mechanisms influencing steel in varied locations. Unlike marine or soil
settings, the atmospheric environment often lacks ample electrolytic components,
accentuating the pivotal role of the electrolyte carrier's water-absorption capacity. This
attribute stands as paramount to ensure the efficacy and enduring functionality of the

SACP system. Moreover, the efficacy of this carrier, acting as an electrolyte conduit,
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hinges significantly upon its conductivity and electrochemical interplay between the
anode and cathode materials, profoundly influencing the efficiency and reliability of the
system. Ultimately, comprehensive experimental validation assumes utmost importance
to authenticate the genuine reliability and efficacy of the sacrificial anode system
operating within the atmospheric environment.

The paper conducts an inquiry into three prevalent atmospheric corrosion scenarios—
steel members in boundary with ground, enclosed sections, high-humidity areas—
scrutinizing their respective environments and corrosion mechanisms. The proposition
introduces rubber, cotton fibers, and hydrogels as prospective electrolyte carriers,
subjecting them to rigorous examination of fundamental traits like water absorption rate,
water retention capabilities, and ion conductivity. Subsequent phases of the research delve
into the application of SACP technology within each of these scenarios, employing a
combination of electrochemical analyses and exposure experiments. Ultimately, the study
culminates in an evaluation of the technology's adaptability and efficacy within the
atmospheric corrosion environment, grounded upon the findings derived from the
experimental results.

This dissertation is organized basing on the objectives listed below:

(1) Investigate the corrosion characteristic and mechanism of steel members in
different atmospheric environment. The corrosion occurrences at steel-concrete interfaces
primarily result from the interaction between dissimilar materials. This intersection is
susceptible to various mechanisms, including electrochemical corrosion and erosion
triggered by alkali substances. Besides, enclosed sections encompass a range of corrosion
types, spanning from long-term stagnant water to lacking sufficient oxygen and moisture.

Furthermore, within high-humidity areas, steel components consistently experience
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cycles of wetting and drying. Hence, the investigation serves to deepen our
comprehension of the diverse corrosion traits and mechanisms exhibited by steel across
various settings. This understanding fosters informed guidance for the selection of
suitable electrolyte carriers in SACP technology, particularly within the atmospheric
environment.

(2) Performing an in-depth analysis of the material properties inherent in the three
primary electrolyte carriers—water-swelling rubber, cotton-like fibers, and hydrogels—
stands as a pivotal endeavor. Grasping their water absorption capacities, retention
capabilities, and ion conductivity assumes paramount significance for their effective
deployment within SACP technology, specifically tailored to the atmospheric setting.
Anticipated outcomes encompass tailored recommendations delineating application
scenarios, derived from the inherent characteristics of these materials, and gleaned from
the experimental findings.

(3) Carry out extensive electrochemical performance evaluations and validation
experiments for the SACP system, utilizing the three specified electrolyte carriers: water-
absorbent rubber, cotton-like fibers, and hydrogels, within atmospheric environments
surrounding steel members adjacent to the ground, enclosed sections, and high-humidity
areas. Focus these tests and experiments on thoroughly assessing the effectiveness and
appropriateness of these carriers concerning the steel-concrete interface, enclosed
surfaces, and exposed steel regions.

(4) SACP technology exhibits varying applicability within atmospheric conditions
across three typical corrosion sites. Considerations encompass corrosion characteristics,
mechanisms, the relationship between the electrolyte carrier and the anode metal plate,

interconnection among steel plates, and the resultant protective effects. Drawing from
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these factors, reasonable suggestions for the application of sacrificial anode cathodic

protection methods in atmospheric settings can be proffered.

1.3 Literature review

1.3.1 Atmospheric corrosion and factors

Atmospheric corrosion denotes the intricate process by which metal materials undergo
surface deterioration or chemical transformations upon exposure to diverse constituents
prevalent within the atmospheric milieu, encompassing oxygen, water vapor, airborne
particulates, and chemical species[34, 35]. The scholarly investigation into atmospheric
corrosion holds paramount significance across multifarious domains, including but not
limited to material degradation and its ensuing economic ramifications, the assurance of
safety and reliability in engineering applications, the imperative mandate for
environmental conservation and sustainable development, as well as the advancement of
scientific inquiry[36, 37].

Atmospheric corrosion is a form of metal degradation that occurs when metal materials
are exposed to factors such as oxygen, water vapor, particulates, and chemicals in the
atmosphere. Its mechanism primarily involves electrochemical reactions and
physicochemical processes:

Atmospheric corrosion predominantly involves electrochemical reactions between the
metal surface and elements like oxygen and water vapor in the environment[1, 38]. In a
typical electrochemical corrosion process, the metal surface undergoes oxidation
reactions, producing metal ions (e.g., iron ions), alongside reduction reactions, where
oxygen or water is reduced to hydrogen gas or ions[39, 40]. These electrochemical

reactions lead to corrosion and loss on the metal surface.
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Atmospheric corrosion is also influenced by physicochemical processes in the
environment[41]. For instance, humid conditions or salt-laden atmospheres containing
chloride ions may expedite corrosion by enhancing conductivity and ion migration rates,
thereby increasing the rate of metal corrosion. Variations in climate conditions, such as
fluctuations in temperature, humidity, and oxygen content, also affect the extent of
corrosion[42].

During the corrosion process, a corrosion product layer like oxides or carbonates may
form on the metal surface[43]. Sometimes, these layers act as protective barriers, slowing
down the corrosion rate. However, in certain situations, they might accelerate corrosion
because they can be unstable or detach, exposing new metal surfaces[44].

Overall, atmospheric corrosion is a complex process influenced by the characteristics
of the metal material, environmental conditions, and the interplay of electrochemical and
physicochemical factors. Different metals may exhibit varied corrosion behaviors in
different environments. Understanding the mechanisms of corrosion aids in devising

effective preventive and protective measures to mitigate or prevent corrosion.

1.3.2 Mechanism of atmospheric corrosion of steel members considering locations

In structural engineering and materials science, the susceptibility of steel structures to
atmospheric corrosion is a critical concern that directly impacts their durability and safety.
Atmospheric corrosion, a complex process influenced by various environmental factors,
can vary significantly based on geographical locations. This study embarks on a
comprehensive investigation into the intricate mechanisms underlying the atmospheric
corrosion of steel members, with a keen focus on the role of specific locations.

The environment surrounding steel structures plays a pivotal role in their corrosion

behavior, with factors such as humidity, temperature, airborne salts, and proximity to
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marine or industrial zones exerting distinct influences. This research seeks to unravel the
nuanced interactions between these environmental elements and the corrosion processes
affecting steel members, emphasizing the importance of considering diverse geographical
locations in our analysis.

By delving into the specifics of atmospheric conditions prevalent in different regions
of steel structures, this investigation aims to identify patterns and correlations between
environmental factors and the corrosion rates observed in steel structures. Understanding
these location-dependent mechanisms is imperative for designing corrosion-resistant
materials, implementing effective maintenance strategies, and enhancing the overall
longevity and structural integrity of steel members.

Furthermore, the findings of this study hold substantial implications for industries,
infrastructure development, and urban planning, where accurate assessments of corrosion
risk are crucial for ensuring the safety and sustainability of structures over their
operational lifetimes. As we explore the multifaceted aspects of atmospheric corrosion,
this research endeavors to contribute valuable insights that can inform practical solutions

for mitigating corrosion-related challenges, tailored to specific geographical contexts.

(1) Corrosion characteristics of steel members in the boundary ground

Understanding the intricate corrosion phenomena at the juncture between steel and
concrete stands pivotal, given its profound implications not only on material engineering
performance but also on the structural integrity and longevity of constructions. The
corrosion mechanisms within this interface are governed by a confluence of factors,
inclusive of environmental parameters, concrete quality, steel properties, and their
interplay.

Primarily, stagnant water is prone to occur in areas of steel members in boundary with
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ground[45, 46], as depicted in Figure 1- 2. The porosity inherent in concrete facilitates
the ingress of water, oxygen, and chemicals around steel reinforcements. The presence of
moisture carrying salts precipitates an acceleration of the corrosion process. Meanwhile,
the alkaline milieu intrinsic to concrete fosters the formation of a shielding oxide layer
on steel surfaces; however, this protective shield is compromised in the wake of fissures

or impairments.

Figure 1- 2 Stagnant water in areas of steel members in boundary with ground.

Secondarily, the disparate coefficients of thermal expansion between steel and concrete
lead to the formation of minute fissures, serving as conduits for moisture and oxygen
infiltration[47]. These fissures offer a passage for these agents to reach the steel surface,
thereby catalyzing corrosion reactions, as shown in Figure 1- 3. Electrochemical
mechanisms also play a pivotal role, especially in the presence of electrolytes like salts
within the concrete matrix. Differential electrochemical regions on steel surfaces lead to
localized corrosion, potentially culminating in steel structural failures.

The pursuit of effective corrosion prevention strategies has spurred extensive research

endeavors. This encompasses advancements in concrete formulations to -curtail
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permeability and stabilize the alkaline environment. Additionally, technologies spanning
corrosion-resistant coatings, inhibitors, and SACP have garnered significant attention to
fortify steel resilience at the steel-concrete interface.

In summary, comprehending the intricate corrosion mechanisms at the steel-concrete
junction necessitates a nuanced grasp of material attributes, structural design, and
prevailing environmental conditions. Through the diligent application of tailored
protective measures informed by such understanding, the endurance and safety of

concrete structures witness significant elevation.

Crack resulting
from drying (b)
shrinkage of
A concrete
/

() Invasion of CO, (©)

Figure 1- 3 Corrosion characteristics of steel members in boundary with ground.

(2) Corrosion characteristics of steel members in enclosed sections

The corrosion of enclosed sections in steel is a crucial yet intricate issue, often referring
to the interior or concealed areas of steel components that cannot be directly observed
due to environmental factors or other reasons. This form of corrosion poses a potential
threat to the stability and durability of structures as its development is concealed and
difficult to detect, leading to severe structural damage.

Corrosion in enclosed sections is primarily influenced by various factors. Firstly,
environmental elements such as humidity, temperature, oxygen, and salts play a crucial
role. Enclosed or sealed spaces often contain oxygen and moisture that are difficult to
eliminate, providing the foundational conditions for corrosion. When a humid atmosphere
contains salts or other chemical substances, they accelerate the corrosion process.

Secondly, the occurrence of corrosion in enclosed sections is also affected by the
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material's characteristics and quality control. Defects, cracks, oxides, as well as residual
dirt or salts from manufacturing processes, could serve as starting points for corrosion.
Factors such as the material's chemical composition, microstructure, residual stresses, etc.,

can also influence the rate and extent of corrosion.

Figure 1- 4 Corrosion characteristics in closed sections.

The mechanism of corrosion in enclosed sections also involves electrochemical
reactions. In a moist environment, different electrochemical zones can form on the steel
surface, where some areas act as anodes while others serve as cathodes, resulting in
localized corrosion. Since enclosed sections are difficult to observe and maintain,
corrosion reactions may propagate internally without timely detection and intervention.

To prevent and control corrosion in enclosed sections, engineers and researchers focus
on developing various detection techniques and protective measures. Techniques like
non-destructive testing such as ultrasonic, X-ray, and magnetic particle inspection are
employed to assess corrosion in concealed areas. Additionally, measures like corrosion-
resistant coatings, corrosion inhibitors, cathodic protection, among others, are extensively
studied and applied to slow down or impede the corrosion process in enclosed sections.

In conclusion, corrosion in enclosed sections of steel poses challenges in detection and
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control, requiring diverse technical means and protective measures. A comprehensive
understanding of corrosion mechanisms and the implementation of effective preventive

and monitoring measures are crucial in enhancing structural durability and safety.

(3) Corrosion characteristics of steel members in high-humidity areas

The corrosion characteristics of steel components in the exposed surface area are
primarily influenced by environmental factors and the exposure conditions of the
components. These characteristics include, but are not limited to, the following aspects:

Firstly, the corrosion of steel components in the exposed surface area is directly
affected by atmospheric conditions. Humidity, temperature, oxygen content, and the
concentration of pollutants in the atmosphere all play a crucial role in the corrosion rate
of steel components, as shown in Figure 1- 5. High humidity and high temperatures often
accelerate the corrosion process, while pollutants such as oxides and chloride ions may
further exacerbate the corrosion rate. Secondly, the shape and design features of steel
components in the exposed surface area also influence the degree and form of corrosion.
Factors such as surface irregularities, angles, seams, and connection methods may lead to
localized corrosion, such as pitting and intergranular corrosion. Additionally, surface
treatment and protective measures also significantly impact the corrosion characteristics.
For example, coatings, corrosion-resistant paints, plating, and other protective measures
can effectively shield the steel component surfaces from corrosion, slowing down the
corrosion rate and severity. However, the quality and durability of these protective
measures are crucial factors affecting corrosion characteristics.

In summary, the corrosion characteristics of steel components in the exposed surface
area are influenced by a combination of factors, including atmospheric conditions,

component design, surface treatment, and protective measures. A thorough understanding
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of these characteristics and the implementation of effective protective measures are

essential for prolonging the service life and maintenance intervals of steel components.

High-humidity environment

Water droplet

Figure 1- 5 Corrosion characteristics in high-humidity areas.

1.3.3 Corrosion resistance methods for atmospheric corrosion

Atmospheric corrosion protection involves various strategies and measures, including
but not limited to the following aspects:

(1) Metal surface coatings or protective films: Metal surface coatings or protective
films are one of the common protective measures against atmospheric corrosion[48]. This
method involves forming a layer of coating or protective film on the metal surface,
serving as a barrier to isolate the external corrosive environment and protect the metal
substrate. These coatings can employ various chemical compositions and application
techniques[49, 50].

Coating techniques like spraying, electroplating, hot-dip galvanizing, painting, or
powder coating serve as effective methods to establish protective layers on metal
surfaces[51-53]. These applied layers function as formidable barriers, shielding the metal
from exposure to atmospheric elements such as oxygen, water, and various chemicals. By
creating this protective barrier, these coatings impede or slow down the corrosion process,
effectively prolonging the lifespan of metal materials in diverse atmospheric conditions.

Each coating method offers unique advantages and applicability, contributing to the
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overall arsenal of corrosion protection techniques available for metal surfaces. Some
coatings also possess properties such as abrasion resistance, high-temperature resistance,
corrosion resistance, UV resistance, and chemical stability, enhancing the protective
effect on metal surfaces[54-56].

Despite the significant advantages of metal surface coatings or protective films as a
defense against atmospheric corrosion, they also come with certain drawbacks or
limitations[57]. Firstly, when exposed to harsh environmental conditions over an
extended period, such as high temperatures, humidity, or exposure to chemical gases,
coatings might experience wear, peeling, or cracking, thereby reducing their protective
efficacy[58]. Secondly, improper application or variations in coating quality may result
in unevenness or defects, leaving certain areas of the metal surface exposed to corrosive
environments[59]. Additionally, certain coatings might not offer adequate resistance to
specific corrosive agents, leading to the potential for localized or accelerated
corrosion[60]. Lastly, maintaining and repairing coatings pose challenges[61]. Once
damaged or aged, coatings require prompt repairs to sustain their effectiveness, often
demanding substantial time and cost[62]. Hence, while coatings serve as effective
corrosion prevention measures, regular monitoring and maintenance are essential to
ensure their enduring corrosion protection.

(2) Alloys or corrosion-resistant metal materials: In the protection against
atmospheric corrosion, choosing alloys or corrosion-resistant metal materials is an
effective measure[63]. These materials typically exhibit higher corrosion resistance by
adjusting their chemical composition or incorporating specific alloying elements,
imparting enhanced corrosion resistance to the material itself. For instance, stainless steel,

nickel-based alloys, aluminum alloys, and others are widely utilized to resist atmospheric
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corrosion[64, 65]. During the alloying process, corrosion-resistant elements such as
chromium, nickel, molybdenum, etc., are introduced, forming a dense oxide layer or other
corrosion-resistant compounds, thereby improving the metal surface's resistance to
corrosive media like oxygen and water vapor[66]. However, it is important to note that
different environmental conditions may impact various alloy materials differently.
Therefore, careful consideration based on the specific usage environment and the
characteristics of the corrosive medium is necessary when selecting materials to
maximize their corrosion resistance.

Although alloys or corrosion-resistant metal materials possess good corrosion
resistance in protecting against atmospheric corrosion, their applications still have some
drawbacks and limitations[67]. Firstly, high-performance alloys typically come with
higher costs, which increase engineering and manufacturing expenses, posing economic
challenges for large-scale applications[68]. Secondly, under certain extreme
environmental conditions such as extremely high temperatures, strong acids, strong
alkalis, even corrosion-resistant alloys might face corrosion, necessitating additional
protective measures or the selection of special materials[69]. Moreover, certain alloys
may exhibit sensitivity in specific environments, offering limited resistance to corrosive
media, demanding more complex material selection and protective measures[70]. Finally,
the processability and availability of alloy materials might also be limited, sometimes
failing to meet the requirements of complex structures or specific processes, which could
restrict their widespread application. Therefore, despite the corrosion resistance of alloys
or corrosion-resistant metal materials, a comprehensive consideration of their cost,
environmental conditions, and specific application requirements is essential in selecting

the most suitable corrosion prevention measures.
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(3) Cathodic protection: Cathodic protection (CP), as an effective method against
atmospheric corrosion, works by introducing an external current to the metal surface,
turning it into the cathode in electrochemical reactions, thus slowing down or inhibiting
metal corrosion[71]. It mainly consists of sacrificial anodes and impressed current
methods. In SACP methods, a more easily corroded metal (usually zinc or aluminum) is
introduced as the anode, sacrificing itself to protect the primary metal structure[72]. On
the other hand, impressed current cathodic protection (ICCP) applies a negative current
from an external power source to maintain the metal surface in a reduced state, thereby
suppressing the oxygen reduction reaction and slowing down the corrosion process[73].

One challenge faced by CP methods in atmospheric corrosion prevention is the lack of
sufficient electrolyte[74]. In certain environmental conditions, such as dry or low-
humidity atmospheric environments, conductive electrolytes (like rain water) may be
insufficient. In such cases, cathodic protection requires an adequate electrolyte to sustain
current transfer, ensuring the metal surface effectively functions as the cathode. However,
insufficient moisture or electrolyte content in the environment may affect the efficiency
of the CP system since the lack of electrolyte reduces current transmission and
distribution, thereby compromising its protective effect.

Despite the significant challenges faced by CP systems in atmospheric environments,
researchers have explored its application in preventing corrosion of steel reinforcement
in reinforced concrete structures. In terms of cathodic protection for reinforcing bars in
concrete structures, research indeed focuses on several key aspects. Firstly, it centers on
the design and optimization of cathodic protection systems, concentrating on determining
the optimal current density, protection potential, and electrode materials[75-77]. This

work aims to ensure the cathodic protection system effectively safeguards the reinforcing
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bars while minimizing adverse effects on the concrete structure[78]. Secondly, the
research looks into the impact of cathodic protection on the mechanical performance and
durability of concrete[79, 80]. This line of study strives to ascertain the degree of
influence of the cathodic protection process on concrete performance to mitigate potential
negative impacts. In practical engineering, these systems must sustain effective operation
continually and adapt to varying environmental conditions to ensure the long-term
corrosion resistance of concrete structures[81]. Overall, the current research focus lies in
exploring cathodic protection technologies that are more effective, reliable, and have
minimal impact on concrete structures[82]. These endeavors aim to enhance the durability
and reliability of concrete structures, ensuring their long-term resistance to corrosion.

The issue of inadequate electrolytes might be particularly pronounced in dry or low-
rainfall areas, where atmospheric moisture content is relatively low. In such scenarios,
alternative methods to enhance electrolyte supply, such as adding water or other
conductive fluids, might be necessary to ensure the continual effective operation of the
CP system. Consideration of environmental conditions and electrolyte supply is crucial
in designing and implementing cathodic protection systems to ensure their stability and
effectiveness.

(4) Environmental control and maintenance: Environmental control and
maintenance in atmospheric corrosion protection are key strategies aimed at regulating
and managing the conditions under which metals are exposed to the atmosphere to reduce
or delay the corrosion rate[83, 84]. This method involves managing several aspects:

Firstly, controlling environmental conditions is crucial, including temperature,
humidity, and gas composition[85-87]. By maintaining appropriate humidity and

temperature levels, as well as controlling the oxygen content and concentrations of other
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corrosive substances in the air, the exposure time of metals to corrosive environments can
be reduced, thereby slowing down the corrosion process. Secondly, regular cleaning and
maintenance are also crucial. Timely removal of impurities, dirt, and deposits from the
metal surface helps prevent them from becoming the starting point or accelerant for
corrosion[88, 89]. This practice contributes to maintaining the cleanliness and
smoothness of the metal surface, slowing down corrosion. Additionally, standard
maintenance measures include inspecting and repairing surface coatings or protective
films. Periodically checking the integrity and quality of coatings and repairing or
replacing worn, cracked, or peeled sections ensures that the coatings continue to provide
protection.

Indeed, the comprehensive approach to corrosion prevention often involves a
combination of various measures tailored to specific circumstances and environmental
demands. By integrating multiple strategies, such as coatings, SACP, coating, or other
methods, tailored solutions can be devised to safeguard metal materials effectively. This
multifaceted approach aims not only to prolong the lifespan of metal materials but also to
mitigate the detrimental effects posed by atmospheric corrosion. However, despite the
breadth of available corrosion prevention measures, as highlighted in the literature review,
several persistent challenges hinder their practical application. These unresolved issues
often encompass practical limitations, technological barriers, or deficiencies in current
methodologies. Addressing these challenges becomes pivotal for advancing the
effectiveness and efficiency of corrosion prevention strategies, ensuring their adaptability
across diverse environmental conditions and operational contexts. Resolving these
persisting issues stands as a critical frontier in advancing the field of corrosion prevention,

aiming for more robust, sustainable, and reliable protection of metal materials against
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atmospheric corrosion.

1.3.4 Electrolyte carriers and application in SACP in atmospheric environment

As mentioned in section 1.3.2, the role of electrolytes in sacrificial anode cathodic
protection methods is particularly crucial. Hence, research on electrolytes carriers in the
atmospheric environment or substances capable of serving as carriers of electrolytes
becomes highly significant. An electrolyte refers to a compound present in a solution or
solid state in the form of ions, capable of conducting electricity under the influence of an
electric field[90]. Based on their physical state and conductivity, electrolytes can be
divided into two categories: liquid electrolytes and solid electrolytes[91-93].

Liquid electrolytes are electrolyte systems formed in a liquid solvent, typical examples
include salts dissolved in water or acid-base solutions. In liquid electrolytes, the solvent
serves as a medium, aiding the movement of electrolyte molecules or ions, facilitating
electrical conduction[94, 95].

Solid electrolytes refer to electrolyte systems existing in a solid state that possess ion
migration capability[96]. This type of electrolyte is commonly found in solid materials
such as oxides, sulfides, polymers, among others[97, 98]. Solid electrolytes conduct
electricity in their solid state as well and find extensive applications in batteries, sensors,
electrochemical devices, and more[99, 100].

The classification of electrolytes is not only based on their physical state but also on
their ionic properties, conductivity, and chemical composition. The distinct characteristics
of liquid and solid electrolytes enable their significant roles in various fields and
applications, offering extensive prospects in energy storage, electrochemical reactions,
chemical sensing, and beyond.

As stated in section 1.3.2, liquid electrolytes are difficult to sustain in the atmospheric
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environment to maintain protective currents in the SACP method. Therefore, solid-state
electrolytes or materials capable of long-term maintenance of liquid electrolytes
(hereafter collectively referred to as electrolyte carriers for ease of reference) are
gradually emerging as a new alternative.

Efforts have been made to extend the application of SACP method to environments
where there is no standing water or limited access to an electrolyte. For instance, SACP
has been employed in the protection for reinforcement bars in the concert. The
introduction of SACP involves creating a protective electric field around the
reinforcement bars, converting the surface of the bars into a cathode and generating an
anodic zone around them, thereby slowing down or preventing the corrosion process of
the reinforcement bars[101, 102]. Literature has reported the application of SACP in
laboratory settings and practical engineering, confirming its effective anti-corrosion
effects on reinforced concrete structures[103-105]. Furthermore, studies delve into the
working mechanism of SACP, including aspects like current density, potential control,
and electrochemical reactions, providing theoretical support for its application in
engineering practice[106-108]. Studies indicate that SACP method not only effectively
extends the service life of structures and reduces maintenance costs but also significantly
improves the durability and reliability of concrete structures[109, 110]. This provides
reliable grounds for the widespread application and promotion of SACP in practical
engineering. Despite demonstrating tremendous potential in the field of corrosion
prevention, the application of SACP still faces some challenges[77, 111]. The literature
points out issues related to the implementation difficulty, long-term stability, and cost-
effectiveness of SACP method in large-scale projects[112-114]. In the future, researchers

are seeking to improve the method, address these challenges, and continuously explore
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new materials and processes to enhance the performance and reliability of SACP. These
reviews in the literature summarize the application scenarios, achievements, and
challenges of SACP technology in reinforced concrete structures, providing valuable
references for further research and engineering practices of this technology.

Another approach to expand the application of SACP method is the use of hydrophilic
materials, such as absorbent fiber sheet as electrolyte carriers or even as electrolytes
themselves[74, 114]. These hydrophilic materials can absorb and retain water from rain,
dew and even moisture, allowing them to serve as effective electrolyte carriers in
environments where traditional electrolytes may be limited or inaccessible[115, 116].
This approach offers a promising solution to extend the reach of SACP method to a wider
range of conditions and substrates[117, 118]. However, challenges persist in the
application of hydrophilic materials. The use of a fiber sheet requires bolting to steel
members, potentially compromising their mechanical strength[119].

In conclusion, SACP has been applied to some extent in the atmospheric environment.
Its key aspect still revolves around the presence and maintenance of the electrolyte. Hence,
it is necessary to develop more electrolyte carriers to adapt to various atmospheric

corrosion environments.

1.4  Organization and outline

In the subsequent chapters of this dissertation, a comprehensive exploration of the
subject matter unfolds, delineating various aspects in detail across chapters 2 through 6.
The thematic breakdown across these chapters offers an in-depth examination and
analysis as follows:

Chapter 2: This chapter delves into the properties and potential of water-swelling

rubber, notable for its high elastic modulus and capacity to retain moisture, such as
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rainwater, over extended durations. The core strategy revolves around the sacrificial
anode corrosion protection method, which employs hydrophilic rubber. This innovative
approach takes advantage of the rubber's moisture-absorbing capabilities when exposed
to waterlogged conditions near the ground, offering continuous corrosion protection.
During drier periods, the retained moisture within the rubber still provides a protective
barrier. Crucially, the swelling behavior of the rubber is expected to significantly improve
the bond between the anode material and the steel, potentially enhancing the overall
effectiveness of anode corrosion protection. The primary objective of this research is to
assess the fundamental influence of hydrophilic rubber on the performance of anode
corrosion protection in proximity to the ground for steel members, aiming for a
comprehensive understanding of its protective benefits and implications for structural
integrity.

Chapter 3: An absorbent cotton-like fiber coupling with Al-3Zn alloy (acting as anode)
was used in SACP method for corrosion protection for steel members in closed section.
To verify the applicability of the cotton-like fiber, experiments on water absorption and
retention capacity, electrochemical properties, and corrosion resistant performance in
SACP method were carried out. The results indicated that the open circuit potential (OCP)
and Nyquist plots of steel and Al-3Zn alloy, underscored the promising potential of the
cotton-like fiber as a highly effective electrolyte carrier for facilitating the implementation
of the SACP method for closed-sectional steel members in atmospheric environment. The
Al-3Zn alloy exhibited a sufficient and consistent protective current density and potential
for steel members against corrosion within the cotton-like fiber environment.

Chapter 4: This chapter focused on the development of PANa—CMC hydrogels as

electrolytes for the SACP method, with the objective of safeguarding steel against
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corrosion in high-humidity environments. Various evaluations were performed to assess
the efficacy of the SACP method using PANa—~CMC hydrogels. The results shows that
the electrochemical performance of the hydrogels was analyzed using Electrochemical
impedance spectroscopy (EIS) and polarization curves, focusing on parameters such as
ionic conductivity, equivalent circuit, corrosion current density of Al-3Zn anodes, and
steel. Constant exposure tests were also conducted to evaluate the time-dependent anti-
corrosion performance of the hydrogels, considering the characteristics of the steel
surface condition and protective current density. Additionally, the impact of PANa—-CMC
hydrogels on fixing metal ions from anodes and reducing the formation of passive film in
the SACP method was discussed. Overall, the results indicate that PANa—CMC hydrogels
exhibit promising characteristics as eco-friendly electrolytes and expand the application
of the SACP method to high-humidity environments.

Chapter S: This chapter delves into the nuanced aspects that significantly influence
the performance of electrolyte carriers within the challenging context of atmospheric
environments. A comprehensive exploration encompasses the configuration of these
carriers, the fixation between carriers and electrodes, considerations of hydrophilicity,
and an in-depth examination of ionic conductivity. Understanding these critical factors is
pivotal for optimizing the effectiveness of SACP systems and ensuring the enduring
protection of metallic structures against the pervasive threat of corrosion. The results
shows that the configuration of three electrolyte carriers can be adapted to their
application environments, respectively. Moreover, these three electrolyte carriers exhibit
a level of adhesion to steel members to sustain cathodic protection current. Notably, the
PANa-5%CMC hydrogel demonstrates a higher bonding strength, reaching 603.6 kPa.

Furthermore, each materials shows remarkable water absorption and retention capability,
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due to the functional groups such as -OH and -COOH. Additionally, the electrochemical
properties including OCP, ionic conductivity ensure that the effectiveness of SACP
reaction can also be guaranteed in atmospheric environments.

Chapter 6: This chapter summarized the work presented in this dissertation, future
research topics emerged from this work were also proposed.

The flowchart of work in this dissertation is shown in Figure 1- 6.
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Figure 1- 6 Flowchart of the dissertation.
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STEEL MEMBERS IN BOUNDARY WITH GROUND

CHAPTER 2 FUNDAMENTAL STUDY ON WATER-

SWELLING RUBBER IN SACP METHOD APPLIED FOR

STEEL MEMBERS IN BOUNDARY WITH GROUND

2.1  Introduction

In the ground interface of steel structural members, extended exposure to
environmental elements, particularly rainwater, can trigger highly aggressive localized
corrosion. Numerous instances have been documented where this localized corrosion has
culminated in structural failures[120-122].

The corrosion of steel members in contact with the ground poses a significant challenge.
It not only diminishes the cross-sectional area of the steel but also alters the bond behavior
between steel and concrete[123]. Corrosion-induced changes in material properties at the
interface are noteworthy[124]. Moreover, the volumetric expansion of steel due to
corrosion can lead to concrete cover cracking and spalling. This compromises the
effective confinement of steel, subsequently weakening the bond between corroded steel
and concrete[125].To prevent corrosion in the interface between steel members and
concrete, coatings are commonly employed. However, the application of anti-rust
coatings on the steel surface always leads to a reduction in the adhesion between the steel
and concrete[ 126, 127]. For the other hand, corrosion is prone to occur, where the coating
is vulnerable to deterioration[128]. In addition, dew and stagnant water with chloride
from antifreeze at the corner of the structure contribute to corrosion of steel members,
especially[129].

Apart from the coating, SACP is the most broadly utilized strategy to diminish

corrosion. However, an electrolyte is necessary, so that SACP is preferred for protection
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for steel structures buried in soil or submerged in water[130]. Its application in a dry
environment is still raw and problems exist[131]. Recently, S. Kainuma fixed sacrificial
anode and fiber sheet with high water absorption and retention properties together, to
achieve the anti-corrosion effect for steel plates[74]. However, the fiber sheet is difficult
to fit with steel members at the corner of the structure tightly over a long period of time.
In this study, instead of fiber sheet, water swelling rubber with higher elastic modulus
was applied in the SACP system. The water swelling rubber was expected to act as an
electrolyte carrier with high absorption and retention capacity to prevent corrosion under
different environmental conditions. The rubber acts as a moisture supply material
necessary for SACP. During stagnant water conditions, it absorbs and retains moisture,
providing corrosion protection. In dry conditions, corrosion protection is facilitated
through the water content within the rubber. The swelling of the rubber is expected to

enhance adhesion between the anode material and the steel.

2.2 Material and SACP method using the water-swelling rubber

2.2.1 Material and the SACP system

The water-swelling rubber (40 x 40 x 5 mm) utilized in this study, as depicted in Figure
2- 1 and detailed in Table 2- 1, serves as a water-swelling sealing agent commonly
employed in shield tunneling methods. For additional information, please refer to the
corresponding patent or utility model number.

Table 2- 1 Properties of water-swelling rubber.

Density Modulus of =~ Hardness Tensile Stretching Volume change
(kg/dm?) elasticity H’ strength Hg(%) rate
1.2 0.65 A40£5 4.0+ 500+ 200+
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Figure 2- 1 (a) Appearance and (b) enlarged view of surface and (c) cross section view

of the water- swelling rubber.

@ Immerse in solution

Figure 2- 2 Mechanism of superabsorbent polymer.

This water-swelling rubber is primarily composed of chloroprene synthetic rubber and
i1s a vulcanized rubber-based water-swelling sealing material. To enhance its water-
absorption capabilities, a high water-absorbing polymer with excellent electrolyte
resistance (sodium salt-crosslinked acrylic acid polymer) is incorporated into the rubber
network. This polymer absorbs water and swells, causing an increase in the rubber's
volume. Furthermore, the inclusion of a hydrophilic polyurethane component enhances
water permeability deep into the rubber.

Figure 2- 2 illustrates the water absorption mechanism of the high water-absorbing
polymer. The polymer forms a mesh structure inside the rubber, and as cations within the
polymer dissolve into water, osmotic pressure develops between the dissolved water and

the water in the surroundings. Osmotic pressure continues until the concentration
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difference of cations diminishes, allowing the absorption of a substantial amount of
moisture. After absorbing water, the polymer undergoes gelation, effectively retaining

moisture.

Zero-resistance
ammeter

Zero-resistance
ammeter

Sacrificial

Sacrificial .
- anode material

anode material

Water- Water-

: Concrete . Concrete
swelling swelling
rubber rubber
Immersion Environment Dry Environment

Figure 2- 3 Anti-corrosive method with sacrificial anode using water-swelling rubber.

Materials for the SACP system: A zinc plate was chosen as the sacrificial anode, the
efficacy of which having been previously confirmed in atmospheric conditions. The
SM490A steel, compliant with the Japanese Industrial Standard (JIS) G3106, was
employed as the cathode. The sodium polyacrylate hydrogel acts as electrolyte carrier.
The chemical composition of the steel is shown in Table 2- 2.

Table 2- 2 Chemical composition and dimensions of the steel.

Chemical compositions (wt%)

Material
Al Zn Fe C Si Mn P S

Steel - - balance 0.16 0.36 145 0.014 0.007

The CP system applied in this study includes a Zn plate and water swelling rubber,

which are fixed together and attached to a surface-cleaned steel plate by a peek bolt and
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an acrylic plate, as depicted in Figure 2- 3. The steel plate, acting as cathodic material,
directly contacts with the rubber and is connected with the Zn plate acting as a sacrificial

anode, by lead wires.

2.2.2 Wet- dry water absorption and retention tests

To comprehend the water absorption characteristics of water-swelling rubber,
comprehensive water absorption and drying tests were executed. The water-swelling
rubber (40 x 40 x 6 mm) underwent immersion in electrolyte, and temporal changes in
water absorption were tracked, identifying the maximum water absorption as a distinctive
feature. Distilled water and NaCl solutions at concentrations of 0.1, 3.5, and 7.0 wt%
were employed in the water absorption tests. Following immersion, the rubber was
extracted from the electrolyte, and after wiping off surface moisture, its weight was
measured.

The immersion period for rubber soaked in distilled water and a 3.5 wt% NaCl solution
was 60 days. To compare water absorption capacities at different NaCl concentrations,
the immersion period for rubber soaked in 0.1 and 7.0 wt% NaCl solutions was set at 30
days. Water absorption tests were carried out in an atmospheric environment at
approximately 17°C. To ensure a constant electrolyte concentration, electrolyte exchange
transpired every 7 days.

Furthermore, drying tests involved letting the test samples, previously swollen in water
absorption tests, stand in the atmosphere. Following the removal of surface moisture, the
rubber was allowed to stand in the atmospheric environment, and weight measurements
were conducted akin to water absorption tests. The drying period extended over 60 days,
with drying occurring in an atmospheric environment at approximately 17°C. Refer to

Table 2- 3 for the detailed test conditions for water absorption and drying.
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Table 2- 3 Condition of the water absorbing and drying test.

Steeping Steeping Drying
Specimen Initial weight (g)

environment period period

A Distilled water 12.09
60days 60days

B 3.5wt%NaCl aq 12.92

C 0.1wt%NaCl aq 13.09

30days —
D 7.0wt%NaCl aq 12.76

2.2.3 Ionic conductivity of water-swelling rubber

To assess the SACP effect under different stress conditions, resistance measurements
and sandwiched tests were conducted, varying the type and concentration of electrolyte
within the rubber. The rubber was immersed in NaCl and NaNO: solutions with
concentrations of 0.1, 1.0, 5.0, and 10.0 wt%, with an immersion period of 20 days. The
resistance measurement system is depicted in Figure 2- 4(a), where a Pt plate served as
the counter electrode (CE), and an ordinary steel plate was the working electrode (WE).
The sandwiched test specimen, shown in Figure 2- 4(b), consisted of swollen rubber, an
ordinary steel plate (60 x 60 x 9 mm, JIS G 3106 SM490A material), and a Zn plate (40
x 40 x 1 mm). Applying loads of 2 kg and 6 kg (uniform distributed stress: 1.2x10 and
3.7x10"2 N/mm?) on the Zn plate maintained a constant distributed load on the rubber.
The test duration was 24 hours, and the corrosion condition of the steel plate was

examined post-test.
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Figure 2- 4 (a) Components of (a) specific electrical resistance measurement system
and (b) sacrificial anode specimen.

The specific resistance of each specimen can be calculated using Equation (3-1):

l

= (3-1)

P
Where R is the solution resistance of the swollen rubber, A is the area of the rubber,

and [ is the thickness of the rubber.

2.2.4 Wet- dry environmental SACP tests

To investigate the corrosion resistance of steel members at the concrete-ground
interface in actual environments, tests simulating stagnant water and dry conditions were
conducted. Specimens were created using rubber soaked in electrolyte, steel plates, and
an anode material, and the characteristics of corrosion current in stagnant water and dry
conditions were examined.

The specimens consisted of mild steel plates (JIS 3106 SM490A material, alumina
blast-treated), Zn plates, water-swollen rubber, and PEEK bolts, as shown in Figure 2- 5.
The water-swollen rubber was sandwiched between the steel plate and the anode plate,
and the assembly was joined with PEEK bolts, with acrylic sheets used for positioning.
The test utilized specimens soaked in 1.0 and 5.0 wt% NaNO2 aq for 30 days.

Additionally, to verify the characteristics of the corrosion current based on the amount of
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electrolyte in the rubber, specimens were prepared by soaking rubber for 60 days and
drying it for 40 days. For comparison with specimens containing an anode material,

specimens without a Zn plate were also set up.

Zero-
resistance
ammeter

Steel plate
(70 X 70 X 9)
Anode material

(70 X 70 X 1)

Water-swelling rubber
(40 X 40 X 6)

Figure 2- 5 Configuration and dimensions of the specimens (Unit: mm).

Table 2- 4 Test conditions of SACP tests.

Electrolytes Absorption Drying Sacrificial
Immersion
Specimens Concentration  Period  period anode
Electrolyte environment .
(Wt%) (day) (day) material
Dewl.0 1.0
Dew5.0 5.0 3.5wt%
Dryl.0 1.0 NaCl aq Zn plate
60 40
Dry5.0 5.0
NaNO»
0.1wt%
Dew1.0-0.1 1.0 30 —
NaCl aq
3.5wt%
Dew1.0-X 1.0 30 — —
NaCl aq
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To simulate the conditions of water stagnation and drying at the ground interface in
real environments, the following steps (1) to (3) were performed in order. The test
specimens were placed in a constant temperature and humidity chamber at 18°C and 75%
relative humidity.

(1) Air Curing (Dry Environment, 0—120 hrs.)

The specimens were left in a constant temperature and humidity chamber for
measurement. The measurement period was 120 hours.

(2) Immersion Test (Stagnant Water Environment, 120-240 hrs.)

The specimens were immersed in 3.5 wt% NaCl aq for measurement. Additionally, one
specimen with rubber swollen in 1.0 wt% NaNO; aq was immersed in 0.1 wt% NaCl aq.
The measurement period was 120 hours.

(3) Air Curing (Dry Environment, 240-360 hrs.)

The specimens immersed in step 2 were removed, and air curing tests were conducted
in an environment similar to step 1. The measurement period was 120 hours.

During the tests, external wires were connected to measure and record the corrosion
current generated by the short circuit between the anode plate and the steel plate using a
zero-resistance ammeter at 10-minute intervals. The conditions of the rubber during the
test, the swelling and drying periods, and the immersion environment are presented in

Table 2- 4.
2.3  Performance of the water-swelling rubber in the SACP method

2.3.1 Time-dependent protective current density
The temporal changes in corrosion current I(nA) for each specimen are presented in

Figure 2- 6. Note that 'Dry1.0' had poor contact around 280 hrs., and thereafter, I was
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not measured. During the immersion test, is approximately 10-30 times higher than during
air curing. This suggests that not only the electrolyte in the rubber but also the immersed

electrolyte affects the corrosion current.

Dew 1.0 | :
4 : '
10 Dew 5.0 : :
~ Dry 1.0 ! !
f:; Dry 5.0 ! !
2102 Dew1.0-0.1 ! !
E ) - o
*] [ !
: T}
E 1 'ik—
10 !
U: 1 1
E Moist curing E Immersion test E Moist curing
10" . | . I .
0 60 120 180 240 300 360

Time (h)

Figure 2- 6 The time-dependence of corrosion current for specimens.

The values of for Dew1.0, Dew5.0, and Dew1.0-0.1 during 0-120 hrs. are similar. Since
these use swollen rubber, it is assumed that the concentration of the electrolyte in the
rubber does not affect. Additionally, for Dryl.0 and Dry5.0, which use dried rubber,
current density is measured from the beginning. This implies that unless the rubber is
completely dry, sacrificial anode corrosion protection is manifested through the minute
moisture within the rubber. The magnitude of I during air curing is influenced by the
amount of water absorbed by the rubber. However, for concentrations above 1.0 wt%, the
effect of concentration is considered small.

During the immersion period (120-240 hrs.), I for Dewl.0, DewS5.0, Dryl.0, and
Dry5.0 follows a similar trend. Compared to Dew1.0-0.1 immersed in 0.1 wt% NaCl aq,
the I for specimens immersed in 3.5 wt% NaCl aq is significantly higher. This indicates
that when the corrosion circuit through the rubber is immersed in the electrolyte, the

corrosion current depends on the surrounding immersion environment. The impact of
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rubber's water absorption and concentration becomes minimal due to the significant
influence of the immersion environment.

During the second air curing period (240-360 hrs.), I exhibits a similar trend to the
first air curing period. Specimens using swollen rubber show higher I compared to
Dry5.0, which uses dried rubber. Even with the transition from stagnant water to a dry
environment, the I for each specimen remains stable, indicating that the rubber's high

water retention capability sustains I.

2.3.2 The calculation of the total amount of electricity

The total electric charge @ during air curing and the total electric charge @ during
the immersion test for each specimen are shown in Figure 2- 7. For specimens immersed
in 3.5 wt% NaCl aq, Q@ during 240-360 hrs. is about 2-3 times higher than during 0-120
hrs. On the other hand, Dew1.0-0.1 shows a similar Q magnitude in both the first and
second air curing periods. This suggests that Dew1.0, DewS5.0, Dryl.0, and Dry5.0
absorbed 3.5 wt% NaCl aq during the immersion test, leading to an increase in [

compared to the first air curing period.
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Figure 2- 7 The total amount of electricity for specimens of (a) moist curing and (b)

immersion test.
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2.3.3 Surface condition of the steel plate protected by the SACP method

The corrosion condition of the steel plates after 24 hours of the sandwiched test is
shown in Table 2- 5. Based on the visual inspection of the steel plates, the impact of stress
on the corrosion effect is minimal.

Table 2- 5 Corrosion protection situation of the steel surface.

NaCl NaNO;

1.2x10% MPa 3.7x102 MPa 1.2x102 MPa 3.7x102 MPa

In each electrolyte, the corrosion effect at 0.1 wt% concentration is the lowest, with the
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outer surface of the rubber contact area in each specimen showing corrosion. When the
concentration of the electrolyte inside the rubber is 0.1 wt%, the SACP effect is
considered to be low. On the other hand, in specimens using rubber soaked in NaNO; aq,
corrosion is almost absent at concentrations of 1.0— 10.0 wt%, indicating a high corrosion
protection effect. NaNO> is commonly used as an oxidizing corrosion inhibitor, and in
addition to this, the SACP effect mediated by moisture within the rubber is presumed to

have influenced the corrosion protection effect on the steel plates.

/
3
:
{

-
.

Figure 2- 8 Corrosion protection situation of the steel surface after the test.

SEM-EDX analysis results for Dew1.0 and Dew1.0-0.1 are presented in Figure 2- 9.
In areas O, @), and @ on the contact surface, residue of adhered rubber material (Si)
is observed due to the tight adherence of the rubber. In the uncontacted area (@), chloride
ions (Cl) from the 3.5 wt% NaCl aq immersion environment are observed, and oxide (O,

Fe) is generated on the steel substrate. The upper black part @) on the contact surface
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has a high content of oxide (O), suggesting that due to the drying of the rubber during air
curing, gaps occurred between the rubber and the steel plate.

The corrosion status of the rubber contact surface for each specimen is presented in
Figure 2- 8. The corrosion status for specimens using swollen rubber is nearly identical.
There is no observable corrosion on the rubber contact surface for each specimen,
indicating sufficient corrosion protection. The corrosion status for specimens without a
Zn plate is shown in Figure 2- 8(f). Similar to specimens with a Zn plate, most of the
rubber contact area shows corrosion protection. This suggests that the adherence of the
rubber to the steel plate reduces the dissolved oxygen (DO) at the contact site, enhancing

sacrificial anode action.

Figure 2- 9 Surface elemental analysis results of (a) Dew1.0 specimen and (b) Dew1.0-
X specimen.

An enlarged view of the upper black part is shown in Figure 2- 10. In the red-framed
area in Figure 2- 10, partial corrosion progression is visible. Unlike specimens with a Zn
plate, no such corrosion progression is observed, indicating sufficient corrosion

protection even at the edge of the steel plate. This is attributed to the use of an anode
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material, which ensures corrosion protection even in minimal gaps through sacrificial

anode action.

Figure 2- 10 Enlarged view of specimen Dew1.0-X. (x500).

24  Summary

In this investigation, we delve into the development of sacrificial anode corrosion
protection technology utilizing water-swelling rubber for the concrete-ground contact
area of steel members. The primary objective is to elucidate the influence of water-
swelling rubber on the effectiveness of sacrificial anode corrosion protection. The key
insights derived from this study include:

(1) Unless completely dry, rubber retains sufficient moisture for the maintenance of the
sacrificial anode corrosion protection circuit.

(2) Transitioning from a water-submerged to a dry environment is facilitated by the
high-water retention capability of the rubber, ensuring the continuity of sacrificial anode

action.
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CHAPTER 3 COTTON-LIKE FIBER ACTING AS

ELECTROLYTE CARRIERS IN THE SACP SYSTEM FOR

CLOSED-SECTIONAL STEEL STRUCTURES

3.1  Introduction

Common carbon steel has been widely employed in offshore structures, such as oil
drilling platforms, ship hulls, and bridges[132, 133]. However, certain regions of these
structures, particularly closed section parts such as steel light pole exposed to rain, are
prone to stagnant water accumulation[134, 135]. Stagnant water, along with DO and
chloride ions, accelerates the corrosion process of steel members of closed sections, as
depicted in Figure 1- 1(b). The wet/dry cyclic process, attributed to the formation of a
liquid film, is widely recognized as the primary cause of corrosion of steel members| 136-
138]. Additionally, corrosion has significant economic implications, with studies
reporting national costs ranging from 1% to 5% of the gross national product (GNP)[48,
139]. Therefore, enhancing the corrosion resistance of carbon steel is crucial, and
appropriate corrosion mitigation approaches need to be implemented.

In steel structures exposed to atmospheric environments, corrosion prevention typically
relies on surface coatings such as paint[140-142]. However, during the repainting of steel
structures, chloride ions from airborne sea salt or anti-freezing agents may persist on the
steel substrates. The residual presence of chloride ions can trigger early sub-coating
corrosion, significantly diminishing the longevity of the coating[143, 144]. Therefore, the
coating may deteriorate prematurely, and instances of corrosion recurrence are
common[145]. Consequently, the requirement for the development of corrosion

prevention techniques is increasing, particularly for critical components in structures
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situated in corrosive environments with intricate assemblies or confined spaces that do
not require high-quality substrate preparation such as painting. SACP is widely
acknowledged as a highly effective method for corrosion protection of offshore steel
structures[ 146, 147]. The SACP system relies on the use of a more negative metal, such
as aluminum (Al) or zinc (Zn), to generate a protective current naturally. However, SACP
system is limited in aqueous and soil environments due to the requirement of an
electrolyte for the continuity of the electrochemical circuit[ 148, 149].

Efforts have been made to extend the application of SACP method to atmospheric
environments where there is no standing water or limited access to an electrolyte. One
approach to extend SACP method involves utilizing its throwing power to protect the
exposed portions of structures, such as marine concrete structures[103, 104]. Indeed,
concrete has the potential to act as an electrolyte despite its relatively high resistivity.
However, it is important to note that the protective area in which SACP method can be
effectively applied may still be limited due to the high resistivity of concrete[111, 150].
Another approach to expand the application of SACP method is the use of hydrophilic
materials, such as absorbent fiber sheet as electrolyte carriers or even as electrolytes
themselves. These hydrophilic materials can absorb and retain water from rain, dew and
even moisture, allowing them to serve as effective electrolyte carriers in environments
where traditional aqueous electrolytes may be limited or inaccessible. This approach
offers a promising solution to extend the reach of SACP method to a wider range of
conditions and substrates. However, the application of hydrophilic materials remains
challenging. The use of a fiber sheet necessitates bolting to steel members that could
potentially compromise their mechanical strength[115]. Furthermore, under dry

conditions, the water-swelling rubber contracts, creating a gap between the rubber and
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the steel and resulting in inadequate protection of the steel. Additionally, the adhesive
strength of the hydrogel is compromised by excessive water absorption during rainy
periods. Consequently, these materials may not be ideal for improving the corrosion
resistance of steel members in closed sections.

In this research, an absorbent cotton-like fiber coupling with Al-3Zn alloy (acting as
anode) was used in SACP method for corrosion protection for steel members in closed
section. To verify the applicability of the cotton-like fiber, experiments on water
absorption and retention capacity, electrochemical properties, and corrosion resistant
performance in SACP method were carried out. The results indicated that the cotton-like
fiber exhibited remarkable water absorption capabilities, absorbing electrolyte nearly 7
times its weight within a 10-minute duration. Additionally, even after exposure to an
environment at 26°C and 30% humidity for 15 days, it retained over 50% of its maximum
water absorption capacity. Moreover, the electrochemical properties observed, including
1on conductivities, the open circuit potential (OCP) and Nyquist plots of steel and Al-3Zn
alloy, underscored the promising potential of the cotton-like fiber as a highly effective
electrolyte carrier for facilitating the implementation of the SACP method for closed-
sectional steel members in atmospheric environment. The Al-3Zn alloy exhibited a
sufficient and consistent protective current density and potential for steel members against

corrosion within the cotton-like fiber environment.

3.2  Experimental details

3.2.1 Materials and the SACP method using cotton-like fiber
The schematic illustration of the SACP method is depicted in the Figure 3- 1(a). In the

SACP method, an Al-3Zn alloy (66 x 66 x 5 mm) and carbon steel (150 % 150 X 6 mm)
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were selected as the anodic and cathodic materials, respectively. Chemical compositions
of electrodes used in the method are listed in the Table 3- 1.

Table 3- 1 Chemical composition and dimensions of the Al alloy and steel.

Chemical compositions (wt%)

Material
Al /n Fe C Si Mn P S

Steel - - balance 0.16 0.36 1.45 0.014 0.007

Al-3Zn balance 3 - - - - - -

To simulate low chloride (CI") concentration corrosive environment within enclosed
sections, a cotton-like fiber saturated with a 0.1 wt% NaCl aqueous solution was
employed as an electrolyte carrier. This fiber is a composite blend comprising 70%
bridged acrylate and 30% polyester fibers. Elaborate specifications and macroscopic
representations of the fiber sheet are depicted in Table 3- 2 and Figure 3- 1(b), respectively.
This acrylate fiber, characterized by elongated synthetic molecules, encompasses a
composition of monomers including acrylic acid, sodium polyacrylate, and acrylamide-
crosslinked polymers. The sophisticated crosslinked structure is achieved through inter-
fiber bonding, engendering essential voids pivotal for water absorption within the fiber

matrix.
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Figure 3- 1 (a) Schematic illustration of the SACP method using the cotton-like fiber

acting as electrolyte carrier. (b) Photos of the cotton-like fiber.

As an electrolyte carrier in an atmospheric environment, the primary objective of

cotton-like fibers is to achieve desirable water absorption and water retention properties.

Second, the electrochemical performance of the electrodes in the cotton-like fiber

medium in SACP systems requires further discussion. Finally, the effectiveness of the

cotton-like fibers as electrolyte carriers in atmospheric environments must be validated

using SACP experiments. The following experiments were conducted based on these

objectives.

Table 3- 2 Material properties of the cotton-like fiber.

Mixed ratio (wt%)

Fabric weight (g/m?)
Bridged acrylate fiber Polyester fiber

600 70 30

3.2.2 Water absorption and retention test

To evaluate the water absorption ratio of the cotton-like fiber, the tea-bag method was

chosen, as shown in the Figure 3- 2. The tea bag was made of nylon net with 250 mesh.
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Before the experiment. The weight of tea bag was measured in conditions of dryness and
fully-absorbing. Next, a certain amount cotton-like fiber was weighed and added into the
dry tea bag. Then, tea bags with fiber were immersed in the 0.1 wt% NaCl aq. After a
certain time, tea bags were picked up from solutions and hang on for ten minutes to
measure the weight after absorption. Repeat this procedure until the weight of tea bags

almost not change.

>
S~—
- Nylon . S S S 5
Z| Tea-bag
Step 1 Step 2 Step 3 Step 4
Weight of dry Immersion Drain for 10 min Weight of fiber
— 99 — cotton-like fiber after absorbing
— 100 —
Unit: mm

Figure 3- 2 Schematic illustration of measurement of water absorption ratio of cotton-
like fiber.

The fully absorbent tea bags were hung in the constant temperature and humidity
chamber to evaluate the water retention ratio of the cotton-like fiber. Every a certain time,
tea bags were picked out to weight.

The water absorption and retention ratio can be calculated by equations as follows:

Rai = Wani = Wao) /Wao (3-1)
R = (Wi — W)/ Wy (3-2)

Where R, and R,; represent the water absorption and retention ratio, respectively.
the Wypi, Win and W, are the weights of tea bag with cotton-like fiber after water
absorption and retention test at time =i and 0, respectively. W is the maximum

weight of water of cotton-like fiber in the absorption test.
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3.2.3 Electrochemical test

Cotton-like fiber absorbing NaCl solution, acting as electrolyte carrier, the ion
conductivity of it is notably important for the SACP system. Although, the effectiveness
of the fiber sheet has been varied by the previous research, the ion transportation
capability of it is still unclear. The two stainless electrode method was selected to measure
the ion conductivity of the cotton-like fiber, considering different electrolyte content of
100%, 50%, 25% and 10% (marking as Fiber-100, Fiber-50, Fiber-25, Fiber-10,
respectively), as shown in the Figure 3- 3(a). The ion conductivity can be calculated by
the equation as follows:

Oion =l/(R-A) (3-3)
Where [, R, A are the distance, resistance, and area of the cotton-like fiber between the two stainless
electrodes, respectively.

Moreover, the open circuit potential (OCP) and electrochemical impedance
spectroscopy (EIS) of Al-3Zn and steel immersed in the cotton-like fiber were measured
by the three-electrode setup, as shown in Figure 3- 4(b). In the experimental setup, the
working electrode consisted of either a steel or Al-3Zn alloy plate with an exposure area
of 10 mm % 10 mm, while a platinum plate served as the counter electrode and Ag/AgCl
was utilized as the reference electrode, respectively. The electrochemical performance of
the SACP system was evaluated by conducting EIS and polarization curve measurements
on the cotton-like fiber. The frequency range used was 105 to 10-2 Hz, with an amplitude

set at 5 mV.
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Figure 3- 3 (a) Measurement method of (a) ion conductivity of cotton-like fiber, (b)

electrochemical impedance spectroscopy and polarization curves.

3.2.4 Performance of the SACP method with cotton-like fiber

To evaluate the working performance of the method employing cotton-like fiber, SACP
tests were conducted in an indoor environment, as depicted in Figure 3- 4. The
experimental setup involved an acrylic box measuring 200 x 200 x 200 mm. The Al-3Zn
plate and steel plate were fully immersed in the cotton-like fiber, which absorbed a 0.1
wt% NaCl aq. A zero-resistance ammeter was utilized to measure the anti-corrosion
current, recorded at 10-minute intervals for 168 hours. Variations in instant-off potential
were also measured to assess whether the steel potential becomes more negative than the
protective potential. a comparative analysis of the surface condition of steel with and

without the SACP method was conducted.
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Figure 3- 4 Experimental setup of the SACP test employing cotton-like fiber.

3.3  Roles of the cotton-like fiber in the SACP system

3.3.1 Electrochemical characteristics of electrodes

Figure 3- 5(a) depicts OCP measurements conducted on carbon steel, an Al-3Zn
sacrificial anode immersed in 0.1 wt% NaCl aq, and a cotton-like fiber fully absorbing
0.1 wt% NaCl aq over a 12-hour duration. Notably, the Al-3Zn sacrificial anode
submerged in 0.1 wt% NaCl aq, and the fiber exhibited OCP values of approximately -
0.85 V and -0.82 V, respectively, up to the 12-hour mark. In contrast, the carbon steel
immersed in 0.1 wt% NacCl aq initially demonstrated an OCP of approximately —0.37 V,
gradually declining over time to stabilize at a consistent OCP of approximately —0.68 V
by the experiment's conclusion. Intriguingly, when introduced into the fiber, the OCP of
the carbon steel promptly decreased to approximately -0.68V and maintained stability
throughout the 12-hour period. Ultimately, an effective potential difference of
approximately 0.2 V was established, suggesting the anticipated corrosion protection

effect attributable to the sacrificial anode[151].
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Figure 3- 5 Results of (a) OCP and (b) Nyquist plot of steel in 0.1 wt% NaCl aq and
fiber after swelling.

EIS analysis was conducted on the carbon steel and Al-3Zn alloy to measure the
impedance at the interface of the electrodes and cotton-like fiber varying electrolyte
content, as shown in Figure 3- 6(b). Diameter in the Nyquist plot of both Al-3Zn alloy
and carbon steel immersed in the fiber is much larger than that in aqueous solution,
suggesting that electrodes are more difficult to dissolving. It's evident that this is more
beneficial for corrosion protection of carbon steel but poses challenges for the operational

performance of Al-3Zn alloys in the SACP.

3.3.2 Performance of cotton-like fiber in SACP method

The time-dependent variations of the anti-corrosion current densities in 120 h are
illustrated in Figure 3- 6(a). The results clearly indicate that the Al-3Zn alloy exhibits the
capability to provide adequate protective current against corrosion, albeit with a
marginally lower anti-corrosion current density compared to that observed in 0.1 wt%
NaCl aq. Meanwhile, the protective current in the fiber remains relatively stable. As
shown in Figure 3- 6(b), the potential indicates that during the initial polarization phase,
the steel potential undergoes a swift decline, stabilizing consistently at nearly -0.80V after

approximately 24 hours. Notably, this value appears more negative than the typical
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protective potential ((—0.73V vs. Ag/AgCl/Sat. KCl)) observed in a neutral

environment[ 152].
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Figure 3- 6 (a) Anti-corrosion current densities and (b) instant-off potential in the SACP
method.

The surface conditions of the steel members subjected to the control group and those
under the protection of the SACP system are visually depicted in Figure 3- 8. As shown
in Figure 3- 8(a), the particles on the surfaces of the steel members under SACP exhibit
a similarity to those observed after abrasive blasting[193], displaying no discernible
indications of rust or corrosion. However, after 120-h duration, the unprotected steel
surface exhibited a prominent rust layer with uniform and dense corrosion pits, as shown
in Figure 3- 8(b). The EDX results confirmed this observation; the steel plate protected
by the SACP method exhibited an oxygen content of only 1.74%, whereas in the control

group, this element accounted for as much as 10.79%.
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Figure 3- 7 SEM and element (O) mapping images of the steel surface in (a) control

group and (b) SACP method.

3.4  Summary

In this investigation, a cotton-like fiber, serving as an electrolyte carrier, was
innovatively incorporated into the SACP system to safeguard enclosed steel sections
within the atmospheric milieu. The efficacy of the cotton-like fiber was rigorously
assessed through comprehensive evaluations including water absorption and retention
assessments, electrochemical analysis, and the actual SACP performance tests. The
principal outcomes and findings can be summarized as follows:

(1) The OCP of the Al-3Zn sacrificial anode was approximately —0.2 V relative to steel
when immersed in the cotton-like fiber, indicating the effectiveness of the SACP method.

(2) Both the Al-3Zn alloy and steel were more resistant to dissolution immersed in the
cotton-like fiber, based on Nyquist plots.

(3) The Al-3Zn alloy exhibited the ability to provide adequate and relatively stable
protective current density and potential for steel members, mitigating corrosion risks

within the cotton-like fiber environment.
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CHAPTER 4 SACP METHOD USING PANa-CMC

HYDROGELS ACTING AS ELECTROLYTE CARRIERS

FOR STEEL MEMBERS IN HIGH-HUMIDITY

ENVIRONMENTS

41  Introduction

Corrosion of steel in high-humidity environments degrades its mechanical properties
and durability[44, 138, 153]. Consequently, enhancing the corrosion resistance of steel is
crucial, which requires appropriate corrosion mitigation strategies. Various methods have
been explored, including anti-corrosion coating and dehumidification[154-158]. However,
coating effectiveness can be compromised by film degradation and inadequate surface
treatment, especially in high-humidity environments[74, 159-161]. Moreover, surface
treatment and coating application pose challenges in complex plate joints and narrow
areas[ 162, 163]. While dehumidification is effective, it consumes substantial energy[164,
165].

Hence, alternative options are being explored to prevent steel from corrosion. The
SACP method has gained significant popularity for corrosion control in steel structures
due to its cost-effectiveness and easy installation[166]. However, the application of the
SACP method is mostly limited to marine and soil environments, such as oil drilling
platforms and ship hulls, where the presence of an electrolyte is essential for facilitating
ionic transport in the protection process[106, 167]. In atmospheric environments with
limited rainfall or dew, maintaining the electrolyte on the steel surfaces becomes

challenging, thus posing difficulties for the application of the SACP method[74].
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Up to now, two main strategies have been developed to sustain the protection current
for the SACP method used in atmospheric environments. The first approach, known as
the submerged sacrificial anode method, involves immersing sacrificial anodes in the
electrolyte[168]. This method protects the exposed portions of the steel structure by
utilizing the cathodic prevention effect of the sacrificial anodes. However, this method
has limited application since certain sections of the steel member must still be immersed
in the electrolyte, such as seawater[104]. The second approach, referred to as the water-
absorbing material-assisted method, employs high water-absorbing materials as
electrolyte carriers. Examples of such materials include absorbent fiber sheets or water-
swelling rubber. These materials retain the electrolyte within their structure and establish
direct contact with the steel surface, ensuring a continuous protective current against
corrosion[169]. However, the use of absorbent fiber sheets necessitates bolting them to
an Al-Zn alloy plate and a steel member, which potentially compromises the structural
integrity of the system. Moreover, as the sacrificial anode reaction proceeds, metal ions
such as AI**, Zn*" will continuously be released into the surrounding environment,
leading to contamination issues[170, 171].

Therefore, it is highly desirable to develop a novel electrolyte carrier with superior
retention capability, strong adhesive properties with electrodes, high ionic conductivity,
and eco-friendly characteristics. Currently, remarkable water uptake performance of
hydrogels has garnered significant attention for their potential use in various applications,
such as solid electrolytes in battery and energy storage[172, 173]. The sodium
polyacrylate (PANa) hydrogel is a widely known superabsorbent hydrogel that exhibits
exceptional water uptake, ionic conductivity, and cost-effectiveness[174]. However,

several challenges remain in achieving both high mechanical strength and high water
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uptake as these properties often conflict with each other.[175, 176]. Moreover, the
hydrophilic functional groups in the hydrogel networks, such as hydroxyl and carboxyl,
allow for an effective binding of metal ions from aqueous media[177, 178]. This is
considered as a preferable strategy to prevent metal ions from releasing into the
environment, highlighting the potential of hydrogels as an eco-friendly electrolyte carrier.

This study focused on the development of PANa—CMC hydrogels as electrolytes for
the SACP method, with the objective of safeguarding steel against corrosion in high-
humidity environments. Various evaluations were performed to assess the efficacy of the
SACP method using PANa—CMC hydrogels. First, the water retention capacity of the
hydrogels was investigated under the relative humidity of 90%. Mechanical tests were
conducted to examine the adhesion properties of the PANa—CMC hydrogel with steel.
Furthermore, the electrochemical performance of the hydrogels was analyzed using
Electrochemical impedance spectroscopy (EIS) and polarization curves, focusing on
parameters such as ionic conductivity, equivalent circuit, corrosion current density of Al-
3Zn anodes, and steel. Constant exposure tests were also conducted to evaluate the time-
dependent anti-corrosion performance of the hydrogels, considering the characteristics of
the steel surface condition and protective current density. Additionally, the impact of
PANa—CMC hydrogels on fixing metal ions from anodes and reducing the formation of
passive film in the SACP method was discussed. Overall, the results indicate that PANa—
CMC hydrogels exhibit promising characteristics as eco-friendly electrolytes and expand

the application of the SACP method to high-humidity environments.
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4.2  Experimental details

4.2.1 Materials

Materials for hydrogel preparation: Acrylic acid (AA, = 98.0%), sodium hydroxide,
(NaOH, = 97.0%), and N, N'-Methylenebis(acrylamide) (MBAA, = 97.0%), were
purchased from FUJIFILM Wako Pure Chemical Co., Ltd. sodium carboxymethyl
cellulose (CMC, = 95.0%) and ammonium peroxodisulfate ((NH4)2S205, = 95.0%)
were produced from Hayashi Pure Chemical Ind., Ltd. All reagents were obtained and
used as received without further purification.

Materials for the SACP system: An Al-based alloy-casting plate was selected as the
sacrificial anode, with its performance already validated in the atmospheric environment.
additionally, the PANa hydrogel served as the electrolyte. The SM490A steel (according
to Japanese Industrial Standard (JIS) G3106) was selected as the cathode. The chemical

compositions of the anode and steel material are listed in Table 3- 1.

4.2.2 Synthesis of PANa—CMC hydrogels

The PANa—CMC hydrogels were prepared via a solution polymerization method. As
shown in Figure 4- 1, 14.4 ml AA was diluted with 30 ml deionized water. Then, 8 g
NaOH slowly added into the above solution for neutralization under vigorous stirring at
0 °C (cooled by an ice-water bath). Subsequently, a certain amount of CMC was included
in the neutralized solution. Subsequently, 0.4 g (NH4)2S>0g, and 0.008 g MBAA were
dissolved into the mixed solution and stirred vigorously for 1 h at 26 °C. The solution was
degassed with nitrogen to eliminate DO, prior to polymerization. Finally, the resulting
solution was cast into an acrylic mold and then subjected to polymerization at 26 °C for

12 h to achieve the desired shape and thickness. The as-prepared hydrogel electrolytes
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were classified into different groups, depending on the ratio of CMC added. These groups

included Pure PANa, PANa-1% CMC, PANa-2% CMC, PANa-5% CMC, PANa-10%

CMC.
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Figure 4- 1 Schematic illustration of synthesis of the pure PANa hydrogel and PANa—

CMC hydrogel.

4.2.3 Morphology observation

The morphologies of the dried hydrogels were observed with scanning electron
microscopy (SEM, Hitachi SU3500, Japan) operating at 15kV under a low-vacuum
condition. Fourier transform infrared spectroscopy (FT/IR 620, Japan.) was used to
characterize the chemical properties of the resulting hydrogels with the wavenumber
ranging from 4000 to 400 cm™ at 26 °C. FTIR spectra were obtained after registering 64

scans, with a resolution of 2 cm™.

4.2.4 Water retention test

To evaluate the water retention capacity of the hydrogels, cylinder-shaped hydrogels
(diameter = 12 mm, thickness = 8§ mm) were exposed to an environment with the relative
humidity (RH) of 90% and a temperature of 30°C. The water retention ratio at time =i

(WR;) is given by:
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WR; = Wy — Wo)/Wy (4-1)

where W); and W, are the weights of the hydrogel at time =i and 0, respectively.

4.2.5 Adhesion strength test

To determine the correlation between the quantity of CMC and adhesion properties of
PANa—CMC hydrogels, dolly pull-off tests were performed between hydrogels and blast
steel surface, as shown inFigure 4- 2. The dolly's adhesive surface, comprising of JIS H
4000 Aluminum alloy A2017, had a diameter of 20mm and was uniformly sanded.
Afterward, it was washed in an acetone solution and dried. The dolly was then bonded to
the core area of the specimen at room temperature with a uniform vertical compressive
stress of 0.9 MPa for 30 minutes. The dolly specimen was subsequently cured at 35°C for
at least 48 hours, and a circular groove was drilled around the core area before performing
the pull-off test. Force and displacement were measured during the loading test using a
universal test machine (Tokyo Koki Tester MSC-10/500-2). While testing, the specimens

were nipped to the tensile machine and tested at a tensile rate of 100 mm/min.

I Force

Dolly

Hydrogel
Steel plate

Fixed end

Figure 4- 2 Measurement method of adhesion strength between hydrogels and carbon
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steel.

4.2.6 Electrochemical tests

EIS was used to measure the ionic conductivity of the hydrogels to evaluate the impact
of the addition of CMC. Two blocking stainless-steel electrodes were set in hydrogel
electrolyte, as shown in Figure 4- 3(a). The ionic conductivity g;,,could be expressed as

follows:

Oion = L/(R - A) (4-2)
where [,R,A are the thickness, resistance, and area of the hydrogel electrolyte
between the two stainless electrodes, respectively.
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Figure 4- 3 Measurement method of (a) ion conductivity of PANa—CMC hydrogels, (b)
electrochemical impedance spectroscopy and polarization curves.

A three-electrode setup was applied to evaluate the electrochemical properties of steel
and Al-3Zn coupling with PANa hydrogel using a potentiostate (Princeton Applied
Research, Versastat 3), as shown in Figure 4- 3(b). In the apparatus, the steel or Al-3Zn
alloy plate was performed as the working electrode, and a platinum plate and Ag/AgCl
were chosen as the counter and reference electrodes, respectively. The EIS and

polarization curves were measured in a PANa hydrogel electrolyte to evaluate the
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electrochemical performance of the SACP system. The frequency ranged from 10° to 10-

2 Hz with an amplitude of 5 mV.

4.2.7 Constant exposure test

To assess the protection area, durability, and effectiveness of the SACP system
incorporating PANa—CMC hydrogels, an indoor exposure test was conducted. Figure 4-
4 illustrates the setup used to measure the anti-corrosion current between an Al-3Zn alloy
plate (15 mm x 15 mm % 5 mm) and a steel plate (150 mm x 70 mm X 6 mm) coupled
with PANa hydrogel (diameter = 30 mm, thickness =20 mm). A zero-resistance ammeter
was employed to measure the anti-corrosion current. The specimens were placed uunder
a constant temperature of 30 °C and humidity chamber with a relative humidity (RH) of
90%. The anti-corrosion current was monitored and recorded every 10 minutes for 168
hours. Prior to testing, the steel plate and Al-3Zn plate were cleaned using an ultrasonic
cleaning machine using acetone as the solvent. The ultrasonic cleaning temperature was
set to 25 °C, and the ultrasonic frequency was 40 kHz.

Environment: 30 °C, 90% (RH)

Zero

/ resistance

Al-3Zn anode

ammeter

Steel plate

Hydrogel

Figure 4- 4 Measurement method of cathodic protection current density in constant

exposure test.

64



SACP METHOD USING PANa-CMC HYDROGELS ACTING AS ELECTROLYTE CARRIERS FOR
STEEL MEMBERS IN HIGH-HUMIDITY ENVIRONMENTS

4.3  Performance of the PANa-CMC hydrogels in SACP method

4.3.1 Morphology analysis

Figure 4- 5(a) presents the FTIR spectra of pure PANa hydrogel, CMC powder, and
PANa—CMC hydrogels. The results indicated that the functional groups of PANa and
CMC exhibited characteristic absorption peaks at 1551 cm ™! and 3740 cm ™!, respectively.
The peak at 1551 cm™! was attributed to the carboxylate ion (COO-) from PANa, while
the peak at 3740 cm ™! was related to the hydroxyl group (-OH) from CMC[179-181]. In
the spectrum of PANa-5%CMC, no new absorption peak was observed that differed from
that of pure PANa and CMC, suggesting that the connection between PANa and starch
molecules was mainly through physical entanglement and hydrogen bonding[182].

Figure 4- 5(b) to (f) illustrates the microstructure of the pure PANa hydrogel and
PANa—CMC hydrogels with varying ratios of CMC. The cross-sectional morphology of
the pure PANa hydrogel was observed as relatively flat. However, the addition of CMC
induces roughness on the surface of the PANa hydrogel, thereby enhancing its water

retention capacity and adhesion strength[182-184].
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Figure 4- 5 (a) FTIR spectra of CMC, pure PANA hydrogel and PANa—CMC hydrogels.
(b) The SEM images of the Pure PANa, (¢) PANa-1%CMC, (d) PANa-2%CMC, (e)

PANa-5%CMC, and (f) PANa-10%CMC.

4.3.2 Electrochemical performance

EIS analysis was conducted on the Al-3Zn alloy to measure the impedance at the
interface of the anode electrode and PANa—CMC hydrogels, as shown in Figure 4- 6(a).
The impedance measured is defined as the charge transfer resistance (Rct) of the anode,

which is the most important kinetic limitation due to the slow rate of activation reaction
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on the anode surface [185]. The Nyquist plots for the Al-3Zn anodes showed a single
capacitance loop in the entire frequency range, indicating that the system can be described
by a single time constant model. The results showed that the increase in CMC content
resulted in a significant reduced diameter in the Nyquist plot, suggesting that the Al-3Zn
is more prone to dissolving. A similar trend was also observed in the blast steel samples,

as depicted in Figure 4- 6(b).
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Figure 4- 6 Nyquist plot of Al-3Zn alloy and (b) blast steel immersed in PANa—CMC
hydrogels. (c) Equivalent circuit for the EIS data. (d) Potentiodynamic polarization plot
of Al-3Zn alloy and blast steel immersed in PANa—CMC hydrogels.

The EIS analysis led to the creation of an equivalent circuit (Figure 4- 6(c)) that models

the data, as shown in Table 4- 1. In the equivalent circuit, Rs, Ret1, Re represent the

solution resistance and the pseudo resistance associated with the electrochemical
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reactions at the film/interface, respectively[186]. While R¢ and Ry represent the film
resistances, and Qi and Qg represent the film capacitances, Qa1 and Qqi2 correspond to
the electric double layer capacitance of AlI-3Zn and carbon steel, respectively.

Table 4- 1 EIS fitted parameters for coupled Al-3Zn alloy and blast steel PANa—CMC

hydrogels.

Rs Qr Re Qua Ret
(Q-em?) (Q'-cm?2-s") " (Q-cm?)  (Q'-cm?-s") " (Q-cm?)
Pure PANa 50.80 5.57x10°  0.62 2.10x10*  1.30x10° 0.81 231.6
PANa-1%CMC  34.01 3.67x10° 077 157 2.07x102  0.72  0.07
Al-3Zn PANa-2%CMC  22.67 4.96x10°  0.83 2.52x10>  4.33x1071° 0.36 2.66x10*
PANa-5%CMC 6.67 3.88x10° 0.80 0.01 4.36x10°  0.80 5.72x10*
PANa-10%CMC  11.20 3.12x10°  0.80 3.04x10> 6.06x107'® 0.80 1.51x10*
Pure PANa 0.15 3.40x10"  0.80 10.93 3.57x103  0.80 384.7
PANa-1%CMC 6.91 3.44x10°  0.77 1.25 1.92x10°  0.76  308.8
Blast Steel PANa-2%CMC 25.96 4.05x10°% 0.75 0.14 1.74x10°  0.77 306.8
PANa-5%CMC 18.16 4.85x10° 0.64 36.04 2.06x10°  0.67 242.6
PANa-10%CMC 8.14 4.88x10° 0.74 251.6 6.11x103  0.64  3.49

Materials Hydrogel

The polarization curves of the Al-3Zn alloy and blast steel in PANa—CMC hydrogels
are presented in Figure 4- 6(d), and the fitting parameters are listed in Table 4- 2. It is
evident from the plot that the potential of the Al-3Zn alloy is more negative than that of
the blast steel, indicating that the Al-3Zn alloy can provide protection current for the blast
steel. The addition of CMC had negligible effect on the potential and corrosion current of
the blast steel. Furthermore, in the anode area, the steel exhibited a passivation effect,
suggesting that the hydrogel can effectively prevent further corrosion of the underlying
steel even without the installation of an anode or in the event of a sacrificial anode system
failure. This indicates that the hydrogel functions similarly to a protective coating,
offering additional corrosion resistance to the steel surface[187]. However, with the

increase of CMC, the corrosion current of Al-3Zn alloy was significantly improved to
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provide protection for steel.

Table 4- 2 Polarization curve fitted parameters for Al-3Zn alloy and blast steel.

Ba Be Ecor eorr
Materials Hydrogel
(mV/dec)  (mV/dec) V) (A/cm?)
Pure PANa 436.60 423.55 -0.83 2.46X10°
PANa-1%CMC 59.12 76.13 -0.82  3.98X10°®
Al-3Zn PANa-2%CMC 118.59 306.61 -0.82  6.52X107
PANa-5%CMC 82.15 137.56 -0.83  6.90X107
PANa-10%CMC 74.43 99.72 -0.88  5.44X107
Pure PANa 49.59 78.51 -0.70 1.68X10°
PANa-1%CMC 52.41 87.87 0.71 2.85X10°
Blast steel PANa-2%CMC 40.78 56.28 -0.70 3.66 X107
PANa-5%CMC 54.86 90.86 -0.68  1.89X10°
PANa-10%CMC 55.74 90.37 -0.72  3.58X10°

4.3.3 Cathodic protection performance

Figure 4- 7(a) presents the time-dependent changes in the anti-corrosion current density
of the SACP method using PANa—CMC hydrogels. The results clearly indicate that
hydrogels provide adequate protection against corrosion in high-humidity environments
of 90% relative humidity. Even the pure PANa hydrogel exhibited a sustained protection
current density slightly greater than 1 pA/cm?. When the CMC content was below 2%, no
substantial change in the current density was observed. Additionally, the current density
for all three samples reached its peak within a day. With an increase in the CMC content

to 5%, the stabilized current density reached 3 pA/cm?, approximately three times that of
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the pure PANa hydrogel. This indicates that the addition of CMC at this ratio effectively
enhances the protective current density However, when the ratio of CMC exceeded 5%,
the current density slightly decreased. This observation suggests that increasing the CMC

ratio further did not lead to a proportional increase in the protective current density.
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Figure 4- 7 (a) Anti-corrosion current densities provided by the SACP method using
PANa—CMC hydrogels. (b) Total transferred electric charge for 7 days.

Based on the currents measured in the constant exposure test, the total electric charge
can be calculated by multiplying the current by time. To assess the performance of the
SACP method with PANa—CMC hydrogels, a comparison of the total electric charge over
a period of seven days is presented in Figure 4- 7(b). It was observed that when the CMC
ratio is below 2%, the measured total electric charge remains relatively constant at around
90 C. However, when the CMC ratio exceeds 2%, the measured total electric charge
increases sharply, approximately doubling the previous value. This suggests that
increasing the CMC ratio beyond 2% significantly enhances the overall electrical

performance of the SACP method.
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Figure 4- 8 Steel surface condition after 7 days’ exposure.

The placement locations of the hydrogel were indicated in red circles on the surface,
as depicted in Figure 4- 8. The findings demonstrated a stark contrast between the control
group and the steel substrate protected by the SACP method using hydrogels. The control
group displayed significant rust formation on the surface, whereas the steel substrate with
the SACP method exhibited limited rust formation across the entire area of the steel
substrate. This highlights the effectiveness of the SACP method in inhibiting corrosion
when utilizing hydrogels as the electrolyte carrier. The generation and sustainability of
the protective current can be attributed to the superior water retention properties and
excellent conductivity of PANa—CMC hydrogels. Moreover, the hydrogel showed
minimal presence of dissolved iron ions, indicating corrosion resistance of steel, as shown
in Figure 4- 9(c).

Figure 4- 9 presents the SEM images of the central position in the steel plate and the
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central position of the hydrogel cross-section. As shown in Figure 4- 9(a), the control
group displayed prominent rust formation on the steel surface after seven days of
exposure, as indicated by the high percentage (18.65 wt%) of oxygen (O) element in the
element mapping images. Conversely, the experimental group utilizing the SACP method
with PANa-5%CMC exhibited minimal rust formation on the steel surface, evident from
the low O element percentage (2.75 wt%), as shown in Figure 4- 9(b). This demonstrates
the efficacy of the SACP method with PANa-5%CMC in mitigating steel corrosion in
high-humidity environments.

The distribution and content of aluminum (Al) and zinc (Zn) elements on the surfaces
of the two steel plates in the control group and the PANa-5% CMC hydrogel group
exhibited no significant differences, thus indicating that the metal cations released during
anodic dissolution were primarily confined to the hydrogel. Interestingly, a substantial
amount of aluminum (Al) element, accounting for 24.36 wt%, was detected in the
hydrogel, as shown in Figure 4- 9(c). However, the content of Zn elements was relatively
low, approximately 1.39 wt% of the Al element content, which exceeds the typical ratio
in Al-3Zn alloy. These findings emphasize the potential of hydrogel as a material for

fixing metal ions and minimizing contamination in the SACP method.
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80.48wt% O 18.65wt%

0.69wt% Zn 0.17wt%

96.72wt% O 2.75wt%

0.11wt% Zn 0.42wt%

100x Fe 0.52wt% O 73.72wt%
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y%ogel ih._i’,ANa%%CMC group

Figure 4- 9 (a) Element mapping images of the steel surface of control group, (b) PANa-

5%CMC group, and hydrogel sectional surface of (c) PANa-5%CMC group.

4.3.4 Mechanism of the SACP method using PANa—CMC hydrogels

In this study, PANa—CMC hydrogels are utilized as an electrolyte in the SACP method
to provide passive protection to steel in high-humidity environments. The hydrogels can
sustain water within themselves and absorb moisture from the surrounding environment

to sustain the protection current. Figure 4- 10(d) depicts a schematic diagram that helps
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to comprehend the corrosion mechanism of the Al-3Zn alloy in PANa—CMC hydrogels.
Since the potential of Al-3Zn alloy is more negative than that of iron, in a hydrogel
environment, the Al1-3Zn alloy tends to lose electrons preferentially, as shown in Figure
4- 6(d). Consequently, the Al-3Zn alloy in PANa—CMC hydrogels underwent anodic

dissolution based on the following reaction:

Zn — Zn* +2¢ (4-2)

Al — AP+ 3¢ (4-3)
Meanwhile, on the steel substrate, the cathodic reaction occurs, involving the reduction
of oxygen. This reaction contributes to the water retention capacity of hydrogels. The

reaction can be represented as follows:

02 +2H20 +2e" — 40H" (4-4)

After the constant exposure tests, the surface of AI-3Zn underwent oxidation, forming
a layer of white corrosion product. However, as the CMC content in hydrogels increased,
the visible amount of corrosion product decreased, as depicted in Figure 4- 9(a). The XRD
pattern analysis revealed that the main products formed on the surface were y-Al20O3, ZnO,
and Zn(OH),, as shown in Figure 4- 10(b). Therefore, The AI** and Zn** ions released
during the anodic dissolution reacted with the hydroxyl ion (OH") to form a porous
corrosion product, AI(OH)3, and passive corrosion product, Zn(OH),, which could also
undergo dehydration to form y-Al>O3 and ZnO, respectively, as described in the following

reactions:

AP +30H— AI(OH); (5-8)
Zn*" +20H" — Zn(OH), (5-9)
2A1(OH); — y-AlLOs + 3H,0 (5-10)
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Figure 4- 10 (a) Al-3Zn anode surface condition, (b) XRD patterns and (c) XRD

the SACP system with PANa—CMC hydrogels.

quantitative result after SACP test. (d) Schematic illustrating the corrosion mechanism of

The XRD quantitative results of the Al-3Zn anodes are shown in Figure 4- 10(c).
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Furthermore, as the ratio of CMC increased, a notable reduction in the formation of a
passive film composed of ZnO and Zn(OH)> was observed despite the fact that the Zn
corrosion product, Zn(OH)»/ZnO, is generally impervious in nature and hinders the
dissolution of anodes[166]. However, the addition of CMC can decrease the passive

formation of Zn(OH)2/ZnO on the steel substrate to sustain the protection current.
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44  Summary

In this research, a sodium polyacrylate hydrogel electrolyte carrier was developed in
the SACP system to protect steel in the atmospheric environment. The performance of the
PANa—-CMC hydrogels was verified via water retention tests, adhesion strength tests,
electrochemical tests, and constant exposure tests. The main results can be concluded as
following:

(1) PANa—CMC hydrogels coupled with Al-3Zn alloy generate and sustain a protective
current to safeguard steel in high-humidity environments. Adding 5% CMC in hydrogels
increases the density of the protective current up to about 3 pA/cm?.

(2) Hydrogels can effectively immobilize the metal ions released from Al-Zn anodes
into the surrounding environment, thus reducing its susceptibility for environmental
contamination.

(3) The proposed corrosion mechanism of Al-3Zn involves the formation of a passive
film composed of AI1203, ZnO and Zn(OH),. Adding a certain amount of CMC can reduce
the formation of passivation films.

(4) PANa—-CMC hydrogels have demonstrated potential as electrolytes in the SACP
method. This innovative application will allow for the expansion of SACP methods to

high-humidity environments and potentially other atmospheric environments in the future.
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CHAPTER 5 DISCUSSION ON APPLICABILITY OF

ELECTROLYTE CARRIERS APPLIED IN SACP

METHOD UNDER ATMOSPHERIC ENVIRONMENTS

5.1  Introduction

In the realm of safeguarding steel structures from corrosion in atmospheric conditions,
the SACP method emerges as a highly effective strategy. Investigated in Chapter 2-4, this
innovative technique utilizes sacrificial anodes to divert corrosive reactions away from
the protected metal. While previous studies have delved into the protective effects of three
electrolytes in the SACP system, exploring their roles, including electrochemical
characteristics and protective current density, remains a valuable area for further
investigation. A central and indispensable element within SACP systems is the electrolyte
carrier, acting as the conduit for ion transport between sacrificial anodes and the metallic
structures under protection.

The significance of electrolyte carriers within SACP systems cannot be overstated.
Their selection, configuration, and integration into the cathodic protection framework are
decisions grounded in a deep understanding of material properties, electrochemical
principles, and environmental considerations. This foundational role of electrolyte
carriers underscores the necessity for ongoing research, innovation, and optimization to
enhance the durability, efficiency, and adaptability of SACP systems in safeguarding our
valuable metallic infrastructures against the inevitable advance of corrosion. As we delve
into the intricacies of these systems, it becomes clear that the electrolyte carrier is not just
a component; it is the critical link that enables sacrificial anodes to fulfill their protective

mandate, making it an indispensable element in the quest for long-term corrosion
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prevention.

As outlined in Chapter 1, the three primary corrosion locations - the boundary with the
ground, enclosed sections, and high-humidity areas - each present unique configuration.
This diversity necessitates distinct arrangements for electrolyte carriers to effectively
address the specific corrosion challenges posed by each location. Moreover, whether the
electrolyte carrier can ensure sufficient contact between the electrolyte and the electrodes
(i.e., the protected steel and the anode material providing protection) is an important
aspect of achieving SACP. For example, in the application of fiber sheets, the fiber sheets
need to be fixed through bolts, which brings the risk of reducing the strength of the steel
structure[115, 118, 119]. Furthermore, the water absorption and retention capabilities of
the electrolyte carrier directly determine the effectiveness of the electrolyte carrier in the
SACP method. In previous studies, it has been observed that once the water retention rate
decreases, the cathodic protection current density also significantly decreases[152].
Meanwhile, the ionic conductivity of the electrolyte carrier after absorbing the electrolyte
has a profound impact on the effectiveness and efficiency of the SACP system. For
example, the protective area in which the SACP method can be effectively applied may
still be limited owing to the high resistivity of concrete[111, 150].

This chapter delves into the nuanced aspects that significantly influence the
performance of electrolyte carriers within the challenging context of atmospheric
environments. A comprehensive exploration encompasses the configuration of these
carriers, the fixation between carriers and electrodes, considerations of hydrophilicity,
and an in-depth examination of ionic conductivity. Understanding these critical factors is
pivotal for optimizing the effectiveness of SACP systems and ensuring the enduring

protection of metallic structures against the pervasive threat of corrosion. The results
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shows that the configuration of three electrolyte carriers can be adapted to their
application environments, respectively. Moreover, these three electrolyte carriers exhibit
a level of adhesion to steel members to sustain cathodic protection current. Notably, the
PANa-5%CMC hydrogel demonstrates a higher bonding strength, reaching 603.6 kPa.
Furthermore, each materials shows remarkable water absorption and retention capability,
due to the functional groups such as -OH and -COOH. Additionally, the electrochemical
properties including OCP, ionic conductivity ensure that the effectiveness of SACP

reaction can also be guaranteed in atmospheric environments.

5.2 Configuration of the electrolyte carriers to adapt atmospheric
environments

The of electrolyte carriers such as water-swelling rubber, cotton-like fiber, and PANa-
CMC hydrogels in SACP systems plays a crucial role in their effectiveness and
adaptability to atmospheric environments. These carriers facilitate the conductive path
between the anode and the cathode (the metal structure being protected), and their
physical shape can significantly influence the efficiency and durability of the protection

provided.

5.2.1 Water-swelling rubber with shrinkage and expansion

The configuration of water-swelling rubber as an electrolyte carrier in SACP systems
is critical for adapting to and effectively functioning within various atmospheric
environments. Water-swelling rubber, due to its unique property of absorbing water and
swelling, can play a pivotal role in maintaining a conducive path for the protective current
in environments where the moisture content can vary significantly. This adaptability is

essential for the long-term protection of metal structures against corrosion.
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Figure 5- 1 Expansion mechanism of the water-swelling rubber

The degree to which water-swelling rubber can absorb moisture and swell impacts its
electrical conductivity. The performance of water-swelling rubber in SACP systems is
significantly influenced by its moisture absorption and expansion properties, as shown in
Figure 5- 1. In environments with high humidity, the rubber expands more, enhancing its
contact with electrodes. This increased contact ensures the efficacy of the SACP by
maintaining a continuous protective circuit. Additionally, the expansion and subsequent
moisture absorption improve the system's conductivity, effectively reducing the resistance
between the anode and cathode, thus optimizing the protection against corrosion. The
configuration must ensure that the rubber does not swell excessively, which could
compromise mechanical stability or cause delamination from the metal surface.
Furthermore, the thickness of the water-swelling rubber layer influences its ability to
absorb water and, subsequently, its electrical conductivity. A thicker layer might offer
more consistent conductivity over time as it can hold more moisture. However, too thick
a layer might also slow the rate of moisture absorption and release, potentially reducing
the system's responsiveness to changes in atmospheric humidity. Moreover, the

configuration must ensure maximal and uniform contact between the water-swelling
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rubber and the metal surfaces (both anode and cathode). Inadequate contact may lead to
areas of poor protection, accelerating localized corrosion, as shown in Figure 2- 8 and

Figure 2- 9.

5.2.2 Cotton-like fiber with self-adaptive shape

The use of cotton-like fiber as an electrolyte carrier in SACP systems presents unique
considerations due to its organic nature, moisture retention capabilities, and structural
properties. The configuration of this material significantly influences its effectiveness in
adapting to various atmospheric environments and in facilitating the protective
electrochemical reactions necessary to prevent metal corrosion.

The design aspects of cotton-like fibers, including porosity and weave density, play a
pivotal role in their ability to retain moisture, which is crucial for the effective application
of SACP systems. However, these same properties make it challenging for cotton-like
fibers to retain their shape upon water absorption, as depicted in Figure 5- 2. Despite this
limitation, cotton-like fibers demonstrate a remarkable capacity to adapt to various
surrounding environments upon absorbing water, as shown in Figure 5- 3. This
adaptability is particularly advantageous for steel members located in enclosed sections,
where the flexible nature of cotton-like fibers allows for a snug fit around irregular shapes
and configurations, ensuring consistent moisture provision and effective corrosion

protection.
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Figure 5- 2 The configuration of cotton-like fiber (a) before and (b) after water

absorption.

Figure 5- 3 The configuration of cotton-like fiber after water absorption in different
containers with diffferent shape. (a) upside and (b) side snapshots of square container, (¢)

upside and (d) side snapshots of roundness container.

Hydrogels in various forms
Hydrogels as electrolyte carriers in SACP systems offer unique benefits due to their

high-water content, flexibility, and ability to form conformal coatings over metal surfaces.
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These properties make hydrogels particularly useful in adapting to various atmospheric
environments for the protection of metals against corrosion. The configuration of
hydrogels — including their chemical composition, physical structure, and integration
with the cathodic protection system — plays a pivotal role in their effectiveness and
adaptability. Hydrogels can be applied in various forms, such as triangle, tetragon,
hexagon, and star, from sheets to beads, affecting their surface area exposure and
interaction with atmospheric conditions[188, 189]. The choice of form factor influences
how effectively hydrogels can adapt to and mitigate changes in humidity and temperature.

The type of polymers used in forming the hydrogel can influence its water absorption
capacity, mechanical strength, and chemical stability. Polymers that can absorb significant
amounts of water without dissolving are ideal for maintaining a conducive path for ion
transport in dry conditions, while also preventing the hydrogel from becoming too fluid
in high humidity. And the degree of crosslinking within the hydrogel network affects its
structural integrity and porosity. A higher crosslinking density can lead to a more robust
hydrogel that is less likely to degrade in harsh environmental conditions, but it might also
reduce the hydrogel's ability to absorb water and swell, which can limit its effectiveness

as an electrolyte carrier.

5.3  Fixation between electrolyte carriers and electrodes

The interface or fixation between electrolyte carriers (such as water-swelling rubber,
cotton-like fiber, and hydrogels) and electrodes (sacrificial anodes and steel need to
protect) the SACP systems is pivotal for the efficacy of corrosion protection, especially
when adapting to varied atmospheric environments. This fixation influences the physical
contact, electrical conductivity, and overall stability of the protection system under

different environmental conditions.
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5.3.1 Adherence and gap between water-swelling rubber and electrodes

Ensuring a robust electrical contact between the water-swelling rubber and the
electrodes is critical. Poor contact may result in inefficient electron transfer, reducing the
protective capability of the SACP system. As shown in Figure 2- 8(f), as with the
specimen with the Zn plate, the corrosion protection effect can be seen in most of the
rubber contact areas. This is considered to be due to the fact that the rubber adhered to
the steel plate, which reduced the amount of DO in contact with the steel plate.

SEM-EDX analysis results for Dew1.0 and Dew1.0-0.1 are presented in Figure 5- 4.
In areas O, @), and @ on the contact surface, residue of adhered rubber material (Si)
is observed due to the tight adherence of the rubber. In the uncontacted area (@), chloride
ions (Cl) from the 3.5 wt% NaCl aq immersion environment are observed, and oxide (O,
Fe) is generated on the steel substrate. The upper black part 4 on the contact surface
has a high content of oxide (O), suggesting that due to the drying of the rubber during air

curing, gaps occurred between the rubber and the steel plate.

Figure 5- 4 Surface elemental analysis results of (a) Dew1.0 specimen and (b) Dew1.0-

X specimen.
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Figure 5- 5 Enlarged view of specimen Dew1.0-X. (x500).

An enlarged view of the upper black part is shown in Figure 5- 5. In the red-framed
area in Figure 5- 5, partial corrosion progression is visible. Unlike specimens with a Zn
plate, no such corrosion progression is observed, indicating sufficient corrosion
protection even at the edge of the steel plate. This is attributed to the use of an anode
material, which ensures corrosion protection even in minimal gaps through sacrificial

anode action.

5.3.2 Weak adhesion of cotton-like fiber

As discussed in Chapter 5.2.2, cotton-like fibers tend to lose their configuration and
adapt to various surrounding environments upon absorbing water, as illustrated in Figure
5- 2 and Figure 5- 3. Consequently, cotton-like fibers lack inherent mechanical strength.
However, observations also indicate that fibers exhibit weak adhesion to the steel surface,

possibly due to coordination bonds, as shown in Figure 5- 6.

85



DISCUSSION ON APPLICABILITY OF ELECTROLYTE CARRIERS APPLIED IN SACP METHOD
UNDER ATMOSPHERIC ENVIRONMENTS

Figure 5- 6 The weak adhesion of cotton-like fibers to the steel surface after SACP

tests.

5.3.3 Adhesion strength of PANa-CMC hydrogels

As evident in Figure 5- 7(a), the PANa—CMC hydrogel exhibited remarkable self-
adhesiveness, allowing it to adhere to blast steel surface, which makes the PANa—CMC
hydrogel a promising candidate for an electrolyte in the SACP method. Figure 5- 7(b)
reveals the influence of the ratio of CMC added in PANa—~CMC hydrogels on their
adhesion strength to blast steel surfaces. Tensile-adhesion tests were performed to
quantitatively evaluate the adhesion strength of the hydrogel to the substrate. The results
indicated that the adhesion strength increases on increasing the CMC content up to 5%
and further decreases. Specifically, when the CMC ratio reached 5%, the adhesive
strength increased significantly from 426.8 kPa to 603.6 kPa, demonstrating the existence
of an optimal CMC concentration for maximizing the adhesion strength.

The PANa—CMC hydrogels exhibit a strong affinity for the steel substrate, leading to
tight adhesion to the surface, which can be attributed to its chemical and structural
properties[183, 184, 190], as shown in Figure 5- 7(c). The presence of carboxyl groups

inherent in PANa hydrogel, along with the introduction of hydroxyl groups by CMC,
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facilitates the formation of various non-covalent bonds, including hydrogen bonds and
coordination bonds[191, 192]. These interactions are instrumental in ensuring effective
adhesion of the hydrogel to the steel surface. Additionally, increasing the CMC ratio up
to 5% results in a rougher surface of PANa—CMC hydrogels, as illustrated in Figure 4-
5(b)—(f). Consequently, factors such as negative pressure, capillary force, and mechanical
interlocking between the hydrogels and steel are enhanced[193]. However, when the
CMC ratio exceeds 5%, an increase in pore quantity on the hydrogel surface may reduce
the effective contact area between the hydrogel and the steel substrate, potentially leading

to weaker adhesion strength.
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Figure 5- 7 (a) Hydrogel adhered to blast steel surfaces. (b) Adhesion strength between

PANa-CMC hydrogels and blast steel. (c) Schematic illustration of the adhesion
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mechanism of PANa—CMC hydrogels considering the ratio of CMC.

In summary, the fixation between electrolyte carriers and electrodes in SACP systems
significantly influences their ability to adapt to and function effectively within various
atmospheric environments. A well-designed fixation ensures optimal contact and
conductivity, accommodates the physical and chemical properties of the electrolyte
carrier, and withstands environmental challenges, thereby enhancing the protective

capabilities of the SACP system.
5.4  Hydrophilicity of electrolyte carriers’ materials

5.4.1 Wet-dry cycling hydrophilicity of water-swelling rubber

Figure 5- 8 depicts the temporal weight changes during water absorption and drying
tests of water-swelling rubber. The rubber immersed in distilled water reaches near
equilibrium in approximately 40 days, exhibiting a maximum weight increase of about
20g compared to its pre-water absorption state. Conversely, in a 3.5 wt% NaCl solution,
the weight change stabilizes around 50 days, with an increase in weight of approximately
9¢g. The highly water-absorbing polymer's cations within the rubber are more soluble in
distilled water than in NaCl solution, leading to a larger concentration difference and
increased osmotic pressure, enhancing water absorption.

In NaCl solutions, rubber's water absorption increases with decreasing concentration.
The lower ion concentration in a 0.1 wt% NaCl solution results in higher osmotic pressure,
making water absorption more efficient.

Both specimens soaked in distilled water and a 3.5 wt% NaCl solution exhibit a
substantial weight decrease in the initial 30 days during drying. However, rubber soaked

in NaCl solution shows a reduced rate of weight loss after 30 days, requiring more time
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for drying compared to rubber soaked in distilled water. The affinity of the high water-
absorbing polymer with Na"* ions leads to a slower release of Na+ ions in NaCl solution,

slowing down the drying process.
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Figure 5- 8 The time-dependence of weight for the water-swelling rubber in (a)
absorbing test and (b) drying test.

These observations suggest that when water-swelling rubber absorbs water, it tends to
absorb electrolytes with lower ion concentrations in the electrolyte. Conversely, during
drying, electrolytes containing ions slow down the process compared to distilled water.

In the SACP technology, the rubber serves as an electrolyte burden medium. Its water
absorption performance is influenced by the immersion environment's concentration, and
waterproofing performance determines the continuity of SACP. Proper electrolyte
concentrations must be explored to strike a balance between water absorption and

moisture retention capabilities for the intended application.

5.4.2 Water absorption and retention capacity of cotton-like fiber

As depicted in Figure 5- 9(a), the cotton-like fibers demonstrate an impressive water
absorption capacity, capable of absorbing nearly 7 times their weight in 0.1 wt% NaCl aq
within the initial 10-minute interval. Furthermore, Figure 5- 9(b) illustrates that even after

exposure to an environment of 26 °C and 30% humidity for 15 days, the cotton-like fibers
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retain over 50% of their maximum water absorption capacity. These outstanding water

absorption and retention capabilities underscore the potential applicability of cotton-like

fibers in atmospheric environments.
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Figure 5- 9 Time-dependent (a) water absorption and (b) retention ratio. (c¢) FTIR

spectra of cotton-like fiber. (d) schematic illustration of the water retention properties of

cotton-like fiber.

The impressive water absorption and retention capabilities of the cotton-like fiber stem

from its chemical composition. As illustrated in Figure 5- 9(c), the FTIR spectra of the

fiber revealed characteristic absorption peaks at 1551 cm™' and 3740 cm ™!, respectively.

The peak at 1551 cm™! corresponds to the carboxylate ion (COO-) while the peak at

3740 cm™! is attributed to the hydroxyl group (-OH). These functional groups are known

for their hydrophilic nature, contributing significantly to the fiber's water-attracting

properties, as depicted in Figure 5- 9(d).
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5.4.3 Hydrophilicity of PANa—CMC hydrogels

Figure 5- 10 depicts the exceptional water absorption capacity of pure PANa hydrogel,
as evidenced by its ability to absorb water at a rate of 1.08, 1.15, 1.24, and 2.91 times its
weight after 10, 20, 30, and 60 minutes of immersion in deionized water, respectively. As
shown in Figure 5- 10(g), this impressive property arises from the presence of hydroxyl
groups that enable efficient interaction with water molecules through hydrogen
bonding[194]. Furthermore, during the water absorption process, the size of the hydrogel
increased, and its transparency improved, as evidenced by Figure 5- 10(b).

The incorporation of 1% CMC in the PANa hydrogel resulted in a slight increase in
water absorption capacity, as revealed by the presence of carboxyl groups (Figure 5- 10
(g)) and rough surface and porous channels, as illustrated in Figure 4- 5(b)-(f),
respectively. This enhancement can be attributed to the unique properties of CMC, which
facilitate increased interaction with water molecules, resulting in greater water absorption
capacity[195]. However, when the CMC ratio exceeded 1%, the water absorption capacity
declined with an increase in the CMC ratio, resulting from the density of macromolecular
chains becomes too high, hindering penetration of water molecules into the PANa, and
hydrogen bonding interactions between PANa and CMC chains[161, 196], as shown in

Figure 5- 10(g).
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Figure 5- 10 (a) The water absorption ratio of PANa hydrogels immersed in deionized
water. (b) Comparison of the water absorbing properties of the pure PANa hydrogel, (c)
PANa-1%CMC, (d) PANa-2%CMC, (e) PANa-5%CMC, and (f) PANa-10%CMC. (g)
Schematic illustration of the water-absorbing properties considering the ratio of CMC.

Figure 5- 11(a) demonstrates the exceptional water retention capacity of PANa—CMC
hydrogels, with pure PANa hydrogel losing only 2% of its water content after seven days.
The addition of CMC further improved the water retention capacity, even to the point
where hydrogels with 5% and 10% CMC ratios could absorb a certain amount of water
from the surrounding humidity. These findings suggest that the incorporation of CMC
into the PANa hydrogel can significantly enhance its water retention capabilities. Figure

5- 11(b) clearly shows that the surface of pure PANa hydrogel becomes swollen and soft,
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which can potentially impact its mechanical properties[197]. However, with an increase
in the CMC ratio, PANa—CMC hydrogels exhibited better moisture retention, maintaining
its original shape. This is evident from Figure 5- 11(b), where the hydrogels with higher
CMC ratios retain their sharpness, indicating improved stability in their mechanical
properties.
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Figure 5- 11 (a) The water retention ratio of PANa—CMC hydrogels . (b) Comparison
of surface condition of the pure PANa hydrogel and PANa-10%CMC. (c) Schematic
illustration of the water retention properties considering the ratio of CMC.

The addition of CMC to the PANa hydrogel has been found to improve its water
retention capacity. This improvement is attributed to the presence of carboxyl groups in
CMC (Figure 4- 5(c)) and its rough surface (Figure 4- 5(b)—(f)). The carboxyl groups in

CMC enabled stronger interactions with water molecules, leading to an increased ability
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of the hydrogel to retain water[195]. Notably, when the CMC ratio exceeded 5%, the
water retention ratio exceeded 1, indicating that the hydrogel not only hinders the
evaporation of water molecules into the surrounding environment but can also absorb
moisture from the environment into the hydrogel. This demonstrates the exceptional
water retention capability of the hydrogel, which has potential applications in preserving

moisture and preventing dehydration in various settings.
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Figure 5- 12 The time-dependent protective current density of the SACP method in
different relative humidity environments.

In addition, hydrogels emonstrate sensitivity to humidity, as indicated in Figure 5-14.
While the overall current density initially decreased, it stabilized after 300 hours. Notably,
the peaks in current density and humidity remained almost identical throughout the test
period. This suggests that hydrogels can adapt and provide protective current density in

response to changes in humidity.

5.5  Ionic conductivity of electrolyte carriers’ materials

The 1onic conductivity of electrolyte carriers' materials (such as water-swelling rubber,
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cotton-like fiber, and hydrogels) and electrodes is a crucial factor influencing the
effectiveness of SACP systems. Ionic conductivity refers to the ability of a material to
allow the flow of ions, which is essential for the electrochemical reactions involved in

cathodic protection.

5.5.1 Ionic conductivity of water-swelling rubber under different pressure

The ionic conductivity of seawater is 50 mS/cm. o is significantly influenced by the
density of free electrons, with higher ¢ indicating a more easily flowing cathodic
protection current. Regardless of the type of electrolyte, o increases with an increase in
concentration, as shown in Figure 5- 13. The relatively low o of the rubber soaked in
0.1 wt% electrolyte suggests that when the concentration of the electrolyte used to swell
the rubber is low, the SACP system may not provide sufficient corrosion current.
Compared to NaCl, NaNO> shows a similar decreasing trend in ¢ under different stress
conditions. The significantly small o of 1.0— 10.0 wt% NaNO; aq suggests that the

cathodic protection current flows easily.
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Figure 5- 13 Ionic conductivity of the specimens of (a) intensity of pressure 1.2x1072
MPa, and (b) intensity of pressure 3.7x102 MPa.

Furthermore, ¢ increases with an increase in stress. When using rubber soaked in
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NaNOo, the o with a load of 6 kg is approximately 1-3 times larger than with a load of
2 kg. It is presumed that placing stress on the rubber enhances the contact between the

rubber surface and the steel member, thereby increasing the cathodic protection current.

5.5.2 Ionic conductivity of cotton-like fiber with different electrolyte content

The ionic conductivity of the cotton-like fibers, acting as electrolyte carriers, is pivotal
in ensuring the efficacy of the SACP method by directly influencing the ion transfer
between the anodes and cathodes. The ionic conductivity values of the cotton-like fiber,
absorbing distinct ratios of 0.1 wt% NaCl aq, were assessed through EIS, with
corresponding Nyquist plots and Bode plots depicted in Figure 5- 14(a) and (b),
respectively.

Notably, all plots demonstrated a linear trend, indicative of a non-Faradaic process,
with no charge crossing the electrode-conductor interface. The impedance values of the
electrolyte carrier can be construed as the points of intersection of EIS plots with the X-
axis[198]. It can be clearly found that the ionic conductivity of the fiber fully absorbing
0.1 wt% NaCl aq was almost double the conductivity of 0.1 wt% NaCl aq, as shown in
Figure 5- 14(c), which can be ascribed to the effects of fiber side chains on ion
transport[ 199]. However, as the electrolyte content of the fibers decreases, the ion
conductivity also decreases. When the fiber electrolyte content drops to around 10%, the
ion conductivity is approximately one-fifth of that of a 0.1% NaCl solution. Therefore,
the water retention capability of the fibers is a crucial criterion for ensuring their

effectiveness as an electrolyte carrier.
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Figure 5- 14 (a) Nyquist plots, (b) Bode plots and (c) ion conductivity of cotton-like
fiber absorbing different electrolyte content. (d) Schematic illustration of ionic

conductivity mechanism in cotton-like fiber with electrolyte content.

5.5.3 Ionic conductivity of PANa-CMC hydrogels with different CMC ratio

The 1onic conductivity of the hydrogel electrolyte plays a critical role in the efficient
functioning of the SACP method, as it directly affects the transfer of ions between anodes
and cathodes. The AC impedance tests were conducted to measure the Nyquist plot and
ionic conductivity of PANa—CMC hydrogels with varying CMC ratios, as depicted in
Figure 5- 15(a) and (b). Pure PANa hydrogel exhibited the lowest ionic conductivity of
16.135 mS/cm in comparison to the hydrogels containing CMC. As the CMC content
increased, the ionic conductivity also significantly increased. Remarkably, the hydrogel

with 10% CMC showed the highest ionic conductivity of 29.160 S/cm, almost double the
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conductivity of pure PANa hydrogel. This improvement in conductivity can be attributed
to the ability of CMC to penetrate the hydrogel, creating a continuous ionic fluid that
ensures stable and strong ionic conductivity[200]. These findings suggest that the addition
of CMC can effectively enhance the ionic conductivity of the hydrogel electrolyte,

thereby improving the overall performance of the SACP method.
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Figure 5- 15 (a) Alternating current impedance spectra of the hydrogel electrolyte at
the frequency range from 100 kHz to 0.01 Hz. (b) The ionic conductivity of PANa—-CMC

hydrogels considering the ratio of CMC.

5.6  Summary

This chapter evaluates the applicability of three electrolyte carrier materials—water-

swelling rubber, cotton-like fiber, and PANa-CMC hydrogels—for mitigating
atmospheric corrosion in three classical locations. The assessment considers factors such
as configuration, fixation, hydrophilicity, and ionic conductivity. The key findings can be
summarized as follows:

(1) The configuration of three types of electrolyte carriers including water- swelling
rubber, cotton-like fiber and PANa-CMC hydrogels can be adapted to three kinds of

corrosion locations of in boundary with ground, enclosed sections and high-humidity

areas, respectively.
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(2) All three electrolyte carriers exhibit a level of adhesiveness, ensuring effective
contact between the electrolyte and the electrode material to sustain SACP. However, it's
notable that water-absorbing rubber and cotton-like fibers maintain relatively weak
adhesion, whereas the PANa-5%CMC hydrogel demonstrates a higher bonding strength,
reaching 603.6 kPa.

(3) The amount of water absorbed by the rubber increases as the ion concentration of
the electrolyte decreases, and the rubber takes more time to dry with the electrolyte
concentration inside rubber increasing. An appropriate electrolyte concentration should
take both water absorption and retention into consideration.

(4) The cotton-like fiber displayed a remarkable water absorption capability, absorbing
nearly seven times its weight of the electrolyte within a 10-min interval. Moreover, it
retained over 50% of its maximum water absorption even after 15-day exposure.

(5) The composition of CMC increases the surface roughness and introduces hydroxyl
groups to hydrogels, enhancing water retention capacity. At a CMC ratio up to 5% or
higher, the hydrogel achieves a water retention ratio exceeding 1.

(6) In the water-swelling rubber, the ionic conductivity of NaNO: aq is superior to that
of NaCl aq, but both increase with the increase in pressure.

(7) The 1onic conductivity of the fiber, when fully saturated with 0.1 wt% NaCl aq, was
nearly twice that of the same concentration without fibers, diminishing as the electrolyte
content decreased.

(8) As the CMC content increases, the ionic conductivity of hydrogels improves and
Nyquist curve radius decreases. Additionally, Al-Zn exhibits a more negative polarization

potential than steel in the hydrogel.
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CHAPTER 6 CONCLUSIONS AND FUTURE WORK

6.1 Summary and main conclusions

For steel structures exposed to the atmosphere, corrosion prevention usually relies on
surface coatings such as paint. However, the quality of surface preparation and coating is
difficult to ensure in many specialized parts of steel structures, especially in areas such as
narrow sections and plate nodes. In this dissertation, three electrolyte carriers are
developed for three typical corrosion locations, and the SACP method, which is
commonly used in aqueous or soil environments, is applied to atmospheric environments
to avoid coating defects.

In this study, the protection capability of the three electrolyte carriers in atmospheric
environments in terms of the effect of SACP, the electrochemical behavior of the anode
material and steel in the electrolyte carriers, and the cathodic protection current were
evaluated. Finally, the research explained the suitability of each electrolyte carrier
material for the respective corrosion site by discussing the morphology of the electrolyte
carrier material, the fixation mode with the electrode, the hydrophilic properties and the
1onic conductivity.

Based on the above studies, we can draw the following conclusions

6.1.1 Effectiveness of water-swelling rubber in SACP method applied in boundary
with ground

(1) Unless completely dry, rubber retains sufficient moisture for the maintenance of the
sacrificial anode corrosion protection circuit.

(2) Transitioning from a water-submerged to a dry environment is facilitated by the

high-water retention capability of the rubber, ensuring the continuity of sacrificial anode
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action.

6.1.2 Effectiveness of cotton-like fiber in SACP method applied in closed-sections
(1) The OCP of the Al-3Zn sacrificial anode was approximately —0.2 V relative to steel
when immersed in the cotton-like fiber, indicating the effectiveness of the SACP method.
(2) Both the Al-3Zn alloy and steel were more resistant to dissolution immersed in the
cotton-like fiber, based on Nyquist plots.
(3) The Al-3Zn alloy exhibited the ability to provide adequate and relatively stable
protective current density and potential for steel members, mitigating corrosion risks

within the cotton-like fiber environment.

6.1.3 Effectiveness of PANa-CMC hydrogels in SACP method applied in high-
humidity areas

(1) As the CMC content increases, the ionic conductivity of hydrogels improves and
Nyquist curve radius decreases. Additionally, Al-Zn exhibits a more negative polarization
potential than steel in the hydrogel.

(2) PANa—CMC hydrogels coupled with Al-3Zn alloy generate and sustain a protective
current to safeguard steel in high-humidity environments. Adding 5% CMC in hydrogels
increases the density of the protective current up to about 3 pA/cm?.

(3) Hydrogels can effectively immobilize the metal ions released from Al-Zn anodes
into the surrounding environment, thus reducing its susceptibility for environmental
contamination.

(4) The proposed corrosion mechanism of Al-3Zn involves the formation of a passive
film composed of AI1203, ZnO and Zn(OH)>. Adding a certain amount of CMC can reduce

the formation of passivation films.
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(5) PANa—CMC hydrogels have demonstrated potential as electrolytes in the SACP
method. This innovative application will allow for the expansion of SACP methods to

high-humidity environments and potentially other atmospheric environments in the future.

6.1.4 Configuration of the electrolyte carriers
the configuration of three types of electrolyte carriers including water- swelling rubber,
cotton-like fiber and PANa-CMC hydrogels can be adapted to three kinds of corrosion

locations of in boundary with ground, and high-humidity areas.

6.1.5 Fixation of electrolyte carriers

All three electrolyte carriers exhibit a level of adhesiveness, ensuring effective contact
between the electrolyte and the electrode material to sustain SACP. However, it's notable
that water-absorbing rubber and cotton-like fibers maintain relatively weak adhesion,
whereas the PANa-5%CMC hydrogel demonstrates a higher bonding strength, reaching

603.6 kPa.

6.1.6 Hydrophilicity of electrolyte carriers’ materials

(1) The amount of water absorbed by the rubber increases as the ion concentration of
the electrolyte decreases, and the rubber takes more time to dry with the electrolyte
concentration inside rubber increasing. An appropriate electrolyte concentration should
take both water absorption and retention into consideration.

(2) The cotton-like fiber displayed a remarkable water absorption capability, absorbing
nearly seven times its weight of the electrolyte within a 10-min interval. Moreover, it
retained over 50% of its maximum water absorption even after 15-day exposure.

(3) The composition of CMC increases the surface roughness and introduces hydroxyl

groups to hydrogels, enhancing water retention capacity. At a CMC ratio up to 5% or
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higher, the hydrogel achieves a water retention ratio exceeding 1.

6.1.7 Ionic conductivity of electrolyte carriers’ materials

(1) In the water-swelling rubber, the ionic conductivity of NaNO, aq is superior to that
of NaCl aq, but both increase with the increase in pressure.

(2) The ionic conductivity of the fiber, when fully saturated with 0.1 wt% NaCl aq, was
nearly twice that of the same concentration without fibers, diminishing as the electrolyte
content decreased.

(3) As the CMC content increases, the ionic conductivity of hydrogels improves and
Nyquist curve radius decreases. Additionally, Al-Zn exhibits a more negative polarization

potential than steel in the hydrogel.

6.2 Recommendations for future work
This dissertation had developed the three types of electrolyte carriers to expand the
application of the SACP method to atmospheric environments. However, limitations

existed in the work which worthy for future work:

6.2.1 Effect of alkaline environments on the performance of water-swelling rubber
To ensure effective cathodic protection in alkaline environments, it is essential to
carefully select materials with suitable resistance to alkaline conditions and regularly
monitor the condition of the sacrificial anode system to address any potential issues that
may arise over time. Additionally, proper installation and maintenance practices play a
crucial role in maximizing the performance and longevity of SACP systems employing

water-swelling rubber.

6.2.2 The performance of the three types of electrolyte carriers applied in tidal zone

In the tidal zone, which is characterized by periodic exposure to saltwater and
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atmospheric conditions, the performance of these electrolyte carriers will depend on their
specific material properties, such as water absorption, resistance to degradation, adhesion,
and mechanical strength. Factors such as wave action, salinity, temperature variations,
and exposure to sunlight can affect the durability and effectiveness of these carriers in
providing cathodic protection or serving other purposes.

It's essential to consider the unique challenges posed by the tidal zone environment and
conduct thorough testing and monitoring to assess the long-term performance of
electrolyte carriers in such conditions. Additionally, regular maintenance and replacement
of these materials may be necessary to ensure continued effectiveness in protecting metal

structures from corrosion.

6.2.3 The long-term performance of the three types of electrolyte carriers

The long-term performance of electrolyte carriers in the SACP method depends on the
specific material properties, environmental conditions, and the corrosive potential of the
protected structure. Regular monitoring and maintenance practices are essential to assess
the condition of the carriers and sacrificial anodes over time. Some key considerations
for ensuring the effectiveness of electrolyte carriers in the SACP method, including
material selection, compatibility, monitoring. By addressing these considerations, it is
possible to enhance the long-term performance of electrolyte carriers in SACP method

and effectively mitigate corrosion in protected structures.

6.2.4 Development of environmentally friendly hydrogel for SACP method
As the sacrificial anode reaction proceeds, metal ions such as ALY, Zn?" will
continuously be released into the surrounding environment, leading to contamination

issues. Therefore, it is highly desirable to develop a novel electrolyte carrier, such as
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hydrogels, that not only effectively supports sacrificial anode reactions but also addresses
environmental concerns by minimizing metal ion release and contamination issues. The
goal is to strike a balance between effective cathodic protection and environmentally

friendly characteristics in marine or similar environments.
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