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ABSTRACT 

 Metals and alloys are used extensively because of their characteristics, including high 

strength, ability to bear heavy loads and stress, ductility, machinability, and so on. Metals and 

alloys are subject to corrosion when they come in contact with an aggressive environment. 

Among all the metals and alloys, aluminum is primarily used for various applications under 

aggressive atmospheric conditions, which result in its loss of metallic luster, changes in the 

dimensions of the aluminum, and its loss of strength. Many techniques have been used to 

minimize the corrosion of aluminum and its alloys, one of which is to employ a plasma surface 

cleaning treatment. Using this technique to fabricate the aluminum surface as a 

superhydrophobic (SH)-coated surface is the ultimate goal, whereby the coated surface becomes 

a water-fearing surface, can resist corrosion for a longer period of time, and can be applied as the 

best surface for icing conditions. Heat treatment was executed on the surface to make the SH 

coating highly robust. 

 The corrosive behavior of Aluminum 2024-T3 alloy was tested using a 3.0% sodium 

chloride (NaCl) solution, which is an aggressive solution. The resulting behavior was 

investigated by means of contact angle measurement, linear polarization, electrochemical 

impedance spectroscopy (EIS), Fourier transform-infrared (FTIR) spectroscopy, Vickers 

microhardness, and salt soaking. Additional tests—tape adhesive, deicing, freezing time, super-

cooled water, and self-cleaning—were performed to show that the surface coat remains 

superhydrophobic schematically. It was discovered that the plasma surface cleaning treatment 

increases the adhesiveness between the substrate and the top coat, which results in the coated 

surface remaining superhydrophobic for a long period of time. The corrosion rate of the surface 

is also reduced, which provides a double benefit.   
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

The proper functioning of machines and appropriateness of materials are essential to 

accomplishing various daily objectives in the contemporary world. The naturally recurring, most 

significant deterrent to the maintenance of these machines and materials is corrosion. The 

primary catalyst in the corrosive process is water. Many of the operations and applications of the 

mentioned entities, a humid or wet environment, the severity of the need to evolve anti-corrosion 

procedures and techniques cannot be understated. Figure 1 shows an example of corrosion in 

industry [1]. 

 

Figure 1. Example of corrosion in industry [1]. 

The prevalence of textbook methods for preventing corrosion, such as galvanization, is 

increasingly diminishing. This decrease in utilization of time-tested methods is attributed to the 

operability of advanced technological applications in conditions that are conducive to initiation 

of the corrosive process. A few revolutionary corrosion-prevention methodologies have been 
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periodically devised in order to be compatible with technological progression. The two 

preventive methodologies at the forefront of this innovative process involve the fabrication of 

superhydrophobic (SH) and superhydrophilic surfaces. 

As the terminology suggests, superhydrophobic surfaces are those that are averse to or 

resist the wetting property of water. SH surfaces have gained popularity in the development of 

anti-wetting textile fabrics [2]. Here, the fibers constituting such fabrics are coated with chemical 

compounds containing nanoparticles, the properties of which are instrumental in the provision of 

critical contact angles, which make the water droplets wholly and smoothly slide off the contact 

surface immediately, thus ensuring dryness [2]. 

On the other end of the spectrum, superhydrophilic surfaces are functionally the opposite 

of superhydrophobic surfaces but are utilized for the same end goal of maintaining surface 

dryness [3]. Superhydrophilic coatings are also the result of a series of chemical alterations, but 

unlike SH coatings, they entirely absorb and retain the water in order to achieve surface dryness. 

Although this is a robust approach to maintaining surface dryness, its application can be 

contradictory to its implementation. For instance, surface dryness is required for electrical 

devices such as cell phones, which are often exposed to wet, humid conditions. If a 

superhydrophilic coat was to be applied to maintain dryness, then the risk of retained water 

permeating into the internal components and subsequent malfunction cannot be ignored. 

1.2 Motivation and Objective 

It is hypothesized that proper surface treatment improves the coating performance against 

various environmental conditions. The broad-based concurrence on a superhydrophobic surface 

being the most efficient resistor to corrosion poses a new question: What method produces the 

best superhydrophobic surface? This question is the prime motivation behind this research. 
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When we examine established techniques for achieving SH qualities, one of the more prominent 

is by spraying a coat that contains a liquid interface [4]. The liquid interface possesses 

chemically embedded molecules that induce a reduction in the wetted area fraction and 

consequently in the heat transfer rate, thereby allowing for air trapped between the liquid 

interface and the material surface to act as a perfectly smooth pathway for the ejection of water 

droplets [4]. Figure 2 shows a superhydrophobic coating surface, which causes the water droplet 

to bounce like a ball [5].   

 

Figure 2: Superhydrophobic coating surface showing water droplet bouncing like a ball [5]. 

Further studies based on mathematical and analytical modeling of the behavior 

demonstrated by this method reveal that the SH effect achieved by the layers of coats held 

together by adhesive are constrained by the time variable [6], which implies that the durability of 

this methodology is questionable. Doubts about durability are further enhanced when considering 

environmental surroundings that can alter essential variables, such as contact angles [6]. 

An alternate technique that improves the durability of the superhydrophobic surface has 

been advocated [7]. It involves chemical alterations at a nanolevel that result in self-repairing 

hydrophobic coatings. During its manufacturing phase the coat is injected with nanosized 
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potential hydrogen (pH) capsules, which can chemically contemplate the degradation of the SH 

surface as an acidic situation, and hence, courtesy of their chemical properties, release alkaline 

compounds, which accomplish regeneration of the water bonding and consequently that of the 

SH coating [7]. 

The regeneration method embodies high chemical complexity. The interference of 

variation assumed in environmental factors such as lighting conditions, heat, humidity, and 

pressure has not been quantified either, due to the effects of acid/base chemical reactions and 

their residual salts, with vital entities about practical applications such as human tissue and 

metallic surfaces, have not been identified. This leaves the proposed solution with a void. An 

answer that advocates for filling the vacuum of practicality, and consequently establishes itself 

through scientific means of trial and error as the optimum solution, is the multilayered SH 

coating bonded together with other iterations of plasma and heat treatment. The realization of 

this coating and its achievement of the benchmark for prolonging the durability of the SH effect 

is the primary objective of this research. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Metals and Alloys in Manufacturing Industry 

2.1.1 Aluminum 2024-T3 Alloys  

Aluminum alloys (AAs) have been the primary metal substances used in many industries 

because they started changing from wood in the late 1920s. Despite the fact that in the future the 

position of aluminum may possibly dwindle, mainly through the increasing use of composite 

substances, high-strength aluminum alloys are and will continue to be employed as significant 

industrial materials. Aluminum is attractive because it is an exceedingly low-cost and light-

weight metal that can be heat treated to reasonably high-strength levels, and it is one of the most 

effortlessly fabricated of the high-performance materials, which correlates directly with lower 

expenses [8]. Figure 3 illustrates the designation tree of the aluminum alloy [9]. 

 

Figure 3. Aluminum alloy designation tree [9]. 
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AAs are recognized through a four-digit number system. The first digit represents the 

alloy group and the other digits indicate the alloys that are present in the mix. In an alloy, the 

usage of copper (Cu) and zinc (Zn) indicates that the aluminum can modify its specifications 

whereby the alloy can be both hardened and softened through the usage of heat. The ensuing 

temper designation is indicated using a letter-number combination following the alloy numbers. 

The most common temper designations are T3 and T6. The T3 alloy is solution heat-treated and 

cold-worked through the flattening method. The T6 alloy is solution heat-treated and artificially 

aged. Each alloy has its own properties that rely on the composition of the alloying factors. This 

research employed Aluminum 2024-T3 alloy, which has added approximately 93.5% aluminum, 

4.5% copper, 0.6% manganese, 1.5% magnesium, 0.5% silicon, 0.5% iron, 0.25% zinc, and 

0.15% titanium [10]. One of the purposes here was to select the Aluminum 2024-T3 alloy for its 

mechanical properties. It is the most common of the high-strength aluminum alloys. It is high-

grade aircraft satisfactory, which is lightweight, strong, and exceptionally corrosion resistant. 

However, it must be dealt with properly because even aluminum cannot escape from corrosion 

and will corrode quickly after cleaning, so any treatment should be done rapidly to prevent 

corrosion from becoming trapped beneath the base paint.          

2.1.2 Industrial Uses of Aluminum 2024-T3 Alloys 

Aluminum is used abundantly in the contemporary world. AAs have several technical 

benefits, which have made them one of the most useful alloy structures.  They have a silvery-

white look and show many unusual properties. They have extensive applications in distinct 

domains, such as transport, aircraft, home decor and add-ons, constructing and creation, and so 

on. No other metal can be utilized in so many different ways as aluminum. It has a few properties 

that have made it feasible for many valuable uses and applications in numerous fields [11]. 
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Aluminum and AAs have been used as aerospace constituents, particularly in commercial 

airplanes because of their extreme strength/stiffness-to-weight ratio, mechanical functionalities, 

and corrosion resistance. Corrosion resistance results from the passive oxide film that clearly 

forms on aluminum alloys and significantly reduces the rate of corrosion. However, when 

exposed to aggressive environments, aluminum and its alloys react with oxygen and chloride 

ions to form complex interfaces. The passive oxide film is at risk of localized breakdown, 

leading to the loss of the underlying aluminum metal. If the localized attack takes place at an 

open surface, then it results in pitting corrosion. These corrosion forms can cause a structural 

breakdown appearing as sites of crack initiation [12]. 

2.2 Definition of Corrosion 

Corrosion is a natural and expensive destructive procedure, like earthquakes, tornados, 

floods, and volcanic eruptions, with one arbitrary distinction in that we can only be a silent 

spectator to the above-stated system of destruction, but corrosion can be prevented or at least 

managed. While metal is subject to corrosion, its properties are modified because of the 

unintentional, however damaging, response with the exposed environment. The corrosion 

process is continuous and irreversible [13]. It includes a set of electrochemical (EC) redox 

reactions. Consequently, the metal is oxidized to a corrosion product at anodic sites, and some 

parts of metals are decreased at cathodic sites. Due to the EC nature of most corrosion 

approaches, EC methods are beneficial tools for analyzing corrosion. More typically, EC 

techniques can be used to measure the kinetics of corrosion rates in particular environments and 

additionally measure or manipulate the oxidizing power of the surroundings. Figure 4 displays an 

example of corrosion initiating an attack on an aluminum plate [14].  
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Figure 4. Example of corrosion initiating attack on aluminum plate [14]. 

Do all metals corrode? Yes, all metals can corrode. A few, like pure iron, corrode 

quickly. Stainless steel, which combines iron and different alloys, is slower to corrode and 

consequently is used more often. A small group of metals referred to as noble metals are much 

less reactive than others and therefore seldom corrode. In fact, they are the most effective metals 

found in nature in their pure form. Noble metals are often very precious. They consist of copper, 

palladium, silver, platinum, and gold. The same amount of energy needed to extract metals from 

their minerals is emitted in the course of the chemical reactions that produce corrosion [15]. 

The most extensively used aircraft AA is Aluminum 2024-T3 alloy. Many researchers 

[16] have performed a tremendous amount of work to recognize the corrosion mechanism of the 

Aluminum 2024-T3 alloy. The heterogeneous distribution of the Cu phases within the alloy is 

the reason for the low resistance of the alloy. These second-phase particles provide additional 

mechanical strength to the aluminum matrix; however, they are undesirable for corrosion 

resistance in the alloy. Pitting is the principal form of corrosion, but other forms of corrosion 

such as intergranular and stress corrosion can also occur [17]. 
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2.2.1 Classification of Corrosion 

Corrosion can be categorized into distinct categories primarily based on the material, 

environment, or morphology of the damage it causes. A discussion of the eight distinctive modes 

of corrosion follows. 

2.2.1.1 General Attack Corrosion 

General attack corrosion is the most common type of corrosion and occurs from a 

chemical or electrochemical response that results in the deterioration of the entire exposed 

surface of a metal at approximately the same rate. An example of general attack corrosion is 

shown in Figure 5. The outcome of general attack corrosion within the metal is that the meal 

becomes thinner and the appearance of the surface is altered. This corrosion typically brings on  

failure by reducing the mechanical strength of additives or by reducing the wall thickness until 

leaking results severe [18]. In the end, the metal deteriorates to the point factor of failure. 

General attack corrosion accounts for the most amount of metal destruction; however, it is a 

secure form of corrosion because it is predictable, workable, and frequently preventable [19]. 

 

Figure 5. Illustration of general attack corrosion [20]. 
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2.2.1.2 Pitting Corrosion 

Pitting corrosion occurs when a small hole, or cavity, forms within the metal, generally 

because of depassivation of a small region. It usually happens at flaws in coatings implemented 

to prevent corrosion of the underlying metal; however, pitting corrosion also occurs in metals 

that can withstand corrosion through the formation of a local oxide, hydroxide, or salt film. The 

small region turns anodic, while part of the remaining metal turns cathodic, thereby generating a 

localized galvanic reaction. The deterioration of this small region penetrates the metal and may 

lead to failure [21]. This form of corrosion is frequently difficult to discover because it is 

noticeably small and may be covered or hidden by corrosion-produced compounds. The time 

required to provoke pitting depends on the temperature and composition of the environment. As 

soon as pitting is initiated, the corrosion rate at the bottom of a pit can be numerous orders of 

magnitude more than that outside the pit, and in this way, pitting can cause perforation of storage 

bottles, etc. Alternatively, it can provoke cracks that propagate to failure by way of different 

mechanisms [22]. 

2.2.1.3 Crevice Corrosion 

Crevice corrosion takes place in a particular region, the environment of which does not 

mix freely with the bulk environment. The chemistry of the environment in these places can 

fluctuate substantially from that of the bulk environment, and this distinction can bring about the 

corrosive attack. This sort of corrosion is often related to a stagnant micro-environment, like that 

observed beneath gaskets, joints, washers, and clamps, and additionally could result in the 

initiation of cracks that propagate to failure through different mechanisms. Acidic surroundings 

or a reduction of oxygen in a crevice also can cause crevice corrosion. Much like pitting 

corrosion, an extended incubation period may be required to initiate this corrosion; however, as 
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soon as it starts, this corrosion can increase at rates that might be orders of significance greater 

than rates outside the crevice [23]. 

2.2.1.4 Galvanic Corrosion 

Galvanic corrosion takes place when distinct metals are placed together in a corrosive 

electrolyte. Distinct metals have different chemical properties, and different alloys with distinct 

chemical compositions can have various chemical and EC properties within the same 

environment [24]. Joining dissimilar metals in a way such that an electrical circuit is completed 

through the joint and the environment will bring about an increasing rate of corrosion of the 

more active metal and a decreasing rate of corrosion of the more noble metal. A galvanic couple 

forms between the two metals, in which one metal turns into the anode and the other the cathode. 

The anode corrodes and deteriorates more quickly than it would if it was alone, even as the 

cathode deteriorates more slowly than it would otherwise. This mechanism is clarified in Figure 

6 [26]. The extent of the change depends on several factors consisting of the ratio of the regions 

of every alloy exposed to the environment, the potential difference between the alloys, the 

electrical resistivity of the joint, and the conductivity of the environment [25]. 

 

Figure 6. Mechanism of galvanic corrosion [26]. 
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2.2.1.5 Environmentally Induced Cracking Corrosion 

Environmental induced cracking is a corrosion technique that could result from a 

combination of chemically reactive environmental conditions affecting the metal. Exposure to 

aqueous solutions, natural solvents, liquid metals, solid metals, and gases has been observed to 

result in failure of this kind. Relying on the environment and the type of loading, this form of 

corrosion has many distinctive names, including stress corrosion cracking, chloride stress 

cracking, hydrogen embrittlement, liquid brittle embrittlement, and substantial metal 

embrittlement. However, all of them encompass crack propagation precipitated through exposure 

to an environment. The environments that cause this type of corrosion are not usually very 

aggressive, and this mechanism of failure could cause unexpected loss of agent or prevent the 

right operation of valves [27]. 

2.2.1.6 Intergranular Corrosion 

Intergranular corrosion is another kind of chemical attack that occurs at the grain 

boundaries of a metal. This type of corrosion frequently takes place because of impurities in the 

metal, which tend to be more concentrated close to the grain boundaries which may be more 

intense in the course of the solidification process [28]. Because of this, certain metal 

environment combinations can bring about fast corrosion of the region among the crystals. While 

intergranular corrosion occurs, the surface of the material can appear as being unattacked. 

However, the mechanical strength of the alloy can worsen slowly over time or can occur quickly 

until the materials is damaged beneath any applied load or until individual grains begin to release 

and the material falls apart [29]. 
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2.2.1.7 De-Alloying Corrosion 

Distinct metals have distinctive chemical activities, whereby one metal in an alloy may 

be selectively eliminated from the surface. This selective leaching of an alloying element can 

result in the surface becoming de-alloyed. In a few instances, this de-alloyed layer is not 

restricted to the surface and grows into a solid that inflicts a severe loss of mechanical strength. 

Similarly to reducing the strength of any aspect, de-alloyed layers are porous, and de-alloying 

also may cause damage to the agent from a metallic storage container in the laboratory [30]. 

2.2.1.8 Erosion-Assisted Corrosion 

Mixing or stirring of a solution can increase the rate of corrosion, either by increasing the 

rate of transport to the surface, or by mechanically destroying or eliminating surface films that 

could protect the underlying metal from attack. An increase in the rate of corrosion because of 

the relative motion of the environment is referred to as erosion-assisted corrosion. Typically, the 

relative motion of agents within metallic storage and distribution structures is fairly low, and in 

the course of deployment, erosion-assisted corrosion may additionally occur within nozzles [31]. 

2.2.2 Mechanism of Corrosion 

Corrosion is described as the continuous destruction or deterioration of a material with 

the aid of a chemical or EC attack. The corrosion reaction is referred to as electrochemical 

because the overall corrosion reaction may be split into two partial reactions. Figure 7 shows the 

basic principles of corrosion [34]. The anodic or oxidation reaction entails the metal going into 

dissolution by using releasing electrons [32]. 

𝑀 →  𝑀𝑛+  +  𝑛𝑒¯  

where 𝑀 the atom is on the metal surface, 𝑀𝑛+  is the metal oxidized to metal ions, and 𝑛𝑒¯ is 

the number of electrons produced throughout the anodic process. The consumption of these 
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electrons from the anodic reaction indicates a reduction or cathodic reaction. Numerous cathodic 

reactions occur in metal corrosion, a few of the more common being as follows [33]: 

2𝐻+ +  2𝑒¯ →  𝐻2 ——— Hydrogen reduction reaction 

𝑂2  +  4𝐻+ +  4𝑒¯ →  2𝐻2𝑂 ——— Oxygen reduction (acid solution) 

𝑂2  +  2𝐻2𝑂 +  4𝑒¯ →  4𝑂𝐻¯ ——— Oxygen reduction (basic and neutral) 

𝑀3+  +  𝑒¯ →  𝑀2+——— Metal ion reduction 

 

 

Figure 7. Basic principles of corrosion [34]. 

The hydrogen reduction reaction occurs when a metal is exposed to an acid medium, 

whereas the oxygen reduction reaction is most common in aqueous solutions, which is generated 

by contact with air. The metal ion reduction reaction is not often observed in chemical media. 

The anodic and cathodic reactions must occur concurrently on the metal surface. The amount of 

electrons produced through the anodic reaction is consumed by using the cathodic reaction, and 

consequently, charge neutrality is maintained [35]. 
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Moving on to the corrosion mechanism of an aluminum alloy, when an AA sample is 

exposed to a solution of sodium chloride (NaCl), the corrosion of the metal leads to oxidation of 

the AA as the anodic reaction [36]: 

𝐴𝑙 →  𝐴𝑙3+  +  3𝑒− 

Because of the acidity on the anodic sites, hydrogen evolution occurs as a secondary cathodic 

reaction (within the pit): 

2𝐻+  +  2𝑒−  →  𝐻2(𝑔)  

Because the NaCl solution consists of a certain amount of dissolved oxygen, the primary 

cathodic reaction on the cathodic sites (outside the pit) could be the reduction of oxygen: 

𝑂2  +  2𝐻2𝑂 +  4𝑒−  →  4𝑂𝐻−  

Because of the cathodic reactions, the concentration of hydroxide ions will increase, so the local 

pH becomes more alkaline, and the following chemical reaction takes place: 

𝐴𝑙3  +  3𝑂𝐻−  →  𝐴𝑙(𝑂𝐻)3  

𝐴𝑙(𝑂𝐻)3 would be further transformed into 𝐴𝑙2𝑂3 by  

2𝐴𝑙(𝑂𝐻)3  →  𝐴𝑙2𝑂3  +  3𝐻2𝑂 

It has been mentioned that the presence of chloride ions in the environment results in the 

pitting corrosion of AA. The role of 𝐶𝑙− in the pitting processes and its interaction with the 

passive film have been studied significantly, and models have evolved to demonstrate this pitting 

corrosion [37, 38]. According to the factor defect model, chloride ions might compete with 

cation vacancies and replace oxygen within the oxide film to form metal chlorine, thus resulting 

in degradation of the oxide film and the initiation of pitting [39]. Figure 8 illustrates the 

mechanism of aluminum corrosion [40].  
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Figure 8. Illustration of aluminum corrosion mechanism [40]. 

The aluminum chloride recognized in this work proves that chloride ions will react with 

cation, including of 𝐴𝑙3+, to form the chloride-containing compound. The following mechanisms 

are proposed to explain the formation of aluminum chloride [41]: 

𝐴𝑙(𝑂𝐻)3  + 𝐶𝑙−  →  𝐴𝑙(𝑂𝐻)2𝐶𝑙 +  𝑂𝐻− 

𝐴𝑙(𝑂𝐻)2𝐶𝑙 +  𝐶𝑙−  →  𝐴𝑙(𝑂𝐻)𝐶𝑙2  +  𝑂𝐻−  

𝐴𝑙(𝑂𝐻)𝐶𝑙2  +  𝐶𝑙−  →  𝐴𝑙𝐶𝑙3  +  𝑂𝐻−  

Therefore, the corrosion products formed on aluminum alloy in a close-to-neutral pH NaCl 

solution usually encompass 𝐴𝑙(𝑂𝐻)3, 𝐴𝑙2𝑂3 , and 𝐴𝑙𝐶𝑙3, as recognized. 

2.2.3 Importance of Corrosion Mitigation 

Corrosion studies have developed significantly because of the increasing awareness of 

the need to preserve the world’s metal resources. Corrosion failures can be severe, as shown in 

Figure 9 with the collapse of the Lowe’s motor speedway bridge [42]. The reasons for the 

importance of corrosion mitigation studies are as follows: 

 Aggregated utilization of metals in most areas of the technical terminology. 

 Use of rare and costly metals, the protection of which necessitates special precautions. 
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 Use of the latest excessive-strength alloys, which are more prone to certain kinds of 

corrosive attack. 

 Growing pollution of air and water resulting in more corrosive surroundings. 

 Severe protection standards for working devices, which can also fail in a catastrophic 

way due to corrosion [18]. 

 

Figure 9. Example of corrosion failure: collapse of Lowe’s motor speedway bridge [42]. 

2.3 Corrosion Mitigation Methods 

Corrosion is the damage of any material because of its reaction with the environment and 

which causes destructive consequences on material and the environment. In certainly all 

situations, corrosion can be controlled, slowed, or even stopped through the use of proper 

techniques. In some cases, corrosion mitigation can depend on the circumstances of the metal 

that is corroded. Corrosion mitigation techniques can be categorized as follows: 

2.3.1 Environmental Modification  

Corrosion occurs as the result of chemical interactions among metals and gases in the 

surrounding environment. Metal deterioration can be decreased immediately by disposing of the 
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metal form or changing the type of environment. This may be as simple as restricting the metal’s 

contact with rain or seawater by storing the metal materials interiorly or by directly manipulation 

the environment affecting the metal. Techniques to reduce the sulfur, chlorine, or oxygen content 

in the surrounding environment can restrict the speed of metal corrosion. As an example, feed 

water for water boilers could be handled with softeners or other chemical media to alter the 

hardness, alkalinity, or oxygen content with the purpose of reducing corrosion on the interior of 

the unit [43]. 

2.3.2 Cathodic Protection 

Galvanic corrosion takes place when two distinct metals are located together in a 

corrosive electrolyte. This is a common problem for metals submerged collectively in seawater; 

however, this also can occur when two distinctive metals are closely immersed in wet soils. This 

is why galvanic corrosion regularly attacks ship hulls, offshore rigs, and oil and pipelines [44]. 

Cathodic protection works by changing the undesirable anodic sites, which are active on a 

metal’s surface, to cathodic sites, which might be passive through the application of an opposing 

current. This opposing current supplies free electrons and forces local anodes to be polarized to 

the potential of the local cathodes [45]. Cathodic protection can be applied using two methods: 

galvanic anode system and impressed current protection system. 

2.3.2.1 Galvanic Anode System 

The galvanic anode system method is like the introduction of galvanic anodes, which 

uses metal anodes that are added to the electrolytic environment in order to sacrifice their life by 

the way of corrosion for the purpose of protecting the cathode. Sacrificial anodes are typically 

made of zinc, aluminum, or magnesium—metals that have the most negative electron potential. 

With this technique, metallic ions flow from the anode to the cathode, which leads the anode to 



19 

corrode faster it would otherwise. As a result, the anode is often replaced [46], as shown in 

Figure 10 [47]. 

 

Figure 10. Schematic diagram of galvanic anode system [47]. 

2.3.2.2 Impressed Current Protection System 

The impressed current protection system method of cathodic protection is frequently used 

to protect buried pipelines and ship hulls, which calls for an alternative source of direct electrical 

current to be supplied to the electrolyte. The negative terminal of the current source is attached to 

the metal, while the positive terminal is connected to an auxiliary anode that is delivered to 

complete the electric circuit, as shown in Figure 11 [47]. In contrast to the first method (galvanic 

anode system), within the impressed current protection system, the auxiliary anode is not 

sacrificed [48].   
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Figure 11. Schematic diagram of impressed current protection system [47]. 

2.3.3 Metal Selection 

No metal is resistant to corrosion in all environments; however, through tracking and 

expertise, environmental situations are the reason for corrosion, and modifications to the form of 

metal being used in an environment can result in an extensive reduction in corrosion. Metal 

corrosion resistance information can be utilized in combination with facts on the environmental 

conditions in order to make decisions concerning the suitability of each metal. Improvement in 

the latest alloys, which are designed to protect against corrosion in particular environments, is 

continually being investigated. Hastelloy nickel alloys, Nirosta steels, and titanium metal alloys 

are all examples of alloys designed for corrosion prevention [49]. 

2.3.4 Corrosion Inhibitors 

Corrosion inhibitors are substances that respond with the metal’s surface or the 

environmental gases that impose corrosion, thereby interrupting the chemical reaction that results 

in corrosion. Inhibitors can work by way of adsorbing themselves on the metal’s surface and 

forming a protective film. These chemical compounds can be implemented as a solution or as a 
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protective coating through dispersion techniques. The inhibitors method of slowing corrosion 

relies upon converting the anodic or cathodic polarization channel, decreasing the flow of ions to 

the metal’s surface, and growing the electrical resistance of the metal’s surface. Figure 12 shows 

the schematic diagram of the corrosion inhibition mechanism [50].  

 

Figure 12. Schematic diagram of corrosion inhibition mechanism [50]. 

The primary industries that use corrosion inhibitors are in petroleum refining, oil and gas 

exploration, chemical production, and water treatment facilities. The advantage of corrosion 

inhibitors is that they can be implemented in-situ to metals as a corrective motion to counter 

unexpected corrosion [51, 52]. 

2.3.5 Coatings 

In any civilized society, coatings are everywhere. Coatings are found on walls, 

refrigerators, cabinets, and furnishings. Much less manifestly, coatings are found on the wires of 

electrical motors, printed circuits, internal television sets, and compact disks, as well as inside 

vehicles, underneath the hood, and in additives of the automotive stereo and computer systems 

[53]. Paints and different natural coatings are used to protect metals from the degradative impact 



22 

of environmental gasses. Coatings are grouped by the type of polymer employed. Figure 13 

shows a schematic diagram of the coating method [54]. 

 

Figure 13. Schematic diagram of coating method [54]. 

Common organic type of coatings consist of alkyd and epoxy ester coatings that, when 

air dried, promote cross-link oxidation; component urethane coatings, acrylic coatings; epoxy 

polymer radiation curable coatings; vinyl, acrylic or styrene polymer aggregated latex coatings, 

water-soluble coatings; excessive stable coatings; and powder coatings [55].  

2.3.6 Plating 

Plating can be applied to inhibit corrosion as well as provide aesthetic, decorative 

finishes. The four common types of plating: electroplating, mechanical plating, electroless, and 

hot dipping. 

2.3.6.1 Electroplating     

In electroplating, a thin layer of metal, often nickel, tin, or chromium, is deposited on the 

substrate metal in an electrolytic bath. The electrolyte typically includes a water solution 

containing salts of the metal to be deposited [56]. 

2.3.6.2 Mechanical Plating 

In mechanical plating, a metal powder can be bloodlessly welded to a substrate metal by 

way of tumbling the element, together with the powder and glass beads, with an aqueous 
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solution. Mechanical plating is regularly used to adhere zinc or cadmium to small metal parts 

[56]. 

2.3.6.3 Electroless Plating 

In this non-electric plating technique, a coating metal, consisting of cobalt or nickel, is 

deposited on the substrate metal by means of a chemical reaction.  

2.3.6.4 Hot Dipping 

In the hot dipping method, as shown in Figure 14 [58], the substrate metal is dipped in a 

molten bath, which is the protective layer, thereby coating it with a thin metal layer that adheres 

to the substrate metal [57]. 

 

Figure 14. Graphical representation of hot dipping process [58]. 

2.3.7 Plasma Surface Cleaning Treatment 

Materials that have low surface energy generally require surface treatment to promote the 

wetting of inks and coatings. One manner of increasing the surface energy and reactivity is to 

attack the metal surface with atmospheric plasma. When ionized gas is discharged onto the 

metal, crosslinking and activation are produced on its surface, as the result of ablation [59]. 
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The surface treatment is the primary level of any coating technique for a material. This 

results in the proper functioning, protection, and performance of the coating systems. Surface 

treatment of the Aluminum 2024-T3 alloy serves three most essential functions.  

 Provides corrosion protection to the bare metal. 

 Forms robust physical or chemical bonds to the substrate, and stops delamination of the 

coating system. 

 Provides adhesion to the epoxy primer or the top coat. 

These functions indicate that without a surface treatment step, the top coat can become 

delaminated from the surface when exposed to an aggressive aqueous environment as compared 

to a top coat that has a pretreatment layer. Desirable adhesion of the primary layer to the metal 

substrate is instrumental in producing an excellent corrosion-resistant coating [60, 61]. 

A definite benefit of plasma surface treatment over different techniques is the uniformity 

of the surface modification and the corresponding uniformity of adhesion effects performed. The 

adhesion of surface treatment layer relies upon the traits of the metal surface, which consists of 

surface roughness, surface contaminants, nature of chemical bonds on the surface, and so forth. 

The plasma surface cleaning treatment is staged from the surface cleaning to the surface 

conversion into distinct oxides in order to enhance the adhesion of the surface treatment to the 

metal and eventually the adhesion of paints. 

Plasma is a chemically active media; this gas appears as the fourth state of matter, 

representing the specific large type of components, as excited and ionized particles, each atomic 

and molecular, photons, and radicals. Most of these species carry a considerable amount of 

energy to induce chemical reactions, both in the plasma volume and at its interface with solid 

surfaces [62]. Figure 15 illustrates how the plasma surface treatment works and how the plasma 
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is generated [63]. In a plasma surface treatment, the plasma is formed from an excessive energy 

discharge among electrodes. Depending on the polarities concerned, the ions (+ polarity) that 

might be formed are accelerated in one direction, and the electrons (- polarity) are accelerated in 

the opposite direction. Preferably, the surfaces to be cleaned (or modified) are placed on a 

sample tray that is parallel to the electrode sets so that the plasma motion is calmly disbursed 

throughout the sample plane, and all samples receive the same degree of cleaning. 

 

Figure 15. Illustration of how plasma surface treatment works and how plasma is generated [63]. 

2.3.7.1 Mechanism of Plasma Surface Cleaning Treatment 

One mechanism by which a surface is modified is by way of the ablative impact of 

“molecular sandblasting.” In this mode, the excessive energy plasma particles “knock off” 

molecules from the sample surface. The surface region of any given planar dimension is 

consequently improved through the molecular peaks and valleys produced. Plasma gases that 

clean with the aid of ablation alone are inert gases consisting of argon and nitrogen. A secondary 

treatment takes place when a chemical reaction additionally occurs between the plasma gas and 
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the ongoing surface treatment. Gases that fall into this class are oxygen, sulfur hexafluoride, 

carbon tetrafluoride, and so forth. The precise gas(es) is decided on consistent with the nature of 

the surface treatment required or the quality of the contaminant to be eliminated [64]. Figure 16 

shows the changes in surface wetting and apparent area of contact after plasma treatment [65]. 

 

Figure 16. Changes in surface wetting and apparent area of contact after plasma treatment [65]. 

To eliminate organic contaminants, oxygen plasma accompanied by argon plasma is 

typically used in the plasma surface cleaning treatment. Here, the oxygen plasma will crack the 

organic hydrocarbon molecule, thereby producing water, carbon monoxide, and carbon dioxide. 

Any remaining oxide layer is then ablated from the surface throughout a next argon plasma cycle 

[66]. Figure 17 shows how the plasma surface cleaning treatment works.  

 

Figure 17. Illustration of how plasma surface cleaning treatment works [63]. 
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2.3.7.2 Benefits of Plasma Surface Cleaning Treatment 

Plasma is a particularly unusual and reactive chemical environment in which many 

plasma-surface reactions occur. The high-density of ionized and excited species inside the 

plasma can alternate the surface properties of ordinarily inert materials. Plasma surface treatment 

strategies combining the benefits of conventional plasma and ion beam technologies are potent 

techniques for medical implants with complicated shapes [67]. Mainly, modification of the 

surface energetics of the materials can enhance the adhesion strength, surface and coating 

properties, and biocompatibility, to name a few [68]. In short, plasma-based techniques provide 

the following benefits: 

 Plasma processing rise from the best expertise of plasma physics and 

chemistry discovered in different fields, which includes microelectronics, as an example, 

plasma homogeneity, and the results of non-uniform plasma on the substrate surface [69].  

 Plasma engineering is dependable, reproducible, non-line-of-sight, noticeably less 

expensive, and relevant to distinctive sample geometries in addition to distinct materials 

including metals, polymers, ceramics, and composites. Plasma techniques can be 

monitored quite appropriately using in-situ plasma diagnostic devices.  

 Plasma treatment can bring about modifications of a spread of surface characteristics, for 

instance, chemical, tribological, electrical, optical, biological, and mechanical. Proper 

applications yield dense and pinhole-free coatings with excellent interfacial bonds 

because of the graded nature of the interface. 

 Plasma processing can offer sterile surfaces and can be scaled as much as industrial 

production exceedingly without problems. On the other hand, the ability of non-plasma 

techniques for distinct substrate materials is smaller [70].  
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 Plasma techniques are well matched with protecting strategies to permit surface 

patterning [71], a method that is typically used within the microelectronics industry. 

Plasma surface treatment is an economical and powerful materials processing technique 

in many fields. It is feasible to alternate in continuum the chemical composition and properties 

consisting of wettability, metal adhesion, dye capacity, refractive index, hardness, chemical 

inertness, and lubricity of materials surfaces. The application of plasma primarily based surface 

treatment techniques is quite diverse, and examples of applications encompass cleansing and 

sterilization, coating or depositing, and implantation of the modification of surface chemistry of 

a substrate. 

2.4 Corrosion Rate Measurement 

The importance of corrosion prevention the increasing awareness of the occurrence of 

alloy or metal corrosion. It is very important to determine the rate of corrosion. If the corrosion 

rate is decidedly small, then the failure initiated is of little practical significance. The corrosive 

rate can be measured by many techniques, such as weight loss of the material, depth of diffusion, 

and amount of pits per unit area. Though researchers extensively use these methods, they deliver 

time-average values over a very long period. However, electrochemical techniques can be used 

to determine corrosion rates quickly. 

2.4.1 Linear Polarization Method 

In a corroding material, the method of linear polarization takes place with the various 

current and the potential utilized over a small range of the open circuit potential. Open circuit 

potential is the potential of the working electrode relative to the reference electrode while no 

potential or current is being implemented in the cell. This direct current potential reaction is 

because of the exponential relation of the anodic and cathodic currents of a corroding material to 
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the potential and is derived from the Butler-Volmer equation [72]. Over a minimal potential 

variance that is much less than 20 mV, this variance between cathodic and anodic exponential 

curves is probably linear. 

 

Figure 18. (a) Typical i vs. η dependency based on Butler-Volmer equation; (b) red curves 

showing Tafel plot of net (anodic and cathodic) current; and (c) typical three-electrode setup for 

linear polarization method for measuring corrosion rate [73]. 

 

When a metal is submerged in an aqueous solution comprised of ions of that metal, 

oxidation of the metal and a reduction of the metal ions will occur at the same time. These 

reactions stand for two variables, the rate of these two reactions can be regarded with the aid of 

the anodic current density (𝑖𝑎) and the cathodic current density (𝑖𝑐). Assuming that there are no 

similar electrode reactions taking place at the electrode surface, the two current densities could 

be equivalent and opposed at equilibrium, which is known as exchange current density (𝑖0), as 

shown in Figure 19 as a Tafel plot [74]. 
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Figure 19. Classic Tafel plot [74]. 

Afterward, applying an external 𝑖0 to the electrode surface, 𝑖𝑎 will not be equal to 𝑖𝑐 in 

amount, which also changes the electrode potential (E). The electrode is supposed to be 

polarized. The change of electrode potential is referred to as polarization, and the eccentricity 

from the revocable electrode potential is called the over potential, 𝜂: 

𝜂 =  𝐸𝑖 –  𝐸  (2.1) 

In general, polarization can be classified as activation polarization or concentration 

polarization. Activation polarization is referred to as charge transfer polarization, which is 

initiated by the resistance produced when electrical charges transfer over a double layer. 

Concentration polarization is known for the concentration slope formed between the interface of 

the electrode and the bulk solution [75]. 

Activation and concentration polarizations are only considered in an electrochemical 

method. Activation polarization is primary within a small polarization current range. In contrast, 

concentration polarization is the first tool when the EC method is polarized distant from 

equilibrium. The chain between these two types of polarization can be demonstrated by the 

polarization curve (PC), as shown in Figure 20. When the polarization current is in the 
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experience of activation polarization, two areas can be denoted, the linear polarization area and 

the Tafel area. The linear polarization area is traced just about ±10 mV from the equilibrium 

potential, and the Tafel area is at about ±50 mV [76]. 

 

Figure 20. Polarization (𝜂) as function of 𝑙𝑜𝑔 𝑖 [77].  

At polarization, which is indicated by values larger than 50 mV, there is a linear 

correlation between the over potential and the logarithm of the current density as accessible by 

the Tafel line. This correlation can be symbolized by the Tafel equation (2.2):  

 𝜂 =  𝑎 +  𝑏 𝑙𝑜𝑔 𝑖           (2.2) 

where 𝜂 is the overpotential, and 𝑎 and 𝑏 are constants, which can be expected hypothetically for 

many reaction mechanisms. Experimentally, the Tafel slope 𝑏 can be acquired by calculating the 

gradient of the (𝑑𝐸/𝑑𝑙𝑜𝑔 𝑖) plot. In detail, for cathodic polarization, the Tafel slope is 

represented as 𝑏𝑐; for anodic polarization, the slope is represented as 𝑏𝑎 [78]. 

In linear polarization area, a metal is polarized with a low current in an electrolyte (i.e., 

for potentials that are about ±10 mV from the corrosion potential (𝐸𝑐𝑜𝑟𝑟)), an undeviating 

relation concerning the potential (𝐸), and the current (𝐼) applied to the electrode, which can be 

stated as  

𝐼𝑐𝑜𝑟𝑟 =  
𝑏𝑎𝑏𝑐

2.3(𝑏𝑎 + 𝑏𝑐)
(

𝑑𝐼

𝑑𝐸
) 𝐸𝑐𝑜𝑟𝑟 (2.3) 
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which is effective, while the relationship between current (𝐼) and potential (𝐸) follows the 

equation:  

 𝐼 =  𝐼𝑐𝑜𝑟𝑟 {𝑒𝑥𝑝
2.3(𝐸−𝐸𝑐𝑜𝑟𝑟)

𝑏𝑎
− 𝑒𝑥𝑝

−2.3(𝐸−𝐸𝑐𝑜𝑟𝑟)

𝑏𝑐
} (2.4) 

In equation (2.3), (
𝑑𝐼

𝑑𝐸
) 𝐸𝑐𝑜𝑟𝑟  is the gradient of the potential-current plot at the 𝐸𝑐𝑜𝑟𝑟 and 

is called the polarization resistance (𝑅𝑝); 𝑏𝑎 and 𝑏𝑐 are the Tafel 𝑏 slopes of the anodic and 

cathodic polarization curves, respectively; and 𝐼𝑐𝑜𝑟𝑟 is the corrosion current. Using 𝐾 to 

substitute for 
𝑏𝑎𝑏𝑐

2.3(𝑏𝑎 + 𝑏𝑐)
 , the equation can be modified as  

𝑅𝑝 =  
𝐾

𝐼𝑐𝑜𝑟𝑟
 (2.5) 

If the value of 𝐾 is recognized and 𝑅𝑃 is obtained from experiment, then the 𝐼𝑐𝑜𝑟𝑟 can be 

derived from this equation. The values assigned to 𝑏𝑎 and 𝑏𝑐 are different for different materials, 

and nearly estimated values are frequently used in the calculation. Moreover, the gradient of the 

potential-current curve is every so often attained when 𝐸 is not close to 𝐸𝑐𝑜𝑟𝑟. The impreciseness 

of the Tafel slope value rises the use of the linear polarization method [79]. 

2.4.2 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS), also recognized as alternate current (AC) 

impedance spectroscopy, is an EC method used to estimate the electrochemical properties of an 

electrode and electrode/electrolyte interface. This method has established its use in the field of 

electrochemistry in line with the dynamic facts that are extracted from the electrode surface and 

the interfacial properties with an electrically conducting electrode [80]. Corrosion is an area 

where EIS shows a significant role in investigating the kinetic properties and the mechanism. 

More than defining the surface electrical properties of an electrode, EIS is used for defining the 

interfacial properties where simple microscopic developments occur. Essential significant 
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electrochemical reactions at the electrode surface and electrode/electrolyte interface are the 

critical aspect in accepting the corrosion mechanism and its properties [81]. 

EIS is constructed from Ohm’s law on electrical circuits, which explains resistance as the 

ratio of voltage over current: 

 𝑅 =  
𝐸

𝐼
  (2.5) 

where 𝑅 is the resistance, 𝐼 is the current over the resistor, and 𝐸 is the voltage through the 

resistor. 

 The capacity of a conducting material to resist the flow of a current in an electrical circuit 

is called resistance, and this material is called a resistor. For ideal resistors, the resistance rate is 

independent of the frequency at all current and voltage values. Impedance (Z) is the collective 

term related to resistance and is used where the complex behavior of one or more electrical 

circuit fundamentals is present. In EIS, a small AC voltage (1–10 mV) is applied to the EC 

system more than the range of frequencies and the response to the input signal, i.e., current, is 

measured. The response current signal ensures a phase difference with the applied potential 

signal. The variation in output potential with phase difference after an AC current is applied to a 

system is termed overvoltage [82]. When a potential signal rouses an EC system, it affects the 

numerous necessary developments such as electron transfer inside the electrode and at the 

electrode/electrolyte interface and from a charged species. Each electrolyte interface will 

perform exclusively when an electrical signal pass in the system. By computing this exclusive 

temporary response, it is conceivable to extract several properties of that EC system with one 

single measurement [83]. 

The rate of transfer of excited particles inside an electrolyte, inside an electrode, and at 

the electrode/electrolyte interface is determined by the resistance of the electrolyte, electrode, 
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and rate of response at the interface. Surface structural imperfections, crystallographic 

orientation, and the presence of extraneous species can similarly impact the confined electrical 

field. EIS continuously applies an insignificant potential disruption with the purpose of 

maintaining pseudo linearity in the cell’s response. For small electrical signals, the reaction is 

always pseudo-linear, with a small variation in phase between the applied and response signal 

[84]. 

As the input to the EC system, consider an AC sinusoidal potential signal, as displayed 

below: 

    𝐸 = 𝐸0sin (𝜔𝑡)                        (2.6) 

where 𝐸 is the potential at time 𝑡, 𝐸0 is the amplitude of the signal, and 𝜔 and 𝑡 are radial 

frequency and time, respectively. The response to this sinusoidal potential signal will be a 

sinusoidal current signal, which has the identical frequency with altered amplitude and a phase 

shift, and is given as 

 𝐼 = 𝐼0sin (𝜔𝑡 +  𝜙)             (2.7) 

where 𝐼0 is the amplitude, and 𝐼 is the current response at time 𝑡 with a phase change 𝜙. 

By making use of Ohm’s law on electrical circuits to the above input and response signal, 

the impedance can be calculated as 

𝑍 =  
𝐸

𝐼
          (2.8) 

𝑍 =  
𝐸0sin (𝜔𝑡)

𝐼0sin (𝜔𝑡 + 𝜙)
           (2.9) 

 𝑍 =  𝑍0
sin (𝜔𝑡)

sin (𝜔𝑡 + 𝜙)
         (2.10) 

where 𝑍0  =  
𝐸0

𝐼0
  is the amplitude of the impedance. 
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By referring to Euler’s rule of complex functions for equation 2.10, it is possible to 

definite impedance in the formulation of a complex function with both real and imaginary parts 

as  

𝑍 = 𝑍0(cos 𝜙 + j sin 𝜙)       (2.11) 

With the EC method, the complex function is stated in one or both of two graphical 

representations known as Bode and Nyquist plots. If the real portion of the impedance is plotted 

against the imaginary portion of the impedance on the x- and y-axis, respectively, then we get a 

Nyquist plot, as shown in Figure 21.  

 

Figure 21. Nyquist plot with impedance vector. 

From the Nyquist plot, it is possible to extract small EC factors consisting of solution 

resistance (𝑅𝑆), polarization resistance (𝑅𝑃), and overall resistance. Also, it is feasible to alter the 

number of time constants convoluted in the EC reaction by observing the shape of the Nyquist 
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plot. Each semicircle in the Nyquist plot is standard of a time constant associated with the EC 

process. Often only a portion of one or more of semicircles is seen. On the Nyquist plot, 

impedance is represented as a vector of length |Z|. The angle between this vector and the x-axis is 

𝜙, where 𝜙 is the phase [85]. The simple equivalent circuit with one time constant is shown in 

Figure 22. 

 

Figure 22. Simple equivalent circuit with one time constant. 

 A Nyquist plot does not display any frequency value; however, approximate frequency is 

used to develop the impedance at each data point. To overcome this inadequacy, a Bode plot was 

established to specify accurately what frequency was used to generate a data point. This Bode 

plot is designed with frequency on the x-axis and the absolute value of impedance and the phase 

angle on the y-axis. The Bode plot is likely to read impedance with detail to frequency and 

similarly the connection of capacitance and resistance in the EC reaction from the phase angle 

and frequency [86]. Figure 23 shows the Bode plot for the one time constant. 
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Figure 23. Bode plot with one time constant. 

A study of Nyquist and Bode plots from the investigational data is prepared by fitting the 

experimental curves to a corresponding electrical circuit containing electrical circuit essentials 

such as resistors, capacitors, and inductors, which should ensure some physical relationship to 

the EC parameters of the response. For instance, a resistor can be used in places where there are 

conceivable conductive routes in the EC reaction. Therefore, EC constraints such as 𝑅𝑆 (between 

the reference electrode and the working electrode) and 𝑅𝑃 are symbolized by a corresponding 

resistor in the model circuit. Capacitors and inductors are used as a possible space charge 

polarization section in the EC process. The impedance of a capacitor has the inverse relationship 

with frequency, and the current over a capacitor leads the voltage through the capacitor by 90° 

[87]. 

These electric circuit elements are connected in a way that signifies the real EC process 

istaking place. Meanwhile, electrical circuit models can be completed in different formations 

with dissimilar fundamentals to provide the identical output; that is, there could be more than one 

conceivable circuit model for a particular EC reaction. Few expertize in the impedance of the 
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standard circuit components is consequently quite beneficial. Table 1 lists the standard circuit 

elements, the equation for their current vs. voltage relationship, and their impedance. 

TABLE 1 

COMMON ELECTRICAL ELEMENTS 

Component Current vs. Voltage Impedance 

Resistor 𝐸 =  𝐼𝑅 𝑍 =  𝑅 

Inductor 𝐸 =  𝐿 𝑑𝑖/𝑑𝑡 𝑍 =  𝑗𝜔𝐿 

Capacitor 𝐸 =  𝐶 𝑑𝐸/𝑑𝑡 𝑍 =  1/𝑗𝜔𝐶 

 

It can be seen that the impedance of a resistor is impartial of frequency and has a real 

component which is most effective. Because there is no imaginary impedance, the current 

through a resistor is continuously in phase with the voltage. The impedance increases as 

frequency rises. Inductors have only an imaginary impedance component. As a result, an 

inductor’s current is phase shifted 90° relative to voltage. Some information about the impedance 

of standard circuit components follows: 

The most shared circuit model is the streamlined Randles cell containing a capacitor and 

resistors, as shown in Figure 24 [88]. The Randles cell proceeds into deliberation a modest EC 

reaction with solution resistance (𝑅𝑆), which is often a significant factor in the impedance of an 

EC cell. A double-layer capacitance (𝐶𝑑𝑙) exists at the interface between the electrode and its 

surrounding electrolyte, and charge transfer resistance (𝑅𝑐𝑡) is formed by a single kinetically 

controlled EC reaction. The 𝐶𝑑𝑙 is swapped by a capacitor, and the solution resistance and charge 

transfer resistance are interchanged by resistors 𝑅𝑆  and 𝑅𝑐𝑡, respectively. In a three-electrode 

system, the double-layer capacitance lies parallel to the charge transfer resistance. 
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Figure 24. Equivalent circuit of simplified Randles cell [88]. 

It can be perceived that the Randles cell requires only one time constant. Therefore, a 

Nyquist plot for a streamlined Randles cell is a continuous semicircle, as shown in Figure 25.  

 

Figure 25. Nyquist plot for simplified Randles cell circuit [88]. 

The point where the impedance curve meets the real axis in the high-frequency region, i.e., near 

the origin, provides the solution resistance. The totality of 𝑅𝑐𝑡 and 𝑅𝑆 is considered by making 

the point where the impedance curve meets the real axis in the low-frequency section. 

Consequently, the diameter of the impedance curve in a Nyquist plot gives the 𝑅𝑐𝑡 [89]. 

The Bode plot used for the Randles cell is shown in Figure 26 [88]. As can be seen, other 

factors such as frequency versus phase angle and impedance can be used to obtain a good result 



40 

on the resistor, capacitor, and inductor, and consequently design the corresponding electric 

circuit.  

 

Figure 26. Bode plot for simplified Randles cell circuit [88]. 

2.5 Principle of Superhydrophobicity  

2.5.1 Hydrophilic, Hydrophobic, and Superhydrophobic Surfaces 

A surface can be categorized based entirely on the geometry of a water droplet on its 

surface. In this scenario, the angle where the edge of the water droplet meets the surface is 

measured, and the surface  is categorized as hydrophilic, hydrophobic, or superhydrophobic. 

Hydrophilic coatings occur where the water droplet spreads along the surface and its contact with 

the surface increases, thereby covering the maximum surface.  This is referred to as a water-

loving surface, and in this situation, the contact angle is less than 90° [90]. 

A hydrophobic surface is referred to as a water-fearing surface. Here, the water droplet 

creates a spherical form on the surface, which decreases the contact of the water droplet with the 

surface. The hydrophobic coating has a contact angle higher than 90° and less than 150° [91].     

A superhydrophobic surface is extremely fearful of water. Due to its nano-size roughness, 

this type of surface has a self-cleaning capability, and the contact angle is greater than 150°. The 
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purpose of this higher contact angle and nano-size roughness results in less contact between the 

water droplet and the surface. The sliding angle of this surface is less than 10°, which illustrates 

the self-cleaning capability of this surface. The adhesion between the water droplet and a dirt 

particle is higher than the adhesion between the water droplet and the surface; consequently, the 

water droplet eliminates all dirt particles when it rolls off the surface [92]. Fabricating this tpe of 

surface requires a polymeric material that has a low surface energy, and surface roughening 

material can assist in converting the surface geometry. Surface categoriesare precipitated by their 

contact angles, which re listed in Table 2; schematic views of these three tyes of surfaces are 

shown in Figure 27 [93]. 

TABLE 2 

SURFACE CHARACTERIZATION OF HYDROPHILIC, HYDROPHOBIC, AND 

SUPERHYDROPHOBIC SURFACES 

 

Surface Nature Angle Surface Energy Effect 

Hydrophilic θ < 90 Increases Water droplet spreads 

Hydrophobic θ > 90 Decreases Water droplet beads up 

Superhydrophobic θ > 150 Excellently decreases 
Water droplet repels,  

and jumps off 

 

 

Figure 27. Schematic representation of water droplet on hydrophilic, hydrophobic, and 

superhydrophobic surfaces [93]. 
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2.5.2 Contact Angle and Wettability of Superhydrophobic Surfaces 

Contact angles are measured based on surface tension and wettability, as shown in Figure 

28 [95].  

 

Figure 28. Schematic of contact angle and wettability of water drop placed on surfaces of 

different hydrophobicity [95]. 

Although it is difficult to measure the surface tension of a solid at once, it is easy to measure its 

contact angles. Consequently, the evaluation of surface tension through contact angle 

measurement has been studied by many researchers. The contact angles of polymers and organic 

layers can be used to predict the surface tension and wetting behavior of various liquids [94]. 

This can be described as follows: 

The relationship between surface tension and contact angle is achieved by Young’s 

equation [96]: 

𝛾𝑆𝐺− 𝛾𝑆𝐿

𝛾𝐿𝐺
= cos 𝜃𝑐 (2.12) 

where γ is the surface tension; and 𝑆𝐺, 𝑆𝐿, and 𝐿𝐺 are the solid-gas, solid-liquid, and liquid-gas 

interfaces, respectively, as shown in Figure 29 [97]. In line with Young’s equation, the contact 

angle is a properly described property that relies upon on the surface tension coefficients of solid, 

liquid, and gas. 
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Figure 29. Drop on flat surface [97]. 

On the right side of equation (2.12), 𝛾𝐿𝐺 can be determined by experimental 

measurement, thereby leaving two unknowns, 𝛾𝑆𝐺 and 𝛾𝑆𝐿. When 𝜃𝑐 for a test liquid > 20°, it is 

presumed that 𝛾𝑆𝐺 ≈  𝛾𝑆 and  𝛾𝐿𝐺 ≈  𝛾𝐿  [98]. Therefore, equation (2.12) can be reformulated as  

 
𝛾𝑆− 𝛾𝑆𝐿

𝛾𝐿
= cos 𝜃𝑐 (2.13) 

 Similarly, the thermodynamic work of adhesion can be described by the Dupre equation: 

𝑊𝑆𝐿
𝑎 =  𝛾𝑆

𝑎 +  𝛾𝐿
𝑎 − 𝛾𝑆𝐿

𝑎  (2.14) 

Since the thermodynamic work of adhesion is the negative of the free energy of adhesion, the 

free energy of adhesion is given by 

∆𝐺𝑆𝐿
𝑎 =  𝛾𝑆𝐿

𝑎 −  𝛾𝑆
𝑎 −  𝛾𝐿

𝑎 (2.15) 

Combining equations (2.13) and (2.14) results in the Dupre-Young equation: 

𝑊𝑆𝐿
𝑎 =  𝛾𝑆

𝑎 +  𝛾𝐿
𝑎 − 𝛾𝑆𝐿

𝑎 =  𝛾𝐿
𝑎(1 + cos 𝜃) (2.16) 

From equation (2.16), Lifshitz-van der Waals (LW) interaction energy between a solid 

and a liquid is given as  

𝑊𝑆𝐿
𝐿𝑊 =  (𝛾𝑆

𝐿𝑊 −  𝛾𝑆𝐿
𝐿𝑊) +  𝛾𝐿

𝐿𝑊 = −∆𝐺𝑆𝐿
𝐿𝑊 =  𝛾𝐿

𝐿𝑊(1 + cos 𝜃𝑒) (2.17) 
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The term (𝛾𝑆 −  𝛾𝑆𝐿) from equation (2.17) can be attained from contact angle measurements. 

Finally, 𝛾𝑆 can be estimated when 𝛾𝑆𝐿 is known. The most frequently used method to assess 𝛾𝑆𝐿 

is the surface tension component approach. 

According to Young’s equation (2.12), this equation is appropriate for the simplest partial 

wetting of a solid having a smooth surface. However, real solids are not flawlessly flat. The 

surface structure impacts its wettability [99]. For instance, liquid droplets are in contact with the 

upper part of a rough surface, and the lower component is full of air when the surface of the solid 

is superhydrophobic [100]. Here, it is observed that the apparent contact angle of a drop 

deposited on a textured surface eventually represents a hydrophobic surface. 

Bico et al. mentioned a probable function of roughness when a textured surface is in 

contact with a liquid. In line with Bico et al., the interfacial energy might be modified as much as 

𝑑𝐸 according to the unit area when the adsorption increases through a small quantity 𝑑𝑧, 

according to equation (2.18) [101]: 

𝑑𝐸 = (𝛾𝑆𝐿 −  𝛾𝑆)(𝑟 −  Φ𝑆)𝑑𝑧 +  𝛾𝐿(1 −  Φ𝑆)𝑑𝑧  (2.18) 

where 𝑟 and  Φ𝑆 are the roughness of the textured solid and the area section of a solid surface, in 

direct contact with the liquid. The term Φ𝑆 = 1  is the situation of a completely wetted surface. 

Figure 30 shows a micro-structured rough surface of a liquid reservoir [102]. The entire 

liquid quantity 𝑧 decreases through adsorption while 𝑑𝐸/𝑑𝑧 is positive and increases when 

𝑑𝐸/𝑑𝑧 is negative.  
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Figure 30. Rough surface of liquid reservoir [102]. 

Consequently, the liquid can be in equilibrium when 

 (𝛾𝑆𝐿 −  𝛾𝑆)(𝑟 −  Φ𝑆)  +  𝛾𝐿(1 −  Φ𝑆) ≈ 0 (2.19) 

 

Using Young’s equation, equation (2.12) can be reformed as 

 cos 𝜃𝑟 =  
1− 𝛷𝑆 

𝑟− 𝛷𝑆
 (2.20) 

equation (2.20) defines a critical contact angle between 0 and π/2, considering that 𝑟 ≥ 1 and 𝛷𝑆  ≤ 

1. For instance, the surface ought to be completely wet when 𝑟 approaches 1 because the contact 

angle becomes 0. However, the contact angle will be near 90° when 𝑟 >> 1 or 𝑟 > 1 and 𝛷𝑆 << 1. 

2.5.3 Wenzel State and Cassie-Baxter Model  

Roughness contributes sizeably to the wetting behavior of a surface. Considering that 

Young’s equation is most suitable for a flat surface, different improved approaches are needed to 

describe the contact angle of a droplet on a rough surface [103]. When a surface is roughened, 

the minimization of liquid surface free energy results in two possible contact angles, the Wenzel 
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apparent contact angle or the Cassie-Baxter apparent contact angle [104]. Figure 31 indicates the 

apparent contact angle on a rough surface [102]. 

 

Figure 31. Drop on rough surface [102]. 

In Wenzel’s method, the liquid fills the indentations on the rough surface, as shown in 

Figure 32 [93]. 

 

Figure 32. Schematic of water droplet in Wenzel state (left) and Cassie-Baxter state (right)[93].  

 

According to Wenzel, the liquid contact angle at a rough surface can be described as [105] 

 cos 𝜃𝑟
𝑊 = 𝑟 cos 𝜃𝑐 (2.21) 

where 𝑟 is the ratio of the entire wet region of a rough surface to the apparent surface region in 

contact with the water droplet (𝑟 > 1). If the Young’s contact angle is smaller than a critical 

contact angle 𝜃𝑐, then the liquid is sucked into contact with the rough surface. By equation 

(2.21), for large 𝑟, the rough surface is dry when the contact angle on a flat surface exceeds 90°. 

 The Cassie and Baxter model is a modified form of the Wenzel model to define porous 

surfaces. Here, a liquid sits on a rough surface fabricated from a solid and air. Consequently, the 
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liquid does not fill the grooves of the rough solid, so the Cassie and Baxter model recommends 

the following: 

     cos 𝜃𝑟
𝐶𝐵 = 𝑓1 cos 𝜃𝑐 −  𝑓2     (2.22) 

where 𝑓1 is the surface area of the liquid in contact with the solid divided through the projected 

region, and  𝑓2 is the surface region of the liquid in contact with air trapped inside the pores of 

the rough surface divided through the projected region. Consistent with Cassie and Baxter, 

     𝑓1 =  
𝐴𝑟𝑒𝑎 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑡ℎ 𝑙𝑖𝑞𝑢𝑖𝑑

𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
      (2.23) 

     𝑓2 =  
𝐴𝑟𝑒𝑎 𝑖𝑛 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑤𝑖𝑡ℎ 𝑎𝑖𝑟

𝑃𝑟𝑜𝑗𝑒𝑐𝑡𝑒𝑑 𝑎𝑟𝑒𝑎
       (2.24) 

 When there is no trapped air, 𝑓1 is identical to the value of 𝑟 in the Wenzel model. 

Knowing this, equation (2.24) has recently been modified as follows: 

      𝑓1 =  𝑟𝑓𝑓        (2.25) 

      𝑓2 =  1 − 𝑓         (2.26) 

     cos 𝜃𝑟
𝐶𝐵 = 𝑟𝑓𝑓 cos 𝜃𝑐 + 𝑓 − 1      (2.27) 

where 𝑓 is the fraction of the projected region of the solid surface in contact with the liquid, 

and 𝑟𝑓 is described as analogous to the Wenzel model [106]. It is critical to note that 𝑟𝑓 in 

equation (2.27) is not the roughness ratio of the entire surface, but rather that which is in contact 

with the liquid. In this form of the Cassie-Baxter equation, the contributions of surface roughness 

and trapped air are much clearer than in the other equations. 

2.6 Icing Problems and Their Solutions 

Icing occurs in nature through a super-cooled droplet from the environment, which is also 

known as “freezing rain.” Icing is characterized by the size of the droplets, water content, and 

temperature. Icing may cause harm to a system, loss of property, and damage to human lives. 
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Icing can severely affect many industries, including aviation, telecommunication, electrical 

equipment, and transportation. The aircraft industry is one of the leading industries that suffers 

most from icing. Factors comprising the size of the droplets, water content, and temperature can 

mainly affect aircraft as they make contact with super-cooled water droplets, both on the ground 

and in the air. Taking proper care of the icing problem is essential for the aviation industry, due 

to the fact that ice that inhibits distinctive parts of the aircraft, including propellers, wings, 

antennas, and so forth. Even while flying in harsh situations, pilot decisions perform an essential 

role in avoiding dangerous accidents. The risks of icing rely upon both the quantity of ice and 

kind of aircraft. While ice contamination is detected on the wings of an aircraft, the aircraft can 

stall at a decreasing temperature and also at higher speed. Likewise, the accumulation of ice will 

increase the load of an aircraft, decrease its thrust and lift, and possibly increase its drag. 

Consequently, icing is one of the predominant problems in the aviation industry, and 

many types of research to find a feasible solution for elimination of its accumulation or delaying 

its formation time are being performed. To combat the icing problem while the aircraft is on the 

ground, the aviation industry has used a mechanical approach, including cleaning off the ice or 

snow using a broom, employing deicing fluid, and putting the aircraft in a heated hanger until the 

ice or snow melts. While in the air, some aircraft have a “deicing boot” or a “weeping wing,” 

which releases anti-icing fluid. Although these systems are available, they are costly and need 

frequent reapplication because they are chemical and mechanical strategies. An opportunity for 

modern deicing techniques could be to create a permanent surface that would eliminate or lessen 

the formation of ice. Superhydrophobic surfaces are a promising technique to contemporary 

deicing issues. 
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2.6.1 Atmospheric Icing 

Atmospheric icing is a phenomenon that usually takes place while super-cooled water 

droplets within the surroundings are available to contact the outer surface of a structure and 

freeze. Ice formation on an aircraft is risky because ice impacts its aerodynamic system. 

Hydrogen bonding is an extensive function in icing. Icing is divided explicitly into classes based 

primarily on factors consisting of water, the diameter of water, the velocity of the wind, 

temperature, and surface in which the ice is taking place. Precipitation icing occurs when rain or 

snow comes in contact with a surface, and in-cloud icing is the result of cloud or water vapor 

deposition [107]. 

2.6.2 In-Cloud Icing 

In-cloud icing takes place within a cloud that includes super-cooled droplets, i.e., droplets 

that stay liquid below 0°C. Here, water droplets within the air freeze on the surface of a structure 

that is within the clouds. Rime ice, which is the most common kind of in-cloud icing forms an 

ice vane at the windward side of a structure. Numerous factors affect the intensity and period of 

in-cloud icing: wind velocity, liquid water content within the cloud, air temperature, drop size 

distribution, height above cloud base, and dimensions of the exposed object. Hard rime, soft 

rime, and glaze are variations of in-cloud icing. In-cloud icing forms on aircraft or equipment at 

high altitude [108]. Dry icing occurs when the water droplet flux is less than that of the freezing 

rate, that is, when a water droplet freezes before other droplets fall inside the same region. 

Consequently, when the flux of a water droplet increases, the droplet does not freeze, even if 

another droplet impinges upon it. This causes wet ice formation. Dry ice forms rimes containing 

air bubbles, at the same time that wet ice creates a transparent glaze. 



50 

2.6.3 Precipitation Icing 

Precipitation icing takes place as freezing rain/drizzle or wet snow accumulation. Glaze 

ice is the most common form of precipitation icing. Critical parameters used to explain 

precipitation icing are wind velocity and direction, the rate of precipitation, the liquid water 

content material of snowflakes, air temperature, relative humidity, and visibility. Precipitation 

icing takes place if water droplets are large enough to fall from the environment at an 

accelerating rate. This sort of icing can arise anywhere, irrespective of altitude [109]. 
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CHAPTER 3 

EXPERIMENTAL MATERIALS AND METHODS 

3.1 Experimental Materials  

The selection of materials encompassing this research process was comprised of 

evaluations of materials based on the conformity of their attributes to the possible characteristic 

improvability that was to be achieved with experimental iterations. A list of the metals was 

determined from the periodic table, and their physical and chemical properties were gauged and 

contrasted. Based upon the perceived superiority of the Aluminum 2024-T3 alloy relative to 

overall durability and, more importantly, its durability in environments that are conducive to 

corrosion, this material was chosen for the experimental aspect of this research.  

3.1.1 Aluminum 2024-T3 Alloy 

The classification of various aluminum alloys is to a large extent based on the quantity of 

their constituent metals. The three primary constituent elements of Aluminum 2024-T3 alloys are 

copper, magnesium, and iron. Furthermore, the composition percentage of these elements is the 

greatest in Aluminum 2024-T3 alloy compared to other AAs. Figure 33 shows a pictorial 

representation of Aluminum 2024-T3 alloy samples. The percentage of element components in 

Aluminum 2024-T3 alloy sample are listed in Table 3 [110].  

 

Figure 33. Aluminum 2024-T3 alloy samples. 
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TABLE 3 

ALUMINUM 2024-T3 ALLOY COMPONENT PERCENTAGES  

Aluminum 2024-T3 Alloy 

Element Cu Cr Fe Mg Mn Si Ti Zn Others 

Percent 
3.8-

4.9   
0.1 0.5 

1.2-

1.8  

0.3-

0.9 
0.5 0.15 0.25 0.15 

3.1.2 Ultrasonic Cleaner  

The ultrasonic cleaner is a microprocessor-controlled device that uses ultrasonic or high-

frequency sound to clean electronics, medicine, gel materials, machinery, and a hard alloy such 

as aluminum. Ultrasonic cleaning is based on the cavitation effect caused by high infrasonic 

wave vibration signals in the fluid. Microscopic bubbles expand and rapidly shrink in the 

solvent, which in this study is deionized (DI) water and acetone. The impact of an ultrasonic 

cleaner will peel off stains from a specimen that is immersed in the solvent. The ultrasonic 

cleaner machine used in this research is located in the Room 125 of Wallace Hall at Wichita 

State University (WSU) and is shown in Figure 34. 

 

Figure 34. Ultrasonic cleaner. 
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3.1.3 Mini Sprayer  

The mini sprayer utilized in this research is the Ultra-Tech 4122 Mini Sprayer Kit, as 

shown in Figure 35. This kind of sprayer characteristically is a professional grade spray method 

that is excessive for many applications. It is disposable, recyclable, easy to clean, and, most 

advantageously, does not require a compressor. The Ultra-Tech Mini Sprayer uses a venturi 

vacuum process that pulls coating paint from a refillable compartment and distributes a 

professional-grade spray stream on any surface. It has a simple replacement and cleanup with 

interchangeable and disposable parts, is user compatible, has a refillable and reusable container, 

and offers a professional grade spray stream. The sprayer must be held no less than eight inches 

from and also perpendicular to the surface that is to be painted. For convenience, the Ultra-Tech 

Mini Sprayer is sold in a two-pack; therefore, in this research, one was used for the bottom coat 

and the other for the top coat. This sprayer can be cleaned by spraying a small amount of xylene 

onto a rag or waste container and allowing the sprayer to dry before reusing the sprayer. 

 

Figure 35. Mini sprayer. 
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3.1.4 Superhydrophobic Coatings 

The coating of the samples was a crucial step during the experimental trials. The coating 

used for this process consisted of a top coat and a bottom coat. To mitigate any chemical effects 

or microscopic physical alterations to the aluminum surface during the experiment, reactive 

inertness was highly listed; therefore, both the bottom and top coats show chemical homogeneity 

and proximity to each other. Thus, the Ultra-Ever Dry SE brand was used for both coats. The 

bottom coat consists of xylene, t-butyl acetate, and acetone, whereas the top coat consists of 

acetone and silica. The inequality in the chemical composition is necessary for the several coats 

necessary to establish a complementary relationship among their functionalities. The exactly 

aligned rate of the coat relative to the sample surface and continuous spraying of the coats were 

assured by thorough cleaning of the mini-sprayer with ethanol and soap. Ultra-Ever Dry SE 

bottom and top coats are illustrated in Figure 36. 

 

Figure 36. Ultra-Ever Dry SE bottom coat (left) and top coat (right). 
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3.1.4.1 Bottom Coat 

The Ultra-Ever Dry SE Bottom Coat is the first half of the Ultra-Ever Dry coating 

process, and in conjunction with the top coat prevents moisture-induced corrosion and the 

formation of ice crystals on the target surface, while maintaining dryness, preventing impurities, 

and repelling oil and water spills. The bottom coat differs from the top coat because of the 

presence of xylene among its ingredients. Xylene functions as a solvent to aid the active 

ingredients in the formation of a thin uniform coat. The bottom coat adheres well to steel, 

aluminum, plastic, leather, and wood surfaces. It is recommended to shake the can containing the 

bottom coat for a minimum duration of 5 to 10 minutes. The optimal spraying pattern for the coat 

to achieve favorable results is a horizontal left-to-right pattern followed by a top-to-bottom 

pattern on the same surface. A drying period of approximately 30 minutes to 1 hour for the 

bottom coat is strongly prescribed before applying the top coat. 

3.1.4.2 Top Coat 

The Ultra-Ever Dry SE Top Coat is the second half of the Ultra-Ever Dry coating process 

and is sprayed on top of the bottom coat to complete the Ultra-Ever Dry layer for prevention of 

rust, and aversion of impurities and wetting. The presence of interstitial spaces in the top coat 

contributes to air molecules being trapped, thus forming a molecular barrier to stop oil and water 

molecules from filling the coated surface and thereby guaranteeing it remains corrosion-free. The 

top coat differs from the bottom coat due to the presence of a few nanoparticles among its 

ingredients.  However, nanoparticles with acetone mirror xylene in its function as a solvent to 

facilitate the active ingredients in the formation of a thin uniform coat. Identical to the bottom 

coat, the top coat clings well to steel, aluminum, plastic, leather, and wood surfaces. It is 

recommended to shake the can containing the top coat for a minimum duration of 3 to 5 minutes. 
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The optimal spraying pattern for the coat to achieve favorable results are thin layers sprayed in a 

horizontal left-to-right pattern followed by a top-to-bottom pattern on the same surface. Before 

applying the top coat, a period of one hour should elapse to ensure dryness of the bottom coat. 

Testing of the sample should commence after a period of 15 to 30 minutes after spraying on the 

top coat to ensure its dryness. Furthermore, average utilization of the sample requires a drying 

time of two hours. 

3.1.5 Plasma Cleaner Used for Preparing Sample Surface 

The main apparatus used to prepare the surfaces of the samples in this research was a 

plasma cleaner. The precise cleanliness of the sample surface can only be realized by using this 

piece of equipment. This rectangular device has a centerpiece including a vacuum chamber in 

which the sample is placed. An important component of this process is gas, typically oxygen, 

although other types may be used, at an initial low pressure. The plasma is the heat source that 

eliminates impurities from the surface of the sample. Once the device is initialized, a 

continuously varying electromagnetic field is induced via radio frequency (RF), which stimulates 

only a partial number of oxygen molecules. The highly energetic molecules collide with the 

molecules possessing low kinetic energy and convey an effective momentum to dislocate 

electrons from their atoms, thus producing an ionizing effect that ionizes the gas and produces 

plasma. Once the surface of the sample is exposed to the plasma, the process of debris 

eradication becomes sensitive to the interplay of many variable parameters, namely, the intensity 

of the plasma, which in turn varies with the level of gas ionization; the type of sample material 

that is subject to change, which can alter the required plasma intensity for surface purification; 

and the exposure time of the sample to the plasma radiation. Oxygen was the gas used in the 

plasma cleaner for this research. This equipment, which operates very easily, includes a compact, 
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economical, active fan for cooling, and a better-quality metering regulator for minimal range 

surface cleaning and initiation of small samples. The plasma cleaner used in this research is 

illustrated in Figure 37. 

 

Figure 37. Plasma cleaner. 

3.1.6 Industrial Oven Used for Heat Treatment 

 The heat treatment of the plasma-treated SH-coated AA 2024-T3 sample is a different 

challenge. The procedure requires the samples to be heated at a very high-temperature range 

while preventing the potential temperature variations initiated by the originating heat to alter the 

room temperature. The machine that was found to be an appropriate solution to this problem was 

the industrial oven. The industrial oven selected for the heat treatment process had the following 

attributes: a high triple-digit heating range, accurate measurement calibration accredited to a 

digital display, and interior panels lined throughout with insulation to ensure room temperature 

constancy about the time elapsed. The industrial oven used during the heat treatment process is 

located in Room 125 of Wallace Hall at WSU and is shown in Figure 38.  
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Figure 38. Industrial oven. 

3.1.7 Optical Contact Angle Goniometer 

 An essential physical parameter of this research is the measurement of the contact angle. 

Contact angles of the water droplets with detail relative to the incident surface of the plasma-

treated SH-coated AA 2024-T3 samples were measured using an optimal contact angle 

goniometer (model CAM 100 series from KSV Instruments Limited and located in Room 139 of 

the WSU bay area). This contact angle measurement system consists of a high-resolution 

camera, which vividly captures the moment of droplet incidence, and an advanced software 

package coupled with the camera to evaluate the generated images, translate the pictorial data by 

computing the critical contact points, and consequently calculate the contact angle. It is worth 

mentioning here that the importance of this software is enormous since all critical variables are 

quantified and calculated solely by automated algorithms. User interference and neglect are at a 

minimum. The optical contact angle goniometer used in this research is shown in Figure 39. 
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Figure 39. Optical contact angle goniometer. 

3.1.8 3M Adhesion Tape 

 3M adhesion tape was used mainly to help protect surrounding surfaces from overspray, 

to provide clean paint lines, and to be removed quickly and cleanly when finished. 3M adhesion 

tape adheres well, resists solvents or water from the paint, and is strong enough to hang plastic 

sheeting, yet be removed neatly without damaging the subsurface. In this study, this adhesive 

tape was used to perform the tape adhesive test, which was executed on the plasma-treated SH-

coated AA 2024-T3 sample in order to define the adhesion property of coating layers on the 

surface. This straightforward process is used to test the adhesion of a thin layer of coating 

attached to a substrate. 

3.1.9 Sodium Chloride Solution 

 In this research, corrosion in metals and alloys is a primary factor. Corrosion occurs on 

metals and alloys because of the uncertain surrounding environment such as sea water or a 

chemical environment, where seawater is very severe solution to corrosion. In this study, instead 

of sea water, a 3% or 0.5M NaCl solution was used. The preparation of this NaCl solution is a 

simple process; however, great caution must be practiced from the beginning to the end of the 
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process, since it is salt that can accentuate unwanted chemical reactions with the plasma-treated 

SH-coated AA 2024-T3 samples. First, uniformly unbroken NaCl crystals weighing in at 29.22 g 

were carefully selected. Second, these NaCl crystals were diluted into precisely-measured 1000 

ml of DI water, thus producing a 3% or 0.5M NaCl solution. 

3.1.10 Deionized Water 

 The solvent chosen for producing the NaCl solution was DI water, as mentioned 

previously. The reason for its selection was to prevent any assisting active chemical reactions 

from taking place, the derivatives of which can obstruct the precise measurement and analysis of 

relevant parameters such as the contact angle. Deionized water attains these inert characteristics 

due to the vigorous filtering process it undergoes (filtered to 0.05 microns), which removes any 

metallic and inorganic ions, the primary markers of reactionary interference. This type of water 

was also utilized to implement the electrochemical analysis in the later phases of the research. 

Plasma-treated SH-coated AA 2024-T3 alloy samples were immersed in the DI water for 30 days 

to verify how water that has no ions or that cannot assist with any chemical reactions help 

prevent corrosion.  

3.1.11 Gamry Reference 600 Potentiostat 

A Gamry Reference 600 Potentiostat was used to actualize the polarization curve at a 

scan rate of 50 mV/s for the plasma-treated SH-coated AA 2024-T3 sample. This hardware was 

also used to determine the impedance spectra of the plasma-treated SH-coated AA 2024-T3 

sample gathered at the open-circuit potential of the working electrode and counter electrode. The 

experimental setup for the electrochemical corrosion test is shown in Figure 40.  
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Figure 40. Experimental setup for electrochemical corrosion test. 

Corrosion rates were also estimated for the plasma-treated SH-coated AA 2024-T3 

samples by using the Gamry Reference 600 Potentiostat and Gamry Corrosion Cell. The 

aluminum samples were manufactured in small pieces (1” x 2”) so they could fit in the Gamry 

cell. Aluminum samples surfaces were correctly cleaned, as mentioned above, and pertinent 

steps were taken to ensure that the bare AA 2024-T3 surface was plasma-treated and 

superhydrophobic coated. A three-electrode system in a conventional glass-made corrosion cell 

was used for the EC measurements: a plasma-treated SH-coated AA 2024-T3 sample, 3 mm in 

diameter, as a working anode electrode, graphite as a counter cathode electrode, and a saturated 

calomel reference electrode. All the potential values testified are given concerning this reference 

electrode. Testing solutions, i.e., the NaCl solution, was distributed into the Gamry corrosion 

cells up to the black marked level. All sensor connections were given between the Gamry 

Corrosion Cell and Gamry Reference 600 Potentiostat as per the machine setup by following the 

sensor color code, as shown in Figure 41.  
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Figure 41. Color code for sensors connections with Gamry cell. 

Electrochemical impedance spectroscopy results were analyzed by fitting the 

experimental impedance information to electrical equivalent circuit models. Parameters of the 

electrical equivalent circuits were obtained by fitting the impedance function to the deliberate 

Bode and Nyquist plots. Furthermore, the results of EIS can be investigated to regulate the rate-

controlling steps. An EIS measurement was directed during a three-day period by the corrosion-

measurement system using this equipment. With this device, the amplitude of the sinusoidal 

signal was 10 mV, and the frequency span was 1 MHz to 1 Hz. The EIS tests were always 

conducted from high frequency to low frequency, and Gamry Framework software was used for 

data fitting of the impedance spectra. 

3.1.12 Fourier Transform Infrared Spectrometry 

 After the EIS test, plasma-treated SH-coated AA 2024-T3 samples, which were 

immersed in 3% 0.5M NaCl solution for 30 days and SH-coated AA 2024-T3 samples were at a 

diagnostic point for reaffirming the adhesive durability of the coating with respect to its 
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adherence to the substrate. The only comprehensive and reliable method for evaluating the 

adhesive durability was by utilizing Fourier transform infrared (FTIR) spectrometry. The FTIR 

spectrometer emits infrared radiation that when it strikes the surface of the sample reflects the 

atomic chemistry profile relating to the sample’s chemical composition. The intramolecular 

atomic bonds between the functional groups on either end of the adhesive, coating, and substrate 

are identified, as well as the intermolecular bonds between the functional groups of the coat and 

the adhesive. The forces keeping the bonds intact are instrumental in relaying information about 

the adhesive strength.  

 In this analysis, the plasma-treated SH-coated AA 2024-T3 sample was kept in contact 

with the ATS crystal of the FTIR machine. The ATS crystal moves along the internal surface of 

the aluminum sample in a way that it is redirected from the infrared beam. FTIR images were 

taken of plasma-treated SH-coated AA 2024-T3 samples at 0 days and also samples that were 

immersed in a 3% 0.5M NaCl solution for  30 days. The plasma-treated SH-coated AA 2024-T3 

samples were kept on the equipment surface to standardize the amount of light immersed by the 

compounds at changing wavelengths and to classify the different types of bonds that exist in the 

compound at specific wavelengths of light. 

 The EZ-OMNIC software used in FTIR analysis helps in interpreting the infrared patterns 

generated for each identified bond by producing a mathematical model, assigning magnitude 

values to vital bond forces such as Van der Waals forces, and computing the wavelength-to-

transmittance ratio. FTIR spectra were engaged for a few samples in a range of more than 400 to 

4,000 cm
-1

. The model designation of the FTIR spectrometer used was a Nicolet Magna 850R 

from the WSU chemistry department, as depicted in Figure 42.  
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Figure 42. FTIR spectrometer. 

3.1.13 Vickers Hardness Test  

 After the FTIR test, of the Vickers hardness number (HV) was computed for the bare AA 

2024-T3 samples and plasma-treated SH-coated AA 2024-T3 samples. The American Standard 

for Testing Materials (ASTM) E92 is the standard used for this method. This test checks the 

mechanical properties of the plasma-treated SH-coated AA 2024-T3 samples, indicating and how 

the plasma surface cleaning technique affects the mechanical properties of the samples.  The 

advantage of the process is that it can be used for thin and superficially hardened materials for 

which other methods are not suitable. A diamond in the form of a square-based pyramid forms 

the Vickers indenter, as shown in Figure 43. The hardness number is a derivative indicating the 

relationship between the applied load and the surface area of the indentation.  
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Figure 43. Vickers’s pyramidal indenter. 

 Vickers hardness number measurements were performed on every sample using a 

Vickers’s hardness test machine (MicroMet® 5124 Micro-indentation Hardness Tester), as 

shown in Figure 44, at room temperature with 1 kg load. This equipment adjusts the sample and 

permits the indenter to contact easily beneath the predetermined load, which is in contact for a 

fixed period. The essential element of this equipment is a measuring microscope mounted on the 

machine to  compute the hardness value of the indented specimen located in the optical field.  

 

Figure 44. Vickers microhardness test machine. 

 A square-based pyramidal diamond indenter was used to make five indentations in each 

specimen: middle center, top left, top right, bottom left, and bottom right. All indentations were 

equally spaced, therefore contributing to the sample’s value based on the standard deviation of 
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the samples. The two diagonals of the indentations were denoted to the closest 0.1-μm with a 

filer micrometer, and the mean was intended. Hardness was engaged as the maximum force 

divided by the area of contact. The HV WAS calculated using the following formula: 

 𝐻𝑉 =  
1.8544𝑃

𝑑2
 (3.1) 

where the load P is in kg, and the average diagonal d is in mm (this produces the hardness 

number units of kg/ mm
2
; in practice, the numbers are reported without suggestion of the units). 

3.1.14 Ice Cube 

 In this study, an ice cube, as shown in Figure 45, was primarily used to produce ice on 

top of the plasma-treated SH-coated AA 2024-T3 samples. Being lightweight, the base of the ice 

cube is attached by means of super-cooled water, which is frictionless and compatible.  

 

Figure 45. Ice cube. 

3.1.15 Inclinometer 

 This study including deicing and self-cleaning tests, whereby an inclinometer, as shown 

in Figure 46, was utilized as the central apparatus to discover the angle of tilt or the elevation as 

respects gravity. The reason for using an inclinometer in this study was to locate the sliding 

angle of the ice, and how much sliding angle and time were required to clean dust off the surface 
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of the plasma-treated SH-coated AA 2024-T3 samples. This equipment has a base plate with four 

built-in magnets for attaching with metal surfaces, which were extremely useful in this study.  

 

Figure 46. Inclinometer. 

3.1.16 Digital Anemometer 

 The digital anemometer, as shown in Figure 47, was utilized to determine the blown air 

velocity, in anticipating of the wind velocity around an aircraft. This equipment is user-friendly 

and ultimately employed to measure the wind speed. The temperature also can be measured from 

fast air movement for exploring critical environment circumstances. The jackknife design 

shelters the equipment and permits holding the case while taking specific temperature 

measurements, thereby preventing false interpretations for measuring the temperature by hand. 

 

Figure 47. Digital anemometer. 
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3.1.17 Electric Blower 

 An electric blower, as shown in Figure 48, propels air out of a nozzle and is controlled by 

electric or gasoline motors. This typically independent handheld unit or backpack-mounted unit 

with a handheld wand provides a maximum air speed of 225 mph and air volumes up to 150 cfm 

for increased efficiency. The lightweight design makes it easy to handle and maneuver. 

 

Figure 48. Electric blower. 

3.1.18 Water Sprayer 

 A water sprayer, as shown in Figure 49, was used to sprinkle water on the plasma-treated 

SH-coated AA 2024-T3 sample’s surface, which was covered with graphene powder, from a 

distance of 50 cm to find the best sliding angle to use in the self-cleaning test.   

 

Figure 49. Water sprayer. 
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3.2 Experimental Methods 

 An objective of this research was to comprehensively study the effects of electrochemical 

corrosion. However, it was  important to determine which plasma radio frequency level would be 

appropriate for the superhydrophobic coating by analyzing the contact angle measurement and 

patterns produced from the experimentation. Thus, SH-coated AA 2024-T3 samples that were 

plasma-treated with variable radio RF levels and heat treated at different temperatures were used 

in this study. A total of 27 samples were used, and then the contact angle measurements for all 

27 samples were obtained, as shown in Figure 50.  

 

Figure 50. Twenty-seven samples plasma-treated with various RF levels and heat treated at 

different temperatures. 

 

The 27 samples used for this experiment and the treatments they were subjected to are listed 

below: 

 AA 2024-T3 surface, plasma-treated at low RF level for 2, 4, and 8 minutes, and heat-

treated for 60 minutes at 90° Celsius. 

 AA 2024-T3 surface, plasma-treated at low RF level for 2, 4, and 8 minutes, and heat-

treated for 60 minutes at 120° Celsius. 
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 AA 2024-T3 surface, plasma-treated at low RF level for 2, 4, and 8 minutes, and heat-

treated for 60 minutes at 150° Celsius. 

 AA 2024-T3 surface, plasma-treated at medium RF level for 2, 4, and 8 minutes, and 

heat-treated for 60 minutes at 90° Celsius. 

 AA 2024-T3 surface, plasma-treated at medium RF level for 2, 4, and 8 minutes, and 

heat-treated for 60 minutes at 120° Celsius. 

 AA 2024-T3 surface, plasma-treated at medium RF level for 2, 4, and 8 minutes, and 

heat-treated for 60 minutes at 150° Celsius. 

 AA 2024-T3 surface, plasma-treated at high RF level for 2, 4, and 8 minutes, and heat- 

treated for 60 minutes at 90° Celsius. 

 AA 2024-T3 surface, plasma-treated at high RF level for 2, 4, and 8 minutes, and heat- 

treated for 60 minutes at 120° Celsius. 

 AA 2024-T3 surface, plasma-treated at high RF level for 2, 4, and 8 minutes, and heat- 

treated for 60 minutes at 150° Celsius. 

 From these 27 samples, those with the four best contact angles were identified. After that, 

the tape adhesive test was performed to check the robustness of the superhydrophobic coating, 

and then the four best samples were immersed in 3% 0.5M NaCl solution for 30-day time 

periods. The 3% 0.5M NaCl solution was used to simulate the maximum and minimum threshold 

of a corrosive environment. Once those experiments were concluded, the difference in corrosion 

resistivity of the plasma-treated SH-coated AA 2024-T3 samples was contrasted against 

untreated, uncoated AA 2024-T3 samples, and the essential causes in their different responses to 

corrosion were theoretically studied. 
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 In the post-immersion analytic evaluation of the plasma-treated SH-coated AA 2024-T3 

samples, the surfaces were diligently observed, and the critical parameters were measured. The 

measured variables were tabulated to generate a Tafel curve, Nyquist plot, and Bode plot. The 

Tafel curve, when plotted was the basis for computing the corrosion rate, based on the Tafel 

equation. The determination of the corrosion penetration rate (CPR) about the time elapsed was 

made possible by an allowance of idle intervals between the immersion and redemption of 

plasma-treated SH-coated AA 2024-T3 samples and untreated AA 2024-T3 samples. The 

corrosion patterns associated with the immersion of the samples in 3% 0.5M NaCl solution were 

determined from the Nyquist and Bode plots. 

 Following the EC analysis, an FTIR spectrometry test was done to reaffirm the adhesive 

durability of the coating corresponding to its adherence to the substrate; this test replicates the 

atomic profile involving the samples’ chemical composition. The intramolecular atomic bonds 

between the functional groups for the adhesive, coating, and substrate were recognized. The 

forces keeping these bonds together are instrumental in transmitting information about the 

adhesive strength. 

 Then the Vickers hardness test was done to show that the plasma surface cleaning 

treatment on the AA 2024-T3 samples was not disturbing their mechanical properties. Next,  the 

deicing test and self-cleaning test were performed to check the superhydrophobicity of the 

plasma-treated SH-coated AA 2024-T3 samples. The deicing test explains how a 

superhydrophobic surface can withstand ice that has formed on it and can be detached without 

difficulty. The self-cleaning test shows the significance of the self-cleaning mechanism on tilted 

plasma-treated SH-coated AA 2024-T3 sample surfaces that hold dust particles. The more the 
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plasma-treated SH-coated AA 2024-T3 sample surface is tilted, the less time and water needed to 

self-clean the dust particles from the plasma-treated surface. 

 The last few minutes of each test involved the salt soaking test, freezing time test, and 

super-cooled water test to check the superhydrophobicity of the plasma-treated SH-coated AA 

2024-T3 samples. The following sections thoroughly explain the experimental methods used in 

this research.    

3.2.1 Aluminum 2024-T3 Alloy Division 

 The AA 2024-T3 samples are the primary source in the experimental process. Their 

nature necessitates that congruency is applied. Therefore, all samples were machined in an 

identical rectangular shape and with the same 1-inch by 2-inch dimensions. 

3.2.2 Cleaning of Aluminum 2024-T3 Alloy  

Before the testing phase, the AA 2024-T3 samples were exposed to continuously varying 

environments, which resulted gradual microscopic debris and carbon buildup on the sample 

surfaces. The appropriate cleaning solvents for proper removal of this debris were chosen to be 

dish liquid detergent, ethanol, and acetone, which are depicted in Figure 51.  

 

Figure 51. Dish liquid detergent, ethanol, and acetone. 
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After cleaning with all three solvents, the AA 2024-T3 samples were dried in the industrial oven 

for 5 minutes at 80°C. Then the samples were placed inside the ultrasonic cleaner filled with 

acetone for 10 minutes. After cleaning ultrasonically, the AA 2024-T3 samples were again dried 

in the industrial oven for 5 minutes at 80°C. Then the AA 2024-T3 samples were placed inside 

the ultrasonic cleaner filled with DI water for 10 minutes. After the ultrasonic cleaning, the AA 

2024-T3 samples were again dried in the industrial oven for 5 minutes at 80°C.   

3.2.3 Preparation of Bottom Coat 

 Before the application of the bottom coat, the AA 2024-T3 samples were thoroughly 

cleaned to ensure a minimum of dust particles and carbon. Then, the bottom-coat ingredients 

were mixed for 10 minutes. The Ultra-Tech 4122 Mini Sprayer was filled with the freshly 

prepared bottom coat, and the AA 2024-T3 samples were laid on a fume hood, oriented so that 

the line of incidence of the spray when the mini sprayer was handheld in their proximity was 

perpendicular to the panel surface. 

3.2.4 Application of Bottom Coat 

The two prerequisites before commencement of the bottom coating are the right-angled 

line of incidence of spray respective of the mini sprayer to the panel surface and more than half a 

foot linear distance. Once these requirements were met, a push to the trigger of the mini sprayer 

withdrew the bottom coat from the attached container into the nozzle of the sprayer, and ejected 

it onto the AA 2024-T3 samples surface, as shown in Figure 52. Caution was taken during the 

spraying to ensure orientation and distance from the surface was within the pre-set constraints. A 

medium magnitude of force was exerted on the trigger in order to regulate the spray and attain a 

uniform thickness for the double-layered bottom coat on the panel surface. After the bottom 
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coating was applied, the AA 2024-T3 samples were air dried at room temperature for two hours, 

before proceeding to plasma treatment. 

     

Figure 52. Application of bottom coat. 

3.2.5 Plasma Surface Cleaning Treatment 

 Oxygen plasma was used for plasma treating the SH-coated surface of the AA 2024-T3 

samples. The primary goal here was to convey a significant quantity of activation energy to the 

samples’ surface in order to develop corrosion resistivity between the coating and the substrate. 

The following procedure was used to perform the plasma treatment, as shown in Figure 53:  

 First, a clean cloth, carefully inspected for any crust, was used for cleaning the plasma 

chamber in order to eliminate dust particles.  

 The plasma chamber door against the vacuum chamber was unlocked, and the bottom 

coated AA 2024-T3 sample was placed in it. The plasma chamber door was closed using 

a needle valve.  

 Then a vacuum pump switch was actuated from its switch. As a result, the air in the 

chamber was withdrawn gradually, and then transmuted into a widespread vacuum after a 

couple of minutes.  

 Very low-pressure gases which are initiated by low flow rates were subjected to RF 

electromagnetic radiation embed plasma to be generated.   
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 The 27 AA 2024-T3 samples were then subjected to various predetermined levels of 

radio frequency—namely low, medium, and high. Nine samples were treated for two 

minutes, nine samples for four minutes, and then another nine samples for eight minutes.  

 The plasma and surface impact varies with changes in intensity and frequency of the RF 

power utilized to stimulate the plasma, and affected by the types of ionized gases, the 

type of sample that is exposed to the plasma, and the period of exposure to the plasma.  

 Once plasma treatment was completed, the plasma cleaner and vacuum pump were 

turned off.  

 Then the plasma chamber was examined by keeping the chamber door open and 

deliberately rotating the needle valve to let air enter the chamber.  

 The sample was then taken out and prepared for the top-coating process. 

 

Figure 53. Plasma surface cleaning treatment procedure. 

3.2.6 Preparation of Top Coat 

 After the plasma bottom-coating treatment, AA 2024-T3 samples were dried at room 

temperature for few minutes. The top-coat application was mixed for five minutes. Then the top 

coat was applied on the AA 2024-T3 samples using the Ultra-Tech 4122 Mini Sprayer. The 

samples were then patterned for any abnormalities and placed to rest on a table in the proper 
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alignment and linear distance of the line for the frequency of spray identical to that used in the 

bottom-coating process. 

3.2.7 Application of Top Coat 

In a few minutes, the prepared top coat was sprayed on the rested AA 2024-T3 samples. 

As shown in Figure 54, the samples were top coated using the Ultra-Tech 4122 Mini Sprayer. 

This sprayer was maintained at a constant pressure in order to generate the preferred smooth 

thickness. Two top coats were sprayed on the AA 2024-T3 samples with a fluid turn out of one 

and a half. Then the sprayed samples were dried at room temperature for two hours. 

     

Figure 54. Application of top coat. 

3.2.8 Heat Treatment of Aluminum 2024 T-3 Alloy 

 After top coating the AA 2024-T3 samples, they were heat treated using an industrial 

oven, which is available in Room 125 of Wallace Hall at WSU. All samples were heat treated for 

60 minutes at temperatures of 90° Celsius, 120° Celsius, and 150° Celsius.  

3.2.9 Measuring Contact Angle  

The water droplet contact angles were measured using the CAM 100 series optical 

contact angle goniometer from KSV Instruments Limited, which is available in Room 139 of 

Beggs Hall at WSU. DI water was used for computing the contact angle. All contact angle tests 

were implemented at room temperature.  
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3.2.10 Tape Adhesion Test on Plasma-Treated SH Coated Samples 

3M adhesive tape was used to execute the tape adhesion test on the four best plasma-

treated SH-coated AA 2024-T3 samples. The purpose of this adhesion test was to determine the 

robustness of the highly superhydrophobic coating on the metal surface. This test also illustrates 

the strength of the coating and how well it adheres to the metal. Steps in the tape adhesion test 

are as follows:  

 Plasma-treated SH-coated AA 2024-T3 samples were prepared to the equivalent 

procedure as mentioned previously in section 3.2.2. 

 The contact angles of the plasma-treated SH-coated AA 2024-T3 samples were before 

applying tape.  

 The 3M tape was pasted on the plasma-treated SH-coated AA 2024-T3 samples and then 

peeled entirely in the opposite direction at an angle of 180° to the plasma-treated SH-

coated AA 2024-T3 samples, as shown in Figure 55.  

 Then the contact angle was measured close to the region that had been tapped and peeled.  

 This method was repetitive ten times, and the contact angle was recorded after each 

peeling test. 

  

Figure 55. Tape adhesion test procedure. 



78 

3.2.11 Immersion in 3% 0.5M NaCl Solution 

The plasma-treated SH-coated AA 2024-T3 samples were immersed in 3% 0.5M NaCl 

solution, as shown in Figure 56. Contact angles within 30 days of immersion in the solution were 

measured, especially with a three-day time interval, using the optical contact angle goniometer.  

 

Figure 56. Plasma-treated aluminum samples immersed in 3% 0.5M NaCl solution. 

The standard used to immerse the plasma-treated SH-coated AA 2024-T3 samples in 3% 

0.5M NaCl solution was ASTM D870-15, which is the standard preparation for analyzing the 

corrosion resistance of a coating using saltwater immersion. The primary objective here was to  

the samples to saltwater to define the dissimilarity between the corrosion resistance of the AA 

2024-T3 samples that were plasma-treated SH-coated AA 2024-T3 samples and the AA 2024-T3 

samples that were not treated, in order to distinguish how saltwater influences the corrosion-

resistance properties of the substrate and coating. To perform the salt soaking test, one set of 

plasma-treated SH-coated AA 2024-T3 samples was immersed for 30 days in 3% 0.5M NaCl 

solution, and the other set of plasma-treated SH-coated AA 2024-T3 samples was immersed for 

90 days in the same solution. 

3.2.12 Measuring Corrosion Rate Using Polarization Curves  

The corrosion rate tests were obtained for the best plasma-treated SH-coated AA 2024-T3 

samples using the Gamry Reference 600 Potentiostat and Gamry Corrosion Cell, as shown in 
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Figure 57. This equipment was computerized using Gamry Framework, which made the work 

simple by generating the polarization curve to fit the corrosion rate. This machine is available in 

Room 139 of Beggs Hall at WSU.  

 

Figure 57. Plasma-treated aluminum samples using Gamry reference 600 potentiostat. 

The following procedure was used to perform to obtain the PC to measure the corrosion 

rate: 

 First, one of the plasma-treated SH-coated AA 2024-T3 samples was placed into the 

working counter of the Gamry Corrosion Cell. 

 The 3% 0.5M NaCl testing solution was dispensed into the Gamry Corrosion Cell up to 

the black-marked level. 

 All sensor connections were connected between the Gamry Cell and the Gamry 

Reference 600 to ensure the sensor color code. 

 Then the separate saturated calomel reference electrode was added into the Gamry 

Corrosion Cell. 

 The Gamry Cell Framework software was opened, the potentiodynamic test option was 

selected, and all parameters were input, including limit voltages, density and equivalent 
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weight of AA 2024-T3 material, scan rate, sample period, Gamry Corrosion Cell hole 

area of 4.89 cm
2
, etc., in order to obtain the PC, which is known as the Tafel curve. 

 Using the analysis section of the software and from the Tafel curve, the corrosion 

penetration rates were obtained automatically by fitting the Tafel curve from its first and 

last points correctly. 

 The corrosion rates of particular plasma-treated SH-coated AA 2024-T3 samples were 

immersed in 3% 0.5M NaCl solution and tested every three days by utilizing all of the 

above testing measures, in order to obtain the Tafel curves.  

3.2.13 Electrochemical Analysis Using Electrochemical Impedance Spectroscopy  

The EIS results were achieved for best plasma-treated SH-coated AA 2024-T3 samples 

using the Gamry Reference 600 Potentiostat. This equipment’s Gamry Framework software is 

very convenient for generating Nyquist and Bode plots, which are the primary plots to 

demonstrate the EC analysis of the plasma-treated SH-coated AA 2024-T3 samples.  

The following procedure was used to execute the Nyquist and Bode plots to analyze the 

electrochemical impedance spectroscopy: 

 First, one of the plasma-treated SH-coated AA 2024-T3 samples was placed into the 

working counter of the Gamry Corrosion Cell. 

 The 3% 0.5M NaCl testing solution was dispensed into the Gamry Corrosion Cell up to 

the black-marked level. 

 All sensor connections were connected between the Gamry Corrosion Cell and Gamry 

Reference 600 to ensure the sensor color code.  

 In the Gamry Framework software, the potentiostatic option was opened, and after given 

the input parameters, i.e., frequency range, similar to the Tafel curve, the test was 
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performed, and Nyquist and Bode plots were drawn, which sustained a dependability test 

of the corrosion performance. 

 The EIS analysis for each plasma-treated SH-coated AA 2024-T3 sample involved 

immersion in a 3% 0.5M NaCl solution and tested every three days by utilizing all of the 

above testing measures, in order to obtain the Nyquist and Bode plots.  

 After the EC corrosion tests, the best samples were immersed in DI water to further study 

the corrosion rate relative to time. These EC corrosion tests of each particular sample in 

each solution were done every three days for 30 days by following all of the above testing 

procedures in order to obtain the Tafel curves. The same procedures were developed for 

all samples in order to also obtain the Nyquist and Bode plots. 

3.2.14  Performing Fourier Transform Infrared Analysis 

Fourier transform infrared spectroscopy analysis was used for the characterization of 

plasma-treated SH-coated AA 2024-T3 samples and only the bare uncoated AA 2024-T3 sample. 

FTIR spectroscopy utilizes infrared radiation that is passed through a sample. Initially, the 

wavenumber is measured with respect to background sample, in this case the bare uncoated AA 

2024-T3 sample. Then the resulting reflectance, transmission or absorption peaks, were obtained 

to clarify the molecular identification of the samples. Attenuated total reflectance (ATR) 

spectroscopy, one of the FTIR reflectance techniques was utilized to characterize the structure of 

the samples, and spectra were collected between the wavenumbers of 400 and 4000 cm
-1

. 

3.2.15 Measuring Vickers Hardness Number 

The Vickers hardness test was performed to show that the plasma-treated SH-coated AA 

2024-T3 samples are mechanically stable. The plasma cleaning technique does not change the 
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samples’ mechanical properties. In this test, the hardness of the sample was measured at the 

microscopic level. This test involved the following steps: 

 The Vickers hardness testing machine was turned on, and the plasma-treated SH-coated 

AA 2024-T3 sample was placed on the anvil. 

 The centering light was set up on the sample, lining it up to the lower magnification 

(50M). While adjusting the magnification, the sample is examined to find a region that is 

free of abrasions and secondary phases. 

 The two black lines seen must be merged using the eyepiece to make only one line. 

 The base with the sample was moved up to the indenter, and the “indent” button was 

pressed in order to indent the sample with less force.  

 Then the base was lowered so the sample would fit within the larger magnification, 

which was close to 10M, as shown in Figure 58. 

 The sample and diamond indent were centered, and the two black lines were placed at the 

side ends of the diamond from the vertical direction. 

 The black button on the eyepiece was pressed, and the eyepiece was revolved to 90°. 

 The two black lines were placed at the top ends of the diamond in the horizontal 

direction, and again the black button on the eyepiece was pressed. 

 Following these procedures, the Vickers hardness testing machine automatically 

formulated the Vickers hardness number, which was displayed on the screen.  
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Figure 58. Plasma-treated AA 2024-T3 sample within magnification close to 10M. 

3.2.16 Preparing Ice Cubes for Deicing Test 

 The deicing test shows how a superhydrophobic surface can withstand ice that has 

molded on it and can be detached without difficulty. In this research, ice was formed on top of 

the plasma-treated SH-coated AA 2024-T3 samples using ice cubes. Next, the same samples 

were kept in a freezer, which is located in the Room 139 of Beggs Hall at WSU, for nearly 30 

minutes. Then the sliding angles of the ice were measured using an inclinometer and the contact 

angle of the AA 2024-T3 sample. The following procedure was used to form the ice for the 

deicing test: 

 A plastic tray full of water was kept in the freezer in order to change the water into super-

cooled water so that it would freeze rapidly. This step was done for two hours, and ice 

cubes were obtained.  

 Then one ice cube was placed on top of the plasma-treated SH-coated AA 2024-T3 

sample, and a small amount of super-cooled water was dispensed onto the ice cube to 

increase the adhesiveness of the ice cube to the AA 2024-T3 sample.  
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 Finally, the AA 2024-T3 sample was kept in the freezer for 30 minutes with the ice 

forming on top of it, and then this sample was used to run the tests. 

3.2.17 Performing Deicing Test with Ice Cubes 

 The prepared ice cube was placed on top of the plasma-treated SH-coated AA 2024-T3 

sample and positioned on a base composite plate with the inclinometer, as shown in Figure 59. 

The inclinometer was used to find different angles on the AA 2024-T3 sample until the formed 

ice cube fell away from the plasma-treated SH-coated AA 2024-T3 sample and the sliding angles 

were obtained. The contact angle measurement was taken on the plasma-treated SH-coated AA 

2024-T3 sample after each deicing test. 

 

Figure 59. Ice cube kept on top of plasma-treated AA 2024-T3 sample. 

3.2.18 Performing Air Blower Test on Formed Ice Cube at Different Angles (0°, 5°, 10°, 

and 20°) 
 

The plasma-treated SH-coated AA 2024-T3 sample with the formed ice cube on top of it 

was taped to the ground, and air was blown across it using the electric blower at a speed of 55.15 

m/s at a temperature of 23.7℃, as shown in Figure 60. From this test, the time it took for the ice 

to be removed from the AA 2024-T3 sample after turning on the electric air blower was 

measured at three different angles 0°, 5°, 10°, and 20°. The contact angle was measured on the 

plasma-treated SH-coated AA 2024-T3 sample after each air blower test. 
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Figure 60. Electric air blower for removing ice. 

3.2.19  Performing Salt Soaking Test 

This test was used to check the electrochemical analysis of the plasma-treated SH-coated 

AA 2024-T3 samples by entirely immersing them into a glass beaker with a 3% 0.5 M NaCl 

solution for 90 days at room temperature, as shown in Figure 61. After 90 days, the samples were 

taken from their glass beakers and evaluated for contact angle measurement, polarization curve 

measurement, and EIS measurement.   

 

Figure 61. Plasma-treated AA 2024-T3 samples immersed in glass beaker with 3% 0.5 M NaCl 

solution for 90 days. 
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3.2.20 Performing Freezing Time Test 

One drop of water droplet was dropped on both the plasma-treated SH-coated AA 2024-

T3 sample and uncoated AA 2024-T3 sample, as shown in Figure 62, and both samples were 

kept in the freezer for 30 minutes. Then the AA 2024-T3 samples were taken from the freezer, 

snapped, and visually assessed for comparison between the plasma-treated SH-coated AA 2024-

T3 sample and uncoated AA 2024-T3 sample. 

 

Figure 62. One drop of water applied to both plasma-treated AA 2024-T3 sample (left) and 

uncoated AA 2024-T3 sample (right). 

 

3.2.21 Performing Super-Cooled Water Test 

This test was performed to demonstrate how the super-cooled water stays on the plasma-

treated SH-coated AA 2024-T3 sample. As mentioned, the super-cooled water was dispensed on 

both the plasma-treated SH-coated AA 2024-T3 sample and uncoated AA 2024-T3 sample. After 

that, images were recorded and the comparison between the plasma-treated SH-coated AA 2024-

T3 sample and uncoated AA 2024-T3 sample were evaluated. 

3.2.22  Performing Self-Cleaning Test 

The self-cleaning test demonstrates the importance of the self-cleaning mechanism on 

tilted plasma-treated SH-coated AA 2024-T3 sample surfaces relative to dust particles. In this 
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study, graphene powder was used as dust particles. The more the plasma-treated SH-coated AA 

2024-T3 sample surface is tilted, the less time and water is used to self-clean the dust particles 

from the surface. This experiment took the following steps, as shown in Figure 63:  

 A water sprayer was utilized to apply the water to the plasma-treated SH-coated AA 

2024-T3 sample surface, at a separated distance of 50 cm, to check the best sliding angle 

for self-cleaning. 

 Graphene was used in place of dirt in this research because it remained on the AA 2024-

T3 sample’s surface. Graphite powder was peppered on top of the AA 2024-T3 sample 

surface. 

 After water touched the AA 2024-T3 sample surface, it rolled off, moving the graphite 

powder along with it.  

 The number of times that had been water sprayed on the AA 2024-T3 sample’s surface 

was recorded, and the same process on the same surface at different tilt angles (5°, 10°, 

20°, 40° and 60°) was repeated.  

  

Figure 63. Self-cleaning test method. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Contact Angle Measurement 

The contact angles of all plasma-treated SH-coated AA 2024-T3 samples were measured 

using the CAM 100 goniometer. This machine has a compacted charge coupled device camera, 

which documented the picture of the AA 2024-T3 samples. After the AA 2024-T3 samples were 

placed on goniometer’s platform, a droplet of DI water was positioned on the aluminum sample 

surface using a syringe needle. 

4.1.1 CA Results of All 27 Plasma-Treated SH-Coated AA 2024-T3 Samples 

The contact angles of all initial 27 plasma-treated SH-coated AA 2024-T3 samples were 

measured to determine which plasma RF level would be suitable for a superhydrophobic coating. 

These measurements are shown in Table 4. 

TABLE 4 

INITIAL CONTACT ANGLE MEASUREMENT FOR ALL 27 PLASMA-TREATED  

SH-COATED AA 2024-T3 SAMPLES 

 

Heat 

Temp. 

(C) 

Time 

(min) 

RF  

Level 

Middle 

Center 

Top 

Left 

Top 

Right 

Bottom 

Left 

Bottom 

Right 
Average Rank 

90 2 Low 153.43 128.75 141.94 162.31 148.21 146.93 26 

120 2 Low 151.26 138.26 142.56 160.20 149.89 148.43 25 

150 2 Low 159.56 143.51 152.05 167.82 153.12 155.21 22 

90 4 Low 166.49 152.83 161.46 156.52 157.75 159.01 12 

120 4 Low 164.26 154.12 159.56 154.26 158.42 158.12 15 

150 4 Low 164.36 143.15 159.38 152.41 143.81 152.62 23 
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TABLE 4 (continued) 

Heat 

Temp. 

(C) 

Time 

(min) 

RF  

Level 

Middle 

Center 

Top 

Left 

Top 

Right 

Bottom 

Left 

Bottom 

Right 
Average Rank 

90 8 Low 161.67 156.66 152.66 146.57 163.29 156.17 19 

120 8 Low 159.24 154.23 154.89 148.63 161.23 155.64 21 

150 8 Low 152.42 163.80 161.75 155.42 163.44 159.37 10 

90 2 Medium 164.92 131.99 161.99 135.41 156.07 150.08 24 

120 2 Medium 162.84 135.46 158.54 138.56 158.46 150.77 23 

90 4 Medium 158.78 156.52 160.05 156.13 159.56 158.21 14 

120 4 Medium 156.78 158.42 161.50 155.21 158.51 158.08 16 

150 4 Medium 165.19 160.66 161.68 164.01 163.07 162.92 4 

90 8 Medium 159.86 162.09 158.82 158.14 160.68 159.92 6 

120 8 Medium 159.25 161.25 161.23 156.23 159.65 159.52 9 

150 8 Medium 172.77 167.15 172.42 155.89 166.74 166.99 3 

90 2 High 152.32 158.03 163.73 159.00 165.10 159.64 8 

120 2 High 151.23 159.43 161.23 160.25 163.25 159.08 11 

150 2 High 158.45 158.77 146.32 161.04 154.52 155.82 20 

90 4 High 156.59 156.07 157.67 156.73 157.88 156.99 18 

120 4 High 157.26 157.05 156.46 156.23 158.64 157.13 17 

150 4 High 169.43 166.30 162.69 168.32 169.96 167.34 2 

90 8 High 156.76 164.30 159.12 158.13 161.10 159.88 7 

120 8 High 158.46 163.41 161.23 160.23 162.15 161.10 5 

150 8 High 171.96 167.30 164.69 168.32 170.43 168.54 1 
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From Table 4, it can be seen that all of the plasma-treated SH-coated AA 2024-T3 

samples are superhydrophobic. However, for experimental purposes, only four samples were 

chosen for further investigation. The 8 minutes high and medium plasma-treated and 4 minutes 

high and medium plasma-treated AA 2024-T3 samples were chosen with a heat treatment 

temperature of 150℃. As shown in Table 4, the 8 minutes high and 8 minutes medium plasma-

treated SH-coated AA 2024-T3 samples showed the highest contact angle of 168.54° and second 

highest contact angle of 166.99°, respectively. 

4.1.2 CA Results of Four Best Plasma-Treated SH-Coated AA 2024-T3 Samples 

The contact angles of the four best plasma-treated SH-coated AA 2024-T3 samples were 

measured, and the results indicate that the plasma surface cleaning treatment makes the AA 

2024-T3 surface exceptionally superhydrophobic, as shown in Figure 64. These four best AA 

2024-T3 samples were used for further testing.  

 

Figure 64. Contact angle measurements for four best plasma-treated SH-coated  

AA 2024-T3 samples. 
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4.1.3 CA Results of Four Best Plasma-Treated SH-Coated AA 2024-T3 Samples After 

Tape Adhesive Test                            

 

The contact angles of the four best plasma-treated SH-coated AA 2024-T3 samples were 

measured before and after the tape adhesive test, which helps to measure the adhesion of a 

coating on the surface. Figure 65 shows that the contact angles of these four best plasma-treated 

SH-coated AA 2024-T3 samples marginally decreased after ten peel tests. However, the contact 

angles results after ten peel tests show that these samples had a highly robust superhydrophobic 

coating on their surfaces. The contact angle measurements of the four best plasma-treated SH-

coated AA 2024-T3 samples after the tape adhesive test are shown in Table 5. 

 

Figure 65. Contact angle measurements of four best plasma-treated SH-coated AA 2024-T3 

samples after each tape adhesive peel test. 
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TABLE 5 

CONTACT ANGLE MEASUREMENTS OF FOUR BEST PLASMA-TREATED SH-COATED 

AA 2024-T3 SAMPLES AFTER EACH TAPE ADHESIVE PEEL TEST 

 

 

4.1.4 CA Results of Plasma-Treated SH-Coated AA 2024-T3 Samples Immersed in 3% 

0.5M NaCl Solution for 30 Days 
 

The contact angles results of the plasma-treated SH-coated AA 2024-T3 samples 

immersed in 3% 0.5M NaCl solution for 30 days are shown in Table 6. 

  

No.  

of Peels 

8 min High 

Plasma 

8 min Medium 

Plasma 

4 min High 

Plasma 

4 min Medium 

Plasma 

0 171.38 171.24 168.59 167.23 

1 171.18 171.12 168.41 167.02 

2 171.03 170.44 167.48 166.92 

3 171.13 171.02 167.56 167.01 

4 170.98 170.68 167.22 166.66 

5 170.44 170.23 166.94 166.83 

6 170.73 169.91 167.02 166.21 

7 169.96 169.72 167.00 165.96 

8 169.83 169.43 166.42 165.62 

9 169.23 168.95 166.84 165.68 

10 168.94 169.24 166.57 165.29 
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TABLE 6 

CONTACT ANGLE MEASUREMENTS OF FOUR BEST PLASMA-TREATED SH-COATED 

AA 2024-T3 SAMPLES IMMERSED IN 3% 0.5M NACL SOLUTION FOR 30 DAYS 

 

 

From Figure 66, it can be seen that the plasma-treated SH-coated AA 2024-T3 samples 

had very little difference in contact angles as the immersion time in 3% 0.5M NaCl solution was 

increased. From the results, the 8 minutes high and medium plasma-treated SH-coated AA 2024-

T3 sample retained their superhydrophobic coated surfaces when immersed in 3% 0.5M NaCl 

solution for 30 days. The contact angle value of the 8 minutes high plasma-treated SH-coated 

AA 2024-T3 sample at 0 days is 168.54° and after 30 days drops to 157.36°, which reflects that 

the contact angle dropped only 10° in 30 days.         

Immersion 

Days 

8 min High 

Plasma 

8 min Medium 

Plasma 

4 min High 

Plasma 

4 min Medium 

Plasma 

0 168.54 166.99 167.34 162.92 

3 167.87 168.18 161.64 161.36 

6 166.00 165.81 161.86 157.67 

9 164.44 167.36 160.39 156.24 

12 163.74 163.24 160.36 154.75 

15 163.07 162.17 159.54 153.62 

18 161.13 160.61 158.57 151.01 

21 160.72 160.26 156.18 149.23 

24 160.43 158.25 155.26 148.17 

27 160.72 158.12 155.66 145.40 

30 157.36 156.15 154.84 144.10 
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Figure 66. Contact angle measurements of plasma-treated SH-coated AA 2024-T3 samples 

immersed in 3% 0.5M NaCl solution for 30 days. 

 

4.1.5 CA Results of Plasma-Treated SH-Coated AA 2024-T3 Samples Immersed in DI 

Water for 30 days 
 

The contact angles results of the plasma-treated SH-coated AA 2024-T3 samples 

immersed in DI water for 30 days are shown in Table 7. 

TABLE 7 

CONTACT ANGLE MEASUREMENTS OF FOUR BEST PLASMA-TREATED SH-COATED 

AA 2024-T3 SAMPLES IMMERSED IN DI WATER FOR 30 DAYS 
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Immersion 

Days 

8 min High 

Plasma 

8 min Medium 

Plasma 

4 min High 

Plasma 

4 min Medium 

Plasma 

0 171.82 171.62 168.09 167.09 

3 170.94 171.28 167.96 166.58 

6 171.16 171.33 167.02 166.19 

9 170.65 170.63 166.56 165.06 
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TABLE 7 (continued) 

 

As shown in Figure 67, the plasma-treated SH-coated AA 2024-T3 samples had little 

difference in contact angles as the immersion time in DI water was increased. These results 

indicate that the superhydrophobic coated surface was not affected by the DI water. From the 

results, the 8 minutes high and medium plasma-treated SH-coated AA 2024-T3 samples and 4 

minutes high and medium plasma-treated SH-coated AA 2024-T3 samples retained their 

superhydrophobic coated surfaces when immersed in DI water for 30 days. The contact angle 

value of the 8 minutes high plasma-treated SH-coated AA 2024-T3 sample at 0 days is 171.82° 

and after 30 days drops to 167.04°, which reflects that the contact angle dropped only 4° in 30 

days, which is minimal compared contact angle results of samples exposed to the aggressive 

NaCl solution.         

 

Immersion 

Days 

8 min High 

Plasma 

8 min Medium 

Plasma 

4 min High 

Plasma 

4 min Medium 

Plasma 

12 170.08 168.41 166.47 164.62 

15 168.31 168.02 165.77 163.88 

18 168.56 167.32 164.55 163.00 

21 168.46 166.95 165.31 161.31 

24 167.89 166.71 162.44 160.78 

27 167.23 167.05 162.37 160.56 

30 167.04 165.10 161.54 160.19 
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Figure 67. Contact angle measurements of four best plasma-treated SH-coated AA 2024-T3 

samples immersed in DI water for 30 days. 
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2024-T3 sample.       

 

155.00

157.00

159.00

161.00

163.00

165.00

167.00

169.00

171.00

173.00

175.00

0 5 10 15 20 25 30

C
o

n
ta

ct
 A

n
g
le

 (
d

eg
) 

Days 

Contact Angle Measurements of  Four Best Plasma-Treated SH-Coated  

AA 2024-T3 Samples Immersed in DI Water for 30 Days 

8 min high plasma 8 min medium plasma 4 min high plasma 4 min medium plasma



97 

 

Figure 68. Comparison of contact angle measurements of uncoated, SH-coated, and plasma-

treated SH-coated AA 2024-T3 samples. 
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Table 8 for four best plasma-treated SH-Coated AA 2024-T3 samples. Figure 69 shows Tafel 

curves for the four best plasma-treated SH-coated AA 2024-T3 samples. 

TABLE 8 

CORROSION RATE PARAMETERS OF FOUR BEST PLASMA-TREATED SH-COATED  

AA 2024-T3 SAMPLES 

 

Category CR (mpy) 𝐄𝐜𝐨𝐫𝐫 (V) 𝐈𝐜𝐨𝐫𝐫 (A) 

8 min High Plasma 9.534E-07 2.240 1.090E-11 

8 min Medium Plasma 1.712E-06 3.770 1.950E-11 

4 min High Plasma 2.261E-06 3.770 2.580E-11 

4 min Medium Plasma 8.033E-05 3.720 9.150E-10 

 

 

Figure 69. Tafel curves of four best plasma-treated SH-coated AA 2024-T3 samples. 
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4.2.2 PC Results of 8 Minutes High RF Level Plasma-Treated SH-Coated AA 2024-T3 

Samples Immersed in 3% 0.5M NaCl Solution for 30 Days 

 

PC results after the plasma-treated SH-coated AA 2024-T3 sample immersed in 3% 0.5M 

NaCl solution for 30 days clearly demonstrate that the 8 minutes high plasma-treated SH-coated 

AA 2024-T3 sample has the greatest corrosion performance at the beginning of the immersion 

time, which has a maximum corrosion rate of 4.492E-07 mpy was found 0 days of immersion in 

the 3% 0.5M NaCl solution, and 3.774E-03 mpy was found after 30 days of immersion. As the 

immersion time extends to 30 days, this sample rarely begins to lose their coating performance, 

which shows that there is no some degree of degradation in the coating materials, when 

immersed in 3% 0.5M NaCl solution for 30 days. Figure 70 shows the 8 minutes high plasma-

treated SH-coated AA 2024-T3 sample’s Tafel curve for the 30 days. Corrosion rates along with 

𝐸𝑐𝑜𝑟𝑟 and 𝐼𝑐𝑜𝑟𝑟 is obtained from Tafel curves are shown in Table 9 for the 8 minutes high 

plasma-treated SH-coated AA 2024-T3 sample immersed in 3% 0.5M NaCl solution for 30 days.  

 

Figure 70. Tafel curves of 8 minutes high plasma-treated SH-coated AA 2024-T3 samples 

immersed in 3% 0.5M NaCl solution for 30 days. 
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TABLE 9 

CORROSION RATE PARAMETERS OF 8 MIN HIGH PLASMA-TREATED SH-COATED 

AA 2024-T3 SAMPLES IMMERSED IN 3% 0.5M NACL SOLUTION FOR 30 DAYS 

 

Immersion Days CR (mpy) 𝐄𝐜𝐨𝐫𝐫 (V) 𝐈𝐜𝐨𝐫𝐫 (A) 

0 4.492E-07 1.900 5.120E-12 

3 9.336E-07 3.690 1.060E-11 

6 1.711E-06 3.770 1.950E-11 

9 2.449E-06 3.270 2.790E-11 

12 1.578E-05 3.720 1.800E-10 

15 4.050E-05 3.840 4.610E-10 

18 7.979E-05 3.720 9.090E-10 

21 1.672E-04 3.590 1.900E-09 

24 4.827E-04 4.320 5.500E-09 

27 3.103E-03 3.990 3.530E-08 

30 3.774E-03 4.020 4.300E-08 

4.2.3 PC Results of 8 Minutes Medium RF Level Plasma-Treated SH-Coated AA 2024-T3 

Samples Immersed in 3% 0.5M NaCl Solution for 30 Days 

 

PC results after the plasma-treated SH-coated AA 2024-T3 sample immersed in 3% 0.5M 

NaCl solution for 30 days clearly demonstrate that the 8 minutes medium plasma-treated SH-

coated AA 2024-T3 sample has the second highest corrosion performance with respect to the 

immersion time, which has a maximum corrosion rate of 8.747E-06 mpy was found 0 days of 

immersion in the 3% 0.5M NaCl solution, and 7.862E-03 mpy was found after 30 days of 

immersion. As the immersion time extends to 30 days, this sample initiates to lose their coating, 

which displays that there is some grade of delamination in the coating materials, when immersed 
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in 3% 0.5M NaCl solution for 30 days. Figure 71 shows the 8 minutes medium plasma-treated 

SH-coated AA 2024-T3 sample’s Tafel curve for the 30 days. Corrosion rates along with 𝐸𝑐𝑜𝑟𝑟 

and 𝐼𝑐𝑜𝑟𝑟 is obtained from Tafel curves are shown in Table 10 for the 8 minutes medium plasma-

treated SH-coated AA 2024-T3 sample immersed in 3% 0.5M NaCl solution for 30 days. 

 

Figure 71. Tafel curves of 8 minutes medium plasma-treated SH-coated AA 2024-T3 samples 

immersed in 3% 0.5M NaCl solution for 30 days. 
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TABLE 10 (continued) 

Immersion Days CR (mpy) 𝐄𝐜𝐨𝐫𝐫 (V) 𝐈𝐜𝐨𝐫𝐫 (A) 

6 1.056E-04 3.110 1.200E-09 

9 1.415E-04 3.140 1.610E-09 

12 1.581E-04 2.960 1.800E-09 

15 1.798E-04 3.720 2.050E-09 

18 8.578E-04 4.340 9.770E-09 

21 9.792E-04 3.320 1.120E-08 

24 2.255E-03 3.270 2.570E-08 

27 3.819E-03 3.090 4.350E-08 

30 7.862E-03 3.260 8.950E-08 

4.2.4 Corrosion Rate Behavior of Four Best Plasma-Treated SH-Coated AA 2024-T3 

Samples Immersed in 3% 0.5M NaCl Solution for 30 days 

 

The corrosion rate behavior of the 8 minutes high and medium plasma-treated, and 4 

minutes high and medium plasma-treated SH-coated AA 2024-T3 samples increased with 

immersion time in the 3% 0.5M NaCl solution. Figure 72 shows the corrosion rate behavior 

concerning immersion time. According to the Table 11, the corrosion rate rises slightly in the 8 

minutes medium plasma-treated SH-coated AA 2024-T3 sample compared to the 8 minutes high 

plasma-treated SH-coated AA 2024-T3 sample that have the same immersion period. 

Throughout the experiment, it was seen that the corrosion rate rarely increases with the 8 minutes 

high plasma-treated SH-coated AA 2024-T3 sample as the immersion time increases, but it was 

gradually steady in first 20 days of the experiment. Furthermore, the corrosion rate of the 8 

minutes high plasma-treated SH-coated AA 2024-T3 sample after immersion in the 3% 0.5M 
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NaCl solution did not rise as much as the corrosion rate of the 8 minutes medium plasma-treated 

SH-coated AA 2024-T3 sample, which directs that the corrosion resistivity of the 8 minutes high 

plasma-treated SH-coated AA 2024-T3 sample is better than the corrosion resistivity of the 8 

minutes medium plasma-treated SH-coated AA 2024-T3 sample, accordingly amassed the 

lifetime of the samples. 

 

Figure 72. Comparison of corrosion rates of four best plasma-treated SH-coated AA 2024-T3 

samples immersed in 3% 0.5M NaCl solution for 30 days. 
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TABLE 11 (continued) 

4.2.5 PC Results of 8 Minutes High RF Level Plasma-Treated SH-Coated AA 2024-T3 

Samples Immersed in DI Water for 30 Days 
 

PC results after the plasma-treated SH-coated AA 2024-T3 sample immersed in DI water 

for 30 days clearly demonstrate that the 8 minutes high plasma-treated SH-coated AA 2024-T3 

sample has the greatest corrosion performance at the beginning of the immersion time, which has 

a maximum corrosion rate of 2.802E-07 mpy was found 0 days of immersion in the 3% 0.5M 

NaCl solution, and 2.409E-04 mpy was found after 30 days of immersion. As the immersion 

time extends to 30 days, this sample nearly remains constant with their coating performance, 

which shows that there is no some degree of degradation in the coating materials, when 

immersed in DI water for 30 days. Figure 73 shows the 8 minutes high plasma-treated SH-coated 

AA 2024-T3 sample’s Tafel curve for the 30 days. For different corrosion currents, there are 

different corrosion potentials, which are obtained from the same Tafel curves. Corrosion rates 

Immersion 

Days 

8 min High 

Plasma 

8 min Medium 

Plasma 

4 min High 

Plasma 

4 min Medium 

Plasma 

6 1.711E-06 1.056E-04 9.569E-05 6.593E-04 

9 2.449E-06 1.415E-04 3.121E-04 7.188E-04 

12 1.578E-05 1.581E-04 9.111E-04 7.749E-04 

15 4.050E-05 1.798E-04 1.255E-03 9.845E-04 

18 7.979E-05 8.578E-04 2.970E-03 1.399E-03 

21 1.672E-04 9.792E-04 4.124E-03 1.439E-03 

24 4.827E-04 2.255E-03 4.722E-03 2.132E-03 

27 3.103E-03 3.819E-03 5.860E-03 2.638E-03 

30 3.774E-03 7.862E-03 8.647E-03 4.969E-03 
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along with 𝐸𝑐𝑜𝑟𝑟 and 𝐼𝑐𝑜𝑟𝑟 is obtained from Tafel curves are shown in Table 12 for the 8 minutes 

medium plasma-treated SH-coated AA 2024-T3 sample immersed in DI water for 30 days.  

 

Figure 73. Tafel curves of 8 minutes high plasma-treated SH-coated AA 2024-T3 samples 

immersed in DI water for 30 days. 

 

TABLE 12 

CORROSION RATE PARAMETERS OF 8 MINUTES HIGH PLASMA-TREATED  

SH-COATED AA 2024-T3 SAMPLES IMMERSED IN DI WATER FOR 30 DAYS 
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0 2.802E-07 1.950 3.190E-12 

3 4.023E-07 3.300 4.580E-12 

6 4.246E-06 3.560 4.840E-11 

9 5.097E-06 3.560 5.810E-11 

12 2.436E-05 3.120 2.770E-10 

15 8.579E-05 3.190 9.770E-10 
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TABLE 12 (continued) 

Immersion Days CR (mpy) 𝐄𝐜𝐨𝐫𝐫 (V) 𝐈𝐜𝐨𝐫𝐫 (A) 

18 9.515E-05 3.740 1.080E-09 

21 1.263E-04 3.490 1.440E-09 

24 1.798E-04 3.720 2.050E-09 

27 1.866E-04 4.140 2.130E-09 

30 2.409E-04 3.380 2.740E-09 

4.2.6 PC Results of 8 Minutes Medium RF Level Plasma-Treated SH-Coated AA 2024-T3 

Samples Immersed in DI Water for 30 days 
 

PC results after the plasma-treated SH-coated AA 2024-T3 sample immersed in DI water 

for 30 days clearly demonstrate that the 8 minutes medium plasma-treated SH-coated AA 2024-

T3 sample has the second highest corrosion rate with respect to the immersion time, which has a 

maximum corrosion rate of 2.804E-06 mpy was found 0 days of immersion in the 3% 0.5M 

NaCl solution, and 8.919E-04 mpy was found after 30 days of immersion. As the immersion 

time extends to 30 days, this sample initiates to lose few of their coating properties, but not same 

as NaCl solution, when immersed in DI water for 30 days. Figure 74 shows the 8 minutes 

medium plasma-treated SH-coated AA 2024-T3 sample’s Tafel curve for the 30 days. The shape 

of the curve is altered than the NaCl solution’s Tafel curve because immersion in DI water 

displays a meager corrosion rate compared to NaCl solution.  For different corrosion currents, 

there are different corrosion potentials, which are obtained from the same Tafel curves. 

Corrosion rates along with 𝐸𝑐𝑜𝑟𝑟 and 𝐼𝑐𝑜𝑟𝑟 is obtained from Tafel curves are shown in Table 13 

for the 8 minutes medium plasma-treated SH-coated AA 2024-T3 sample immersed in DI water 

for 30 days. 
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Figure 74. Tafel curves of 8 minutes medium plasma-treated SH-coated AA 2024-T3 samples 

immersed in DI water for 30 days. 

 

TABLE 13 

CORROSION RATE PARAMETERS OF 8 MINUTES MEDIUM PLASMA-TREATED  

SH-COATED AA 2024-T3 SAMPLES IMMERSED IN DI WATER FOR 30 DAYS 

 

Immersion Days CR (mpy) 𝐄𝐜𝐨𝐫𝐫 (V) 𝐈𝐜𝐨𝐫𝐫 (A) 

0 2.804E-06 3.300 3.190E-11 

3 3.852E-06 3.560 4.390E-11 

6 7.603E-06 3.240 8.660E-11 

9 4.830E-06 3.780 5.500E-11 

12 1.777E-05 3.410 2.020E-10 

15 7.564E-05 3.730 8.610E-10 
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TABLE 13 (continued) 

Immersion Days CR (mpy) 𝐄𝐜𝐨𝐫𝐫 (V) 𝐈𝐜𝐨𝐫𝐫 (A) 

18 2.126E-04 3.800 2.420E-09 

21 4.297E-04 4.140 4.890E-09 

24 5.896E-04 3.790 6.720E-09 

27 6.824E-04 3.870 7.770E-09 

30 8.919E-04 4.500 1.020E-08 

4.2.7 Corrosion Rate Behavior of Four Best Plasma-Treated SH-Coated AA 2024-T3 

Samples Immersed in DI Water for 30 days 
 

The corrosion rate behavior of the 8 minutes high and medium plasma-treated, and 4 

minutes high and medium plasma-treated SH-coated AA 2024-T3 samples increased with 

immersion time in the DI water. Figure 75 shows the corrosion rate behavior in detail to 

immersion phase in the DI water. According to the Table 14, the corrosion rate develops steadily 

after ten days of immersion; the corrosion rate roughly stays constant in the 8 minutes medium 

plasma-treated SH-coated AA 2024-T3 sample compared to the 8 minutes high plasma-treated 

SH-coated AA 2024-T3 sample that have the same immersion period. Throughout the 

experiment, it was seen that the corrosion rate remains constant with the 8 minutes high plasma-

treated SH-coated AA 2024-T3 sample as the immersion time increases. This is endorsed to that 

the higher corrosion resistivity of the 8 minutes high plasma-treated SH-coated AA 2024-T3 

sample, also with detail to immersion time in DI water. All these corrosion rates of plasma-

treated SH-coated AA 2024-T3 samples immersed in DI water, are low compared to immersed in 

NaCl solution, which is anticipated due to the molarity of the NaCl solution.   
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Figure 75. Comparison of corrosion rates of four best plasma-treated SH-coated AA 2024-T3 

samples immersed in DI water for 30 days. 

 

TABLE 14 

CORROSION RATES OF FOUR BEST PLASMA-TREATED SH-COATED AA 2024-T3 

SAMPLES IMMERSED IN DI WATER FOR 30 DAYS 
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0 1.043E-06 5.707E-06 2.802E-07 2.804E-06 

3 5.355E-06 2.472E-05 4.023E-07 3.852E-06 

6 4.421E-06 4.166E-05 4.246E-06 7.603E-06 

9 8.033E-05 9.238E-05 5.097E-06 4.830E-06 

12 1.062E-04 1.291E-04 2.436E-05 1.777E-05 

15 1.336E-04 5.055E-04 8.579E-05 7.564E-05 

18 2.952E-04 5.663E-04 9.515E-05 2.126E-04 
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TABLE 14 (continued) 

4.2.8 Comparison of PC Results of Uncoated, SH-Coated, and Plasma-Treated SH-Coated 

AA 2024-T3 Samples 
 

The PC results comparison of uncoated, SH-coated, and plasma-treated SH-coated AA 

2024-T3 samples are shown in Figure 76.  

 

Figure 76. Tafel curves of uncoated, SH-coated, and plasma-treated SH-coated  

AA 2024-T3 samples. 
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21 3.801E-04 7.749E-04 1.263E-04 4.297E-04 

24 1.757E-03 1.725E-03 1.798E-04 5.896E-04 

27 2.570E-03 3.337E-03 1.866E-04 6.824E-04 

30 3.375E-03 5.326E-03 2.409E-04 8.919E-04 
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The Table 15 shows that plasma-treated SH-coated AA 2024-T3 samples have the 

maximum corrosion rate results compared to SH-coated, and uncoated AA 2024-T3 samples, this 

is the primary outcome accepted in this study. The plasma-treated SH-coated AA 2024-T3 

samples replicate the best corrosion rate result of 5.551E-06 mpy; it is nearly 0.0001 mpy lower 

than the formal company based SH-coated AA 2024-T3 sample, and 0.00001 mpy lower than the 

uncoated AA 2024-T3 sample.      

TABLE 15 

COMPARISON OF CORROSION RATE PARAMETERS OF UNCOATED, SH-COATED, 

AND PLASMA-TREATED SH-COATED AA 2024-T3 SAMPLES  

 

Category CR (mpy) 𝐄𝐜𝐨𝐫𝐫 (V) 𝐈𝐜𝐨𝐫𝐫 (A) 

Uncoated 9.540E+00 2.750 3.390E-03 

SH-Coated 1.916E-02 3.820 2.180E-07 

Plasma-Coated 5.551E-06 3.090 6.320E-10 

4.3 Electrochemical Analysis Using Electrochemical Impedance Spectroscopy 

For the EIS tests, the prepared 3% 0.5M NaCl solution was used. The potential is 

relatively low to avoid any damage to the film surface. The impedance data were collected at the 

open-circuit potential on specimens held in the 3% 0.5 M NaCl solution for various periods of 

time. It is expected that the EIS scans of the coated specimens give higher values of polarization 

resistance and lower values of double layer capacitance than for the uncoated specimens given 

the lower dielectric properties of the organic coating materials. The EIS data were analyzed by 

using an electrical circuit element called Randles cell circuit, which fits the experimental 

impedance data received from EIS measurements to the electronic-circuit models.  
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4.3.1 EIS Results of Four Best Plasma-Treated SH-Coated AA 2024-T3 Samples 

EIS results of the best four plasma-treated SH-coated aluminum samples, as shown in 

Figures 77 and 78, indicate similar styles of Nyquist and Bode plots, respectively, for different 

immersion time periods to attain the corrosion parameters that were assigned from the Randles 

cell circuit. Randles cell parameters’ values obtained from the Nyquist plot and Bode plot are 

shown in Table 16. It is obtained that from the EIS scans of the 8 minutes high plasma-treated 

SH-coated AA 2024-T3 sample give higher values of polarization resistance and lower values of 

double layer capacitance, as expected, and the 8 minutes high plasma-treated SH-coated AA 

2024-T3 sample remains second in this electrochemical analysis. This indicates that data were 

more reliable to explain corrosion properties.  

 

Figure 77. Nyquist plots of four best plasma-treated SH-coated AA 2024-T3 samples. 
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Figure 78. Bode plots of plasma-treated SH-coated AA 2024-T3 samples. 

TABLE 16 

RANDLES CELL PARAMETERS OF FOUR BEST PLASMA-TREATED SH-COATED  

AA 2024-T3 SAMPLES 

 

Category Rp (ohm) Ru (ohm) Cdl (F) 

4 min High Plasma 3.66E+09 0.00E+00 2.32E-10 

4 min Medium Plasma 3.27E+09 0.00E+00 2.52E-10 

8 min High Plasma 3.86E+09 0.00E+00 2.21E-10 

8 min Medium Plasma 3.75E+09 0.00E+00 2.22E-10 
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Sample Immersed in 3% 0.5M NaCl Solution for 30 days 
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treated SH-coated AA 2024-T3 samples have the highest corrosion performance at the beginning 

of the immersion time as shown in Figure 79 and 80. Using the Randles cell circuit as the electric 

circuit element, polarization resistance, solution resistance, and double layer capacitance value 

obtained from the Nyquist plot and Bode plot are shown in Table 17. The dependence of 

imaginary impedance on frequency reveals that the 8 minutes high plasma-treated SH-coated AA 

2024-T3 sample exhibits the highest values of real impedance. It is believed that the modulus of 

real impedance decreases as the time of immersion in the aggressive solution increases due to the 

loss of the protective properties of the coatings. It looks like that the polarization resistance is 

7.50E+09 ohm in 0 days as the 8 minutes high plasma-treated SH-coated AA 2024-T3 sample 

immersed in 3% 0.5M NaCl solution and decreased up to a value of only 1.86E+05 ohm after 30 

days, and the double layer capacitance increases with respect to immersion time in the 3% 0.5M 

NaCl solution.  

 

Figure 79. Nyquist plots of 8 minutes high plasma-treated SH-coated AA 2024-T3 samples 

immersed in 3% 0.5M NaCl solution for 30 days. 
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Figure 80. Bode plots of 8 minutes high plasma-treated SH-coated AA 2024-T3 samples 

immersed in 3% 0.5M NaCl solution for 30 days. 

 

TABLE 17 

RANDLES CELL PARAMETERS OF 8 MINUTES HIGH PLASMA-TREATED SH-COATED 

AA 2024-T3 SAMPLES IMMERSED IN 3% 0.5M NACL SOLUTION FOR 30 DAYS 

 

Immersion Days Rp (ohm) Rs (ohm) Cdl (F) 
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TABLE 17 (continued) 

Immersion Days Rp (ohm) Rs (ohm) Cdl (F) 

15 1.01E+08 8.00E+00 3.39E-10 

18 5.96E+07 2.12E-02 2.64E-10 

21 2.49E+07 1.58E-01 2.62E-10 

24 7.81E+06 8.27E-01 2.73E-10 

27 2.50E+06 4.15E-01 2.48E-10 

30 1.86E+05 6.44E-03 3.63E-10 

4.3.3 EIS Results of 8 Minutes Medium RF Level Plasma-Treated SH-Coated AA 2024-

T3 Sample Immersed in 3% 0.5M NaCl Solution for 30 days 

 

EIS results of the 8 minutes medium plasma-treated SH-coated AA 2024-T3 sample 

immersed in 3% 0.5M NaCl solution for 30 days show this sample has the second highest 

corrosion performance at the beginning of the immersion time after the 8 minutes high plasma-

treated SH-coated AA 2024-T3 sample. Using the Randles cell circuit as the electric circuit 

element, polarization resistance, solution resistance, and double layer capacitance value obtained 

from the Nyquist plot and Bode plot are shown in Table 18 for the 8 minutes medium plasma-

treated SH-coated AA 2024-T3 sample. Figure 80 and 81 show the Nyquist plot and Bode plot 

for the 8 minutes medium plasma-treated SH-coated AA 2024-T3 sample immersed in 3% 0.5 M 

NaCl solution for 30 days respectively. 

 

 

 

 



117 

TABLE 18 

RANDLES CELL PARAMETERS OF 8 MINUTES MEDIUM PLASMA-TREATED SH-

COATED AA 2024-T3 SAMPLES IMMERSED IN 3% 0.5M NACL SOLUTION  

FOR 30 DAYS 

 

Immersion Days Rp (ohm) Rs (ohm) Cdl (F) 

0 3.86E+09 0.00E+00 2.21E-10 

3 3.75E+09 0.00E+00 2.22E-10 

6 3.08E+09 0.00E+00 1.98E-10 

9 1.59E+09 2.80E+00 2.39E-10 

12 1.06E+09 1.96E+00 2.39E-10 

15 9.61E+08 2.97E-01 2.12E-10 

18 5.24E+08 8.27E+00 2.39E-10 

21 3.36E+07 0.00E+00 2.52E-10 

24 7.35E+06 3.22E-01 2.05E-10 

27 7.44E+05 6.72E-02 1.43E-10 

30 1.55E+05 6.93E-03 3.62E-10 

 

 

Figure 81. Nyquist plots of 8 minutes medium plasma-treated SH-coated AA 2024-T3 samples 

immersed in 3% 0.5M NaCl solution for 30 days. 
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Figure 82. Bode plots of 8 minutes medium plasma-treated SH-coated AA 2024-T3 samples 

immersed in 3% 0.5M NaCl solution for 30 days. 
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and Bode plot for the 8 minutes high plasma-treated SH-coated AA 2024-T3 sample immersed in 

DI water for 30 days respectively. Using the Randles cell circuit as the electric circuit element, 

polarization resistance, solution resistance, and double layer capacitance value obtained from the 

Nyquist plot and Bode plot are shown in Table 19. 

 

Figure 83. Nyquist plots of 8 minutes high plasma-treated SH-coated AA 2024-T3 samples 

immersed in DI water for 30 days. 
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Figure 84. Bode plots of 8 minutes high plasma-treated SH-coated AA 2024-T3 samples 

immersed in DI water for 30 days. 
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TABLE 19 (continued) 

Immersion Days Rp (ohm) Rs (ohm) Cdl (F) 

15 2.08E+09 1.79E+00 2.39E-10 

18 1.06E+09 1.96E+00 2.39E-10 

21 9.61E+08 2.97E-01 2.12E-10 

24 6.08E+08 0.00E+00 3.18E-10 

27 3.34E+08 3.86E-01 2.15E-10 

30 5.96E+07 2.12E-02 2.64E-10 

4.3.5 EIS Results of 8 Minutes Medium RF Level Plasma-Treated SH-Coated AA 2024-

T3 Sample Immersed in DI Water for 30 days 
 

EIS results of the 8 minutes medium plasma-treated SH-coated AA 2024-T3 sample 

immersed in DI water for 30 days show this sample has the second highest corrosion parameters 

at the beginning of the immersion time after the 8 minutes high plasma-treated SH-coated AA 

2024-T3 sample. According to Table 20, there is no much significant difference between the 8 

minutes high and medium plasma-treated SH-coated AA 2024-T3 samples immersed in DI water 

for 30 days. Figure 85 and 86 show the Nyquist plot and Bode plot for the 8 minutes medium 

plasma-treated SH-coated AA 2024-T3 sample immersed in DI water for 30 days respectively. It 

appears that the polarization resistance is 3.86E+09 ohm in 0 days as the 8 minutes medium 

plasma-treated SH-coated AA 2024-T3 sample immersed in DI water and decreased up to a 

value of only 7.96E+06 ohm after 30 days, and the double layer capacitance also increases by the 

immersion time increases in the DI water. 
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TABLE 20 

RANDLES CELL PARAMETERS OF 8 MINUTES MEDIUM PLASMA-TREATED SH-

COATED AA 2024-T3 SAMPLES IMMERSED IN DI WATER FOR 30 DAYS 

 

Immersion Days Rp (ohm) Rs (ohm) Cdl (F) 

0 3.86E+09 0.00E+00 2.21E-10 

3 3.86E+09 0.00E+00 2.49E-10 

6 2.41E+09 4.24E+00 2.39E-10 

9 1.59E+09 2.80E+00 2.39E-10 

12 8.36E+08 7.36E-01 2.12E-10 

15 4.19E+08 1.31E-01 2.12E-10 

18 3.34E+08 3.86E-01 2.15E-10 

21 6.26E+07 1.55E-02 2.65E-10 

24 5.96E+07 2.12E-02 2.64E-10 

27 4.47E+07 0.00E+00 2.35E-10 

30 7.96E+06 3.10E-01 2.07E-10 

 

 

Figure 85. Nyquist plots of 8 minutes medium plasma-treated SH-coated AA 2024-T3 samples 

immersed in DI water for 30 days. 
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Figure 86. Bode plots of 8 minutes medium plasma-treated SH-coated AA 2024-T3 samples 

immersed in DI water for 30 days. 
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coated, and plasma-treated SH-coated AA 2024-T3 samples in Bode plot. The plasma-treated 

SH-coated AA 2024-T3 sample produces the best polarization resistance result of 3.753E+09 

ohms; it is nearly 10000 ohm higher than the formal company based SH-coated AA 2024-T3 

sample.    

TABLE 21 

COMPARISON OF RANDLES CELL PARAMETERS OF UNCOATED, SH-COATED,  

AND PLASMA-TREATED SH-COATED AA 2024-T3 SAMPLES  

 

Category Rp (ohm) Rs (ohm) Cdl (F) 

Uncoated 1.251E+01 1.706E-05 1.752E-07 

SH Coated 1.950E+05 1.144E-01 1.523E-10 

Plasma Coated 3.753E+09 0.000E+00 2.224E-10 

 

 

Figure 87. Comparison of Nyquist plots of uncoated, SH-coated, and plasma-treated  

SH-coated AA 2024-T3 samples. 
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Figure 88. Comparison of Bode plots of uncoated, SH-coated, and plasma-treated SH-coated  

AA 2024-T3 samples. 
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Figure 89. FTIR spectra analysis of the plasma-treated SH-coated AA 2024-T3 samples, and only 

SH-coated sample for 0 days. 

 

 

Figure 90. FTIR spectra analysis of plasma-treated SH-coated AA 2024-T3 samples  

after 30 days. 
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 FTIR spectra analysis suggested that the 8 minutes high plasma-treated SH-coated AA 

2024-T3 sample gave the best results for prevention from corrosion effects of 3% 0.5M NaCl 

solution. When initially at 0 days’ results are compared to 30 days’ results after the samples were 

immersed in 3% 0.5M NaCl solution, it can clearly be seen that most of the functional groups 

were vanished after 30 days of immersing in 3% 0.5M NaCl solution. However, the 8 minutes 

high plasma-treated SH-coated AA 2024-T3 sample was seen to keep more of the functional 

groups at the end of 30 days. This suggests that longer the plasma treatment at higher RF level 

provided stronger bonds between the substrate and the top coating. Due to these obtained results, 

this sample was thought to be a better candidate for further applications. 

4.5 Vickers Micro Hardness Number Measurement of Plasma-Treated SH-Coated AA 

2024-T3 Samples 
 

Vickers Micro Hardness test was achieved to check whether the plasma-treated SH-

coated AA 2024 – T3 samples are mechanically stable. The technique, plasma surface cleaning 

treatment is not changing the plasma-treated SH-coated AA 2024 – T3 samples’ mechanical 

properties. In this experiment, the Vickers microhardness number of the 8 minutes high, and 

medium plasma-treated SH-coated AA 2024 – T3 samples were obtained and compared that with 

uncoated AA 2024-T3 sample. Vickers microhardness number obtained five times, average and 

standard deviations were evaluated as shown in Table 22. There is a slight deviation between the 

Vickers microhardness number values. Figure 91 shows the bar chart shows that the plasma-

treated SH-coated AA 2024 – T3 samples’ mechanical properties are not changing due to plasma 

surface cleaning treatment.   

 

 

 



128 

TABLE 22 

VICKERS MICROHARDNESS TEST RESULTS OF UNCOATED AND PLASMA-TREATED 

SH-COATED AA 2024-T3 SAMPLES  

 

Plasma-Treated SH-Coated 

Aluminum 

1st 

Reading 

2nd 

Reading 

3rd 

Reading 

4th 

Reading 

5th 

Reading 
Average 

8 min High Plasma 143.2 145.2 138.2 139.5 142.3 141.7 

8 min Medium Plasma 142.5 139.4 138.4 141.2 134.3 139.2 

Uncoated Aluminum 139.4 142.3 136.5 137.2 135.2 138.1 

 

 

Figure 91. Vickers microhardness test results of uncoated and plasma-treated SH-coated  

AA 2024-T3 samples. 
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was placed on top of it. Super-cooled water was important as the role of gum by sticking the ice 

cube to the aluminum sample. However, the 8 minutes high plasma-treated SH-coated AA 2024-

T3 sample was chosen for this test, due to the significant results in the contact angle 

measurements, corrosion rates and all. The deicing test was performed using ice cubes and an air 

blower test at different surface angles (0°, 5°, 10°, and 20°).  

4.6.1 Sliding Angle and Contact Angle Results of 8 Minutes Plasma-Treated SH-Coated 

AA 2024-T3 Sample after Deicing Test 
 

Ice was formed on the 8 minutes plasma-treated SH-coated AA 2024-T3 sample, as 

mentioned previously in section 3.2, and then the test was completed. First, the ice started sliding 

about 19.4°, and the angle improved as the number of times the experiment was executed was 

increased. As it kept increasing, after the tenth time even the ice slide from the surface as the 

sliding angle of the surface increased and the adhesion between the aluminum surface and the ice 

was weak, as anticipated. The sliding angle for the 8 minutes plasma-treated SH-coated AA 

2024-T3 sample is shown in Figure 92. 

 As the experiment was implemented, the contact angle started decreasing slightly with 

the increase in number of times the deicing test was completed, as shown in Figure 93. The 

property of the aluminum surface is being superhydrophobic surface, where it can be seen that 

the contact angle increased above 150°. The SH property decreased as the experiment was 

completed. 
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Figure 92. Sliding angle measurements of 8 minutes high plasma-treated SH-coated  

AA 2024-T3 sample after deicing test. 

 

 

Figure 93. Contact angle measurements of 8 minutes high plasma-treated SH-coated  

AA 2024-T3 sample after deicing test. 
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4.6.2 Air Blower Test on 8 Minutes Plasma-Treated SH-Coated AA 2024-T3 Sample with 

Ice Cube 
 

As air was blown on top of the 8 minutes plasma-treated SH-coated AA 2024-T3 sample 

with the ice cube on top, it took just one second subsequently the electric air blower was turned 

on to remove the ice from the aluminum sample. The similar procedure was tried numerous 

times and the time results continued the identical. The contact angle of the 8 minutes plasma-

treated SH-coated AA 2024-T3 sample was recorded after every test. Figure 94 shows that the 

superhydrophobic properties of the aluminum sample drop slightly, decreasing its contact angle. 

Although the decreasing rate of the contact angle was steady, it remained with its 

superhydrophobic properties after ten tests.  

 

Figure 94. Contact angle measurements of 8 minutes high plasma-treated SH-coated  

AA 2024-T3 sample after air blower test. 
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4.6.3 Air Blower Test on 8 Minutes Plasma-Treated SH-Coated AA 2024-T3 Sample with 

Ice Cubes on Surface at Different Angles (0°, 5°, 10°, and 20°). 
 

As air was blown on top of the 8 minutes plasma-treated SH-coated AA 2024-T3 sample 

with the ice cube on top, and then the air blower test was directed. The aluminum sample stayed 

fixed to the ground, and air was blown on the aluminum sample surface keeping the air blower at 

a 45° angle. The air blower applies the air velocity of 55.25 m/s. Then the 8 minutes plasma-

treated SH-coated AA 2024-T3 sample was fixed with the ground at angles of 5°, 10°, and 20°, 

and over again air was blown onto the aluminum sample. Table 23 shows that the time necessary 

for the blown air to eliminate the ice cube on the aluminum sample was instantaneous. It can be 

observed that if the aluminum sample is placed at 0°, the time necessary to blow ice is one 

second, but as the tilted angle was increased, the time necessary to blow ice off the aluminum 

sample diminished. At angles of 5°, 10°, and 20°, ice was blown away immediately when the 

blower was activated.  

TABLE 23 

TIME REQUIRED FOR REMOVAL OF ICE FORMED FROM 8 MINUTES HIGH PLASMA-

TREATED SH-COATED AA 2024-T3 SAMPLES 

 

0° Angle of Plasma-

Treated Al 

5° Angle of Plasma-

Treated Al 

10° Angle of Plasma-

Treated Al 

20° Angle of Plasma-

Treated Al 

1 sec Immediate Immediate Immediate 

1 sec Immediate Immediate Immediate 

1 sec Immediate Immediate Immediate 

1 sec Immediate Immediate Immediate 

1 sec Immediate Immediate Immediate 
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The contact angle results of the 8 minutes plasma-treated SH-coated AA 2024-T3 sample 

were documented after every test. Figure 95 shows that the superhydrophobic properties of the 

aluminum sample decreased slightly. Although the decreasing rate of the contact angle was 

steady, it remained with its superhydrophobic properties after five tests. 

 

Figure 95. Contact angle measurements of 8 minutes high plasma-treated SH-coated  

AA 2024-T3 sample after air blower test at different tilted angles. 
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TABLE 24 

SELF CLEANING RESULTS OF UNCOATED AND PLASMA-TREATED SH-COATED  

AA 2024-T3 SAMPLES 

 

Plasma-Treated SH Coated 

Aluminum 
5° 10° 20° 40° 60° 

8 min High Plasma 5 5 4 3 1 

8 min Medium Plasma 7 6 5 3 2 

Uncoated Aluminum 15 13 10 8 6 

 

 

Figure 96. Self-cleaning results of uncoated and plasma-treated SH-coated AA 2024-T3 samples. 
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changes. However, the 8 minutes high plasma-treated SH-coated AA 2024-T3 sample did not 

show significant in central or edge blisters, holes, or color changes and appeared to be in 

excellent conditions as compared to the other samples. 

4.8.1    Contact Angle Measurement of Four Best Plasma-Treated SH-Coated AA 2024-T3 

Samples after Salt Soaking Test 
 

Contact angles results of the plasma-treated SH-coated AA 2024-T3 samples after the salt 

soaking test was measured and the results indicate that the 8 minutes high plasma-treated SH-

coated AA 2024-T3 sample’s surface remains superhydrophobic, even after 90 days of 

immersion in 3% 0.5M NaCl solutions. The contact angle of the 8 minutes high plasma-treated 

SH-coated AA 2024-T3 sample after the salt soaking test is 155.16°. The contact angle of the 4 

minutes medium plasma-treated SH-coated AA 2024-T3 sample after the salt soaking test is 

143.16°, which indicates that surface becomes hydrophobic surface after 90 days inside the 3% 

0.5M NaCl solution. From this, the use of plasma surface cleaning treatment for a long time can 

give a better solution for superhydrophobicity. The contact angle measurements of the plasma-

treated SH-coated AA 2024-T3 samples after salt soaking test are shown in Figure 97.  

 

Figure 97. Comparison of contact angle measurements of four best plasma-treated SH-coated 

AA 2024-T3 samples after salt soaking test. 
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4.8.2    Polarization Curves of Four Best Plasma-Treated SH-Coated AA 2024-T3 Samples 

after Salt Soaking Test 

 

PC results of the plasma-treated SH-coated AA 2024-T3 samples after salt soaking test 

shows the greatest effect of plasma surface cleaning treatment on preventing corrosion. From the 

results, the 8 minutes high plasma-treated SH-coated AA 2024-T3 sample has the greatest 

corrosion rate value, even after 90 days of immersion in 3% 0.5M NaCl solution. The corrosion 

rate of the 8 minutes high plasma-treated SH-coated AA 2024-T3 sample after the salt soaking 

test is 1.804E-02 mpy. Corrosion rates along with 𝐸𝑐𝑜𝑟𝑟 and 𝐼𝑐𝑜𝑟𝑟 is obtained from Tafel curves 

are shown in Table 25 for the plasma-treated SH-coated AA 2024-T3 samples after salt soaking 

test. Figure 98 shows the plasma-treated SH-coated AA 2024-T3 samples’ Tafel curve after salt 

soaking test.  

TABLE 25 

CORROSION RATE PARAMETERS OF FOUR BEST PLASMA-TREATED SH-COATED 

AA 2024-T3 SAMPLES AFTER SALT SOAKING TEST 

 

Category CR (mpy) 𝐄𝐜𝐨𝐫𝐫 (V) 𝐈𝐜𝐨𝐫𝐫 (A) 

8 min High Plasma 1.804E-02 3.570 2.050E-08 

8 min Medium Plasma 2.928E-02 4.090 3.330E-07 

4 min High Plasma 4.671E-02 3.300 5.320E-06 

4 min Medium Plasma 5.565E-02 2.740 6.340E-06 
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Figure 98. Comparison of Tafel curves of four best plasma-treated SH-coated AA 2024-T3 

samples after salt soaking test. 
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Figure 99. Comparison of Nyquist plots of four best plasma-treated SH-coated AA 2024-T3 

samples after salt soaking test. 

 

 

Figure 100. Comparison of Bode plots of four best plasma-treated SH-coated AA 2024-T3 

samples after salt soaking test. 
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TABLE 26 

RANDLES CELL PARAMETERS OF FOUR BEST PLASMA-TREATED SH-COATED  

AA 2024-T3 SAMPLES AFTER SALT SOAKING TEST 

 

Category Rp (ohm) Ru (ohm) Cdl (F) 

4 min High Plasma 1.96E+04 3.17E-03 8.19E-10 

4 min Medium Plasma 1.54E+04 2.93E-04 5.08E-10 

8 min High Plasma 2.12E+05 7.13E-03 1.95E-10 

8 min Medium Plasma 1.03E+05 2.86E-03 3.08E-10 

4.9 Freezing Time Test of Plasma-Treated SH-Coated AA 2024-T3 Samples 

A droplet of DI water was placed on both the uncoated and 8 minutes plasma-treated SH-

coated AA 2024-T3 samples, as shown in Figure 101. Then, both samples were placed in a 

freezer for 30 minutes. The water droplet on the uncoated AA 2024-T3 sample froze faster than 

the water droplet on the 8 minutes plasma-treated SH-coated AA 2024-T3 sample, which 

eliminated the ice drop more quickly than the uncoated sample. The frozen water droplets are 

shown in Figure 102. 

 

Figure 101. Water droplet on plasma-treated SH-coated AA 2024-T3 sample (left)  

and uncoated AA 2024-T3 sample (right). 
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Figure 102. Frozen water droplet on plasma-treated SH-coated AA 2024-T3 sample (left)  

and uncoated AA 2024-T3 sample (right). 

 

4.10 Super-Cooled Water Test of Plasma-Treated SH-Coated AA 2024-T3 Samples 

Chilled super-cooled water was dropped on both the 8 minutes plasma-treated SH-coated 

AA 2024-T3 sample and uncoated AA 2024-T3 sample as shown in Figure 103. When super-

cooled water is poured down on the 8 minutes plasma-treated SH-coated AA 2024-T3 sample, 

there was no realization of ice on the surface. However, on uncoated AA 2024-T3 sample, some 

ice flakes shaped on the surface as super-cooled water was dropped through it. Super-cooled 

water spontaneously changes its state from liquid to solid when it originates the interaction 

through the flat, smooth surface. On the 8 minutes, plasma-treated SH-coated AA 2024-T3 

sample, the surface roughness is high, and it does not permit ice to form on the surface when 

super-cooled water was dropped on it. 
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Figure 103. Super-cooled water test on plasma-treated SH-coated AA 2024-T3 sample (left)  

and uncoated AA 2024-T3 sample (right). 
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CHAPTER 5 

CONCLUSIONS 

 This research study showed that the plasma surface cleaning treatment plays a significant 

role in preventing corrosion highly robust superhydrophobic coatings on the decided material, in 

this case Aluminum 2024-T3 alloy. The plasma surface cleaning treatment of the Aluminum 

2024-T3 alloy served as corrosion protection of the bare metal, forming robust physical or 

chemical bonds on the substrate, stopping delamination of the coating system, and increasing the 

adhesiveness between the substrate and the top coat. 

 This study mainly focused on superhydrophobicity, wettability, and corrosion prevention 

using the plasma surface cleaning technique, effects of the mechanical properties on the 

Aluminum 2024-T3 alloy after coating, the self-cleaning mechanism, the significance of self-

cleaning mechanism on tilted surfaces, and deicing properties of the superhydrophic-coated 

surfaces. 

 In this research, Aluminum 2024-T3 alloy was treated with plasma, coated with a 

superhydrophobic coating, and heat treated a highly robust superhydrophobic coating on the 

metal surface. The tape adhesive test showed that the contact angle started to decrease slightly 

with each peel test. However, this rate of reduction was minimum. This test also clearly showed 

how highly robust the metal surface was with the superhydrophobic coating for a longer period 

of time. After the samples were immersed in 3% 0.5M NaCl solution for 30 days, the samples 

showed a slight decrease in contact angle. As the immersion days were increased, the contact 

angles slowly decreased.  

 The electrochemical results in this study showed that the corrosion rates of the plasma-

treated SH-coated AA 2024-T3 samples were undesirably low and increased with the increase in 
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immersion time in the NaCl solution. The corrosion rate of the 8 minutes high plasma-treated 

SH-coated samples did not increase as much as when the immersion time in the NaCl solution 

was increased. Under the conditions of exposure studied, this alloy suffered from pitting 

corrosion that took place around the intermetallic particles existing in the alloy. It was observed 

that the plasma surface cleaning method increased the adhesiveness between the substrate and 

the top coat, which caused the surface to remain superhydrophobic coated for a long period of 

time. This also reduced the corrosion rate, which has a double effect on the surface. 

 The Vickers microhardness test showed that the mechanical properties of the surface did 

not change as a result of the plasma surface cleaning treatment. The Vickers microhardness 

number remained constant in this study. This study also demonstrated that the more the surface is 

tilted, the less time it takes water to self-clean the surface. Deicing observations showed that ice 

that is formed on the plasma-treated SH-coated AA 2024-T3 samples can be removed easily 

using an air blower by placing the material at an angle. Notably, this type of surface does not 

allow ice to stay on the surface, which was proven by the freezing time test and the super-cooled 

water test.  

 In conclusion, it can be said that the techniques used in this study are simple and easy, 

but this plasma surface cleaning treatment can help the Aluminum 2024-T3 alloy to highly 

robust superhydrophobic coating, which is advantageous for corrosion, deicing, and self-

cleaning.  

  



144 

CHAPTER 6 

FUTURE WORK 

Corrosion is a continuously significant problem in the world. Plasma surface cleaning 

treatment has emerged as a probable solution to this concern. Using plasma surface cleaning 

treatment to form a superhydrophobic coating on the metal surface can be one reliable solution to 

corrosion. Based on the results of this study, some supplementary work that might be completed 

in this field are the following: 

 Use additional nanoparticles to create a strong bonding between the top coat and 

substrate.  

 Apply the same technique to check validity with lightning strikes.  

 Conduct more tests on plasma-treated SH-coated AA2024-T3 samples to check for 

durability and reliability. 

 Use plasma surface cleaning treatment for 12 minutes and 16 minutes.  

 Explore the corrosion parameter with steel, zinc, and iron. 

 Perform the cross-cut test and x-cut test. 

 Work on creating a unique bottom coat and top coat using a significant amount of 

nanoparticles. 

 Perform a study based on corrosion rates using extended immersion times in the NaCl 

solution. 

 Use already-coated metal that is frequently applied in aircraft, apply the same technique 

on the surface, and check the corrosion properties. 
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