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ABSTRACT 

This research focuses on understanding the different mechanisms underlying the 

performance of two epoxy-based coatings applied on different substrates. 

The magnesium-rich coatings applied to aluminum 7075 T6 work aims to use 

electrochemical methods, such as open circuit potential and electrochemical impedance 

spectroscopy (EIS) to characterize the real-time performance of a magnesium-rich epoxy coating 

primer (MgRP) varying in magnesium content and exposed to a neutral buffer solution. The 

magnesium-rich primer (MgRP) illustrates the evolution of the sacrificial and barrier effects with 

different amounts of Mg particles and carbon nanotubes (CNTs) added to the epoxy matrix. The 

results can be used to characterize the performance of this coating/substrate system under a 

neutral environment condition.   

The epoxy-trimetallic oxide (Epoxy-TMO) coatings were synthesized and integrated on 

stainless steel surface in order to study the effect of the trimetallic oxides (TMO) ZrO2/TiO2/ZnO 

(Z2T) for the barrier properties of the epoxy polymer matrix. The different ratios of TMO were 

synthesized using the ball-milling method and later dispersed on the polymer matrix. Elemental 

characterization and morphological studies of the oxides were performed with x-ray diffraction 

(XRD) and SEM.  The thickness of the epoxy-TMO coatings was estimated using SEM cross-

sectional imaging. UV-Vis was performed to study the light absorption properties of the coatings. 

The effect of the addition of these oxides on the electrochemical behavior was studied in a 3.5 wt% 

NaCl solution using electrochemical impedance spectroscopy (EIS) and linear polarization 

resistance (LPR). The epoxy-TMO coating with a ratio of 50/40/10 Z2R hybrid showed the highest 

corrosion resistance and the formation of a second protective barrier following 28 days in the 
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corrosive environment.  The proposed mechanisms consider the effect of the oxides in corrosion 

control actions and the natural barrier effect due to the polymer matrix.  The results show that the 

combination of these three oxides in the polymer matrix increases the barrier properties. 
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NOMENCLATURE 

CNTs Carbon nanotubes 

PVC Pigment volume concentration 

TMO  Trimetallic oxide 

CPVC Critical pigment volume concentration 

MgRP   Magnesium-rich epoxy primer 

AA7075  Aluminum Alloy 7075 

SS   Stainless Steel 

Mg  Magnesium 

NaCl   Sodium Chloride 

SCE Saturated calomel electrode  

OCP Open circuit potential 

EIS Electrochemical impedance spectroscopy 

SEM Scanning electron microscopy 

EDS Energy dispersive X-ray spectroscopy 

XRD X-ray diffraction

UV-Vis  Ultraviolet-visible spectroscopy 

XPS X-ray photoelectron spectroscopy 

CPE Constant phase element  

Y଴ Admittance  

Rୡ Coating resistance 

Cୡ,ୣ୤୤ Effective capacitance of the coating 

Rୡ୲ Charge transfer resistance 
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Cୢ୪ Capacitance of the double layer 

Wୱ Warburg impedance 

L Inductance 

R୐ Resistance of the adsorption process 

C୭୶ Capacitance of the layer of corrosion products 

R୭୶ Resistance of the layer of corrosion products 
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CHAPTER I 

 INTRODUCTION AND LITERATURE REVIEW 

I.1. Hypothesis

The performance of an epoxy-rich coating can be modified and improved through the 

addition of particles. 

Depending on the composition, concentration, and size of the particles, an epoxy-rich 

coating can have different functions, such as cathodic protection, enhanced barrier performance, 

self-healing, or self-cleaning abilities. 

The proposed research should be able to address the following questions: 

- How does the content of magnesium affect the cathodic protection performance of a

coating?

- How do the content and distribution of magnesium influence the barrier and cathodic

protection behavior of a coating?

- Does the addition of carbon nanotubes improve the barrier and cathodic protection

functionality of a coating?

- Can the barrier performance of a coating be increased through the addition of smaller

particles?

- Does the addition of zirconium oxide, zinc oxide, and titanium oxide confer self-healing

and self-cleaning abilities to coatings?
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I.2. Epoxy resins for corrosion protection

Owing to their high adhesive properties and low cost, epoxy resins have been extensively 

used for structural adhesive applications in the aerospace industry. Epoxy resins reinforced with 

high-strength glass, carbon, Kevlar, or boron fibers have the greatest potential for use in the 

aerospace industry [1, 2]. 

Epoxy resins are thermosetting resins, which are cured with a wide variety of curing 

agents via curing reactions. Their properties depend on the specific combination of epoxy resins 

and curing agents used [3-5]. Because of their excellent mechanical properties and good heat and 

chemical resistance, epoxy resins are currently used across a wide range of fields, where they 

serve as fiber-reinforced materials, general-purpose adhesives, high-performance coatings, and 

encapsulating materials [6]. 

The highly cross-linked epoxy resins are rigid and brittle and have relatively poor 

resistance to crack initiation and growth, thus limiting their use in many applications, such as 

structural materials. Many efforts have aimed to improve their physical properties by using 

various toughening or strengthening agents. 

Several inorganic particles have been added to epoxy resins to improve or change their 

properties. The incorporation of inorganic particles modifies the protective mechanism of the 

structure against corrosion. This type of coating is typically called a composite epoxy-based 

coating. 

Epoxy resins commonly provide a physical barrier between the substrate and the 

electrolyte. The addition of inorganic particles confers another type of protection called 

sacrificial protection, which is achieved when a more reactive material is in contact with the 
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substrate. For example, pieces of zinc alloy are attached to pump bodies and pipes, and 

the protected metal becomes the cathode and does not corrode. 

This research focuses on understanding the reaction mechanism of two types of 

composite epoxy-based coatings applied on different substrates. The first system is a 

magnesium-rich primer, provided by Tesla Nanocoatings, which was spread on aluminum. The 

second system was developed in our laboratory by adding functional nanoparticles (Ti, Zn, and 

Zr) and was applied on stainless steel. 

Magnesium-rich primers are designed to provide a barrier and cathodic protection for the 

substrate. In contrast, nanocomposite coatings are intended to mitigate the effects of macro-sized 

particles in the durability of a coating by reducing the pore size of the polymeric phase. 

I.3. Aluminum alloy 7075

Aluminum and its alloys are widely used in transportation, including marine, automotive, 

and aviation applications, because of their high strength-to-density ratio. Their excellent 

mechanical properties, including low density, and good thermal and electrical conductivity, make 

aluminum and its alloys promising in several key engineering applications. Chemical resistance 

is an important property for engineering structures in harsh and extreme environments [7-9]. 

Aluminum, generally has good resistance to corrosion, owing to the formation of an oxide layer 

film that is strongly bonded to its surface. The main alloying elements used with aluminum are 

magnesium, silicon, manganese, copper, and zinc. However, during pre-processing and casting, 

aluminum and its alloys gain or increase the number of impurities. Despite having an optimal 



strength to weight ratio, aluminum alloys are highly susceptible to localized attack [10], such as 

pitting, and intergranular corrosion. 

           Aluminum alloys are considered strong, light metals with many important industrial 

applications. Alloys are mixtures of metals with greater utility than their constituents. Specific 

properties of pure aluminum are improved by the presence of small quantities of different metals, 

known as alloying elements. Alloys have been developed to provide stronger, more conductive, 

and/or more resilient materials for designing new applications, and they have revolutionized 

engineering capabilities. Aluminum is a common metal with many valuable alloys. The 

Aluminum Association has defined a classification method for some of these alloys by using a 

numbered-naming system comprising the alloying elements. The present work is focused on the 

7xxx series of alloys that use zinc as their main alloying element, specifically the 7075 aluminum 

alloy. Three additional digits refer to individual alloys in the series. In engineering applications, 

7075 aluminum alloy is one of the most relevant alloys, and it has been used extensively in 

aircraft structures because of its high strength-to-density ratio, among other characteristics [11].  

I.3.1. Physical properties of aluminum alloy AA7075

The aluminum alloy AA7075 has zinc as its primary alloying element; its chemical 

composition is shown in Table 1. It has a density is 2.81 g/cm3 (0.102 lb/in³). The 7075 

aluminum alloy is considered one of the strongest aluminum alloys, and it is considered valuable 

in high-stress applications. The content of copper in 7075 aluminum confers susceptibility to 

corrosion; however, its presence is necessary to obtain better and stronger material. 

4 
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I.3.2. Mechanical properties of aluminum alloy AA7075

The mechanical properties of the 7075 Aluminum alloy can be improved through 

strengthening with a heat treatment known as “tempering.” The process requires high 

temperature (300-500 ºC) to reconfigure the crystalline structure of the metal to increase its 

toughness. T6 tempered 7075 aluminum alloy is a temper for aluminum plate and bar stock. 

Importantly, each tempering process gives 7075 aluminum its distinct characteristics. 

Table 1. Chemical composition of 

aluminum alloy 7075 (%wt.) [12] 

Element % Composition 

Copper 1.2 – 2.0 

Magnesium 2.1–2.9 

Zinc 5.1–6.1 

Chromium 0.18–0.28 

Silicon 0–0.40 

Titanium 0–0.2 

Aluminum Balance 

This alloy has significant mechanical properties and possesses superior ductility, high 

strength, and excellent resistance to fatigue. It is more prone to fragilization by embrittlement 

than other aluminum alloys owing to micro-segregation; however, it has considerable better 

corrosion resistance than the alloys from other series.   
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The elasticity modulus of 7075 aluminum has been registered as nearly 71.7 GPa. The 

shear modulus is 26.9 GPa (3900 ksi), as shown in Table 2. In general, this alloy is strong and 

resists deformation well, thus making it suitable for applications requiring a strong yet light 

metal. The tensile yield strength of 7075 aluminum alloy is 503 MPa, thus indicating that 503 

MPa is the maximum stress a piece of this alloy can withstand without permanent deformation. 

These data indicate the excellent benefits of the alloying elements in 7075 aluminum, which 

make it suitable for structural materials such as aluminum tubing. 

Table 2. Mechanical properties of aluminum alloy (AA7075) [13] 

Ultimate Tensile Strength 572 MPa 

Tensile Yield Strength 503 MPa 

Shear Strength 331 MPa 

Fatigue Strength 159 MPa 

Modulus of Elasticity 71.7 GPa 

Shear Modulus 26.9 GPa 

The aerospace industry uses 7075 aluminum, although some fatigue failure can be 

detected. Because stress is cyclical, and therefore the material is periodically loaded with this 

force, micro fractures can appear after sufficient cycles of loading, thus weakening the material 

and eventually causing it to break. Because fatigue strength is a measure of the ability of a 

material to withstand cyclical loading, this parameter is useful for applications involving 

exposure to repetitive loading cycles, such as in aircraft or motor vehicles. The 7075 aluminum 

alloy has a fatigue strength of 159 MPa.  
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I.3.3. Primary applications of aluminum alloy AA7075

The aluminum alloy AA7075 is used for highly stressed structural applications and has 

been extensively used in aircraft structural parts [14]. The first aluminum alloy X7075 was 

developed in secret by a Japanese company, Sumitomo Metal, in 1935 [3] but was introduced in 

the United States by Alcoa in 1943 and became standard in aerospace use in 1945[15]. Later, 

7075 alloys were used for airframe production in the Imperial Japanese Navy. 

The 6061 aluminum alloy contains less zinc than the 7075 alloy. Whereas 6061 alloys 

provide superior welding abilities and workability, they lack the high strength and stress 

resistance of the 7075 alloy. 

I.3.4. Corrosion of aluminum alloys

Corrosion is a process occurring in most metallic compounds. Corrosion generally 

occurs when a metal or an alloy is exposed to an environment containing water and/or 

oxygen. Two coupled electrochemical reactions can usually be used to describe a corrosion 

mechanism. The first is the anodic reaction, in which the metallic atom tends to lose its 

electrons to form more stable oxide compounds [16]. The anodic reaction is depicted in the 

expression below [17]: 

M Mn+ + ne- 

The second is the cathodic reaction, in which some absorbed chemical species from 

the aqueous solution obtain electrons via the metal surface. The typical reduction reactions 

occurring in neutral, acidic, or oxidant absent solutions are as following [15]:  

 O2 + 2H2O + 4e- 4OH- (neutral solution) 

                2H+ + 2e- H2      (acid solution) 
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2H2O + 2e- H2 + 2OH-  (oxidant absent solution) 

For most metals, corrosion occurs spontaneously under most conditions, although the 

corrosion rates are variable and are significantly dependent on the metal activity and the 

environmental conditions. For example, magnesium is an active metal, and the oxidation of 

magnesium with oxygen or water occurs instantly. In contrast, the corrosion of steel usually 

occurs at a much slower rate. For some metal and its alloys, such as aluminum and stainless 

steel, a compact and stable passive layer can form over the surface and inhibit further metal 

oxidation. Therefore, passivation can inherently prevent the corrosion of some metals/alloys. At 

normal atmospheric pressure and temperature, in the absence of chloride ions, pure aluminum 

requires no corrosion protection [18]. However, corrosion easily occurs when two or more 

dissimilar metals are electrically combined as a galvanic couple and further exposed to a 

corrosive environment. The difference between the electrical potentials of two dissimilar metals 

makes the more active metal corrode at a higher rate. 

Table 3 lists the galvanic series in which the tendency of a metal/alloy to corrode is 

shown in the sequence of activity in sea water. A metal preferentially oxidizes/corrodes if it is 

located at the top of the series, where the more active metals are situated. When two metals are 

coupled, the farther apart they are from each other in the series, the faster the anodic metal will 

corrode. Additionally, some metals such as aluminum can lose their passivation protection, 

owing to galvanic coupling with a nobler metal. 

Copper, as illustrated in Table 3, is a more noble metal than aluminum. The copper-rich 

intermetallics in the aluminum-rich matrix act as a cathode, thus making aluminum the anode, 

which preferentially corrodes in a harsh environment. Consequently, aluminum oxidation 
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products accumulate at the interfaces along the grain boundaries. Therefore, the stress caused by 

the volume expansion of the accumulated aluminum oxidation products can break  down the  

 Note: Adapted from Mulay, Master’s Thesis, 2015. 

grain boundaries and result in delamination and exfoliation, to a certain extent[19]. The 

corrosion reactions occurring in aluminum in an aqueous medium are shown in equations 

[20](1)–(3): 

Table 3. Galvanic Series 
 Active End (Anodic) 

Magnesium 

Magnesium Alloy AZ-31B 

Zinc (hot-dip, dye cast or plated) 

AA 1100-0 

AA 7075 T-6 

AA 2024 T-3 

Steel 1010 

Iron (cast) 

Copper (cast, plated or wrought) 

Nickel (plated) 

Chromium (plated) 

Stainless Steel 410 (active) 

Silver 

Gold 

Graphite 

Noble End (Less Active Cathodic) 
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Anodic reaction: 

Aluminum dissolution 

𝐴𝑙 → 𝐴𝑙ଷା   + 3𝑒ି       (1) 

Cathodic reactions: 

 Oxygen reduction on Aluminum in neutral or basic solution 

𝑂ଶ + 2𝐻ଶ𝑂 + 4𝑒ି → 4𝑂𝐻ି                                  (2) 

Oxygen reduction on Aluminum in acid solutions 

𝑂ଶ + 4𝐻ା + 4𝑒ି → 𝐻ଶ𝑂                                        (3) 

Both the anodic and cathodic reactions occur simultaneously in the corrosion process. 

The rate of oxidation and the rate of reduction are considered equal in a system. Therefore, 

owing to the electromotive force ascribable to the electrical connection between the Mg-rich 

primer and the aluminum substrate, an Al substrate/primer interface can be polarized to a 

mixed potential of the Mg particles/Al substrate. This mixed potential of aluminum substrate 

coated with Mg-rich primer has a cathodic potential value relative to the open circuit potential 

(OCP) of the aluminum substrate itself. Graphs of the OCP and potentiodynamic polarization 

depict the extent of the cathodic protection over the service time[20]. 

I.3.5. Coating technologies for prevention and control of corrosion of aluminum

alloys. 

Multi-layer coating systems (coating + primer + topcoat) are a new coating technology 

used to protect aerospace aluminum alloys from corrosion in service. Traditional coating systems 

have been formulated containing hexavalent chromium Cr(VI) in both the conversion coating 
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and primer, volatile organic compounds (VOC), and hazardous air pollutants (HAP) in both the 

primer and topcoat [21]. In the same context, some heavy metals have been used for corrosion 

protection and to provide color. Environmental and health concerns are causing the aerospace 

industry to shift from using chromate conversion coatings and primers to using more 

environmentally friendly coating systems. Conversion coatings are thin, hydrated metal oxide 

films formed on a metal surface that ideally promote adhesion with primers, confer anticorrosion 

properties to the metal, and provide a reservoir of inhibitor ions during the coating lifetime [22] 

[23, 24]. 

 

I.4. Mg-rich Epoxy Coatings 

 

For many years, the technical performance of chromate coatings was used successfully. 

However, a recent approach uses a sacrificial metal-rich primer in the overall protection scheme; 

for example, zinc-rich coatings have been used to provide galvanic corrosion protection for steel 

substrates. In galvanic protection systems, the coating's metallic particles act as an anode (more 

negative electrical potential than that of the cathode) and are preferentially oxidized rather than 

the substrate.  

The substrate acts as a cathode, owing to more positive electrical potential, and is 

protected against corrosion through the sacrifice of the anodic metal in the coating. Because 

magnesium is more anodic than aluminum and its alloys in the galvanic series, as shown in 

Figure 1, it is able to cathodically protect aluminum substrates.  

When Mg-rich primers are formulated, small particles of magnesium metal are added at, 

or even beyond, the critical pigment volume concentration (CPVC). The high loading of 
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magnesium particles ensures that nearly all the metal particles are in electrical contact with one 

another and with the substrate. The electrical connection of metal particles is a critical 

requirement in this corrosion protective mechanism, thus establishing the anode/cathode 

relationship described above, as shown in Figure 2. 

 
 
 

 

Figure 1. The electrochemical series versus the standard calomel electrode (SCE). Relative 
position between Magnesium and Aluminum alloys. Adapted from [DOD report- 2012-Price-

WP-200731 Final Report-DOD-Magnesium Rich Primer Coating Technology] 
 
 
 

In 2000, researchers at North Dakota State University (NDSU) developed the concept of a 

Mg-rich primer for cathodic corrosion protection of aluminum alloys without the use of chromate-

based pretreatments or chromate pigments, analogously to the formulation of the Zn-rich primer 

coatings used in the protection of steel [20]. That research was enabled by the availability of 



13 

particulate Mg appropriate for use as a pigment in coatings. Whereas particulate Mg can pose a 

fire hazard, the thin layer of Mg oxide -4% wt.- on the Mg particles has been reported to stabilize 

bulk Mg against further oxidation [25]. Furthermore, natural Mg oxidation products are basic and 

therefore do not yield a sufficiently high pH to directly corrode and dissolve aluminum. Because 

Mg is more electronegative (−2.37 V vs. SHE) than Al (−1.67 V vs. SHE), the more noble Al 

substrate in this galvanic couple is cathodically polarized, whereas the less noble Mg particles in 

the coating matrix are anodically dissolved. 

Figure 2. Schematic representation of metal-rich primers onto an aluminum substrate. [Report- 
2012-Price-WP-200731 Final Report-DOD-Magnesium Rich Primer Coating Technology]. 

The sacrificial action of Mg particles drives the electrical force in the protection process. 

The resulting protective cathodic current obtained through electrical contact of Mg particles 

inside the coating matrix is applied as the polarizing cathodic reaction for the aluminum substrate 

[20]. 

I.4.1. Use of Mg alloys instead of pure Mg particles

Three different Mg alloys were used as pigments in an epoxy-polyamide system studied 

by Xu et al.  These alloys had different aluminum contents (5%, 8.5%, and 50%), and the pigments 

obtained were mixed with epoxy-polyamide at several PVC values [26]. The pigments of the alloys 



were characterized as having large particle sizes of approximately 60 microns and different shapes. 

EIS analysis and SEM studies showed that the aluminum substrates obtained protection from the 

sacrificial Mg alloy pigments and from the precipitates formed during the oxidation of the Mg 

alloy particles, which were like those present in pure Mg-rich primers. In the same context, 

Bierwagen et al. have discussed the influence of the chemical compositions of two Mg alloy 

pigments, AM60 and AZ91B, and described the changes of the formulated coatings occurring 

through analysis with a Prohesion chamber [27]. For both these alloy pigments, XPS analysis 

elucidated a three-layer structure consisting of MgCO3, MgO, and metallic Mg, Al mixture, and 

ultimately a metallic core of Mg and Al. Below the critical PVC (CPVC), the main corrosion. 

products were MgAl2O4, Al2O3, and AlOOH. Above the CPVC, the main corrosion product 

obtained is MgCO3. Below the CPVC, the DHS oxidizes first the Mg to Mg(OH)2, and then the 

Al to Al(OH)3 when the pH increases. In the drying cycle, these products form MgAl2O4, Al2O3, 

and AlOOH. Above the CPVC, the DHS penetrates the coating and neutralizes the zone around 

the Mg particles, while it is oxidized and maintains the pH low to prevent the oxidation of 

aluminum [20]. 

I.4.2. Additional corrosion inhibitive components to improve Mg-rich performance 

The addition of small amounts of cerium oxide (0.5% by weight) to a Mg-rich primer was shown 

to significantly improve the protection performance of a Mg-rich primer on AZ91D magnesium 

alloy [20, 28]. Ceria particles did not change the protection mechanisms of the Mg-rich primer. 

However, the electrochemical activity of the Mg particles increased the service life of the Mg-

rich primer. Apart from providing a barrier effect, ceria particles increased the corrosion 

potential and decreased the current density of the AZ91D alloy, which is beneficial for the 

14 
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cathodic protection of the Mg particles. Lu et al. reported improved adhesion and better 

corrosion protection when the surface of AZ91D magnesium alloy substrates were coated with γ-

glycidoxy propyl trimethoxy silane, due to the formation of Si–O–Mg covalent bonds between 

the silane film and the substrate and Si-O-Si bonds within the silane film, each shifting the water 

and oxygen permeability drastically [20, 29]. 

Table 4: Chronology Mg-rich primers. 

2004  NDSU developed prototype formulation [20] 

 Used 100+ µm Mg particles and a five-component resin
system

 Performed well in ASTM B 117 cyclic salt spray testing

 ANAC licensed technology [30]

2005-2007 ANAC produced several experimental formulations (XP-406
and XP-417) 

 Used smaller Mg particle size, optimized pigment volume
concentration

 Lowered VOC levels

2007-2008  ANAC produced Aerodur® 2100 MgRP 

 Included orange pigment for contrast ratio, suspected of
lowering corrosion performance

2008-2009  Re-baseline reformulation due to ESTCP lab results 

 ANAC produced Aerodur® 2100 MgRP 002

2009-2012 Improved corrosion performance, ESTCP-funded field testing
delayed                                                             indefinitely

 ANAC produced Aerodur® 2100 MgRP 003
2012-2015  Magnesium-rich primer applied over AA2024 T-3 alloy

exposed to aggressive environments
2015-
Present 

 Magnesium-rich primer/CNTs applied over AA7075 T-6
alloy



I.4.3. Multifunctional and hybrid coatings with carbon nanotubes (CNTs)

Some coatings have been designed to provide an effective barrier inhibiting both 

inorganic corrosion processes through organic [31, 32], inorganic[33] [34], and hybrid 

approaches [35]; some coatings are environmentally friendly, thus avoiding environmental 

toxicity due to the use of inherently toxic formulations under aerobic or anaerobic conditions. 

Nano-hybrid coatings, also called nano-architected sacrificial coatings, have emerged as a new 

technology with dual protective mechanisms: 1) Cathodic protection achieved by integration of 

electrochemically active and sacrificial particles into the epoxy coating matrix, thus resulting in a 

galvanic effect, and 2) Barrier protection, a physical protection conferred by the polymeric 

matrix itself. New formulations including CNTs in hybrid metal rich multifunctional coatings are 

emerging; these have the advantages of improving the anti-corrosion properties by enhancing the 

physical barrier mechanism and cathodic protective effect [36]. The addition of nanostructures 

such as CNTs enhances both protective effects, thus allowing for better interconnectivity of Zn 

active particles by improving the electronic conduction of the epoxy matrix, owing to the high 

aspect ratio; these nanostructures also achieve a lower percolation threshold than other 

conductive particles, as described by Cubides et al., in zinc-rich epoxy primers containing 

multiwalled CNTs, with differing zinc content and fixed percentage of CNTs [36]. In same 

context, Park and Shon have demonstrated that increasing the content of multiwalled CNTs in 

epoxy coatings with different ratios of zinc dust results in higher conductivity, thereby 

improving the cathodic protection of carbon steel. Impedance measurements have confirmed the 

effects on corrosion protection [37]. 

16 
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I.4.4. Factors influencing the behavior of Mg-Rich epoxy primers (MgRPs)

The authors reported a thin and porous magnesium hydroxide layer in Mg-rich primers 

exposed to salt spray. In contrast, a thicker, protective magnesium carbonate layer was detected 

in the samples when subject to natural weathering. The carbonate film was shown to inhibit both 

the anodic and the cathodic corrosion processes and does not result in blister formation. 

Consequently, Mg-rich primers exposed to natural weathering exhibit excellent corrosion 

resistance. However, salt spray conditions are not conducive to facilitate magnesium carbonate 

formation at a rate versus the rate of dissolution and corrosion [38]. Strekalov inferred that the 

amount of adsorbed water present on a magnesium surface at 95% relative humidity (RH) and 22 

°C corresponds to more than 16 monolayers [39]. At very low concentrations of CO2, this 

adsorbed water will react with the surface film to form magnesium hydroxide, or brucite (Eq. 4). 

𝑀𝑔 + 2𝐻ଶ𝑂 → 𝑀𝑔(𝑂𝐻)ଶ + 𝐻ଶ                           (4) 

In the presence of CO2, protolysis of carbonic acid decreases the surface pH (Eq. 5 and 6)[40]: 

𝐶𝑂ଶ (𝑎𝑞) + 𝐻ଶ𝑂 ↔ 𝐻𝐶𝑂ଷ
ି + 𝐻ା  (5) 

𝐻𝐶𝑂ଷ
ି ↔ 𝐶𝑂ଷ

ିଶ + 𝐻ା  (6) 

Magnesium hydroxide is thermodynamically stable only at low CO2 partial pressure and is 

converted into magnesite (MgCO3) in the presence of atmospheric levels of CO2 (Eq. 7) [41, 

42]. 

𝐶𝑂ଶ + 𝑀𝑔(𝑂𝐻)ଶ ↔ 𝑀𝑔𝐶𝑂ଷ (𝑠) + 𝐻ଶ𝑂           (7) 

At high RH, magnesite forms a stable, hydrated magnesium carbonate, i.e., nesquehonite (Eq. 8). 

𝑀𝑔𝐶𝑂ଷ  (𝑠) + 3𝐻ଶ𝑂 → 𝑀𝑔𝐶𝑂ଷ ∙ 3𝐻ଶ𝑂 (𝑠)     (8) 

Equations 4–8 support the explanation why Mg(OH)2 was not transformed into magnesium 

carbonate in Mg-rich primers at the relatively low CO2 content in the salt-spray chamber 
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environment as well as primer film exposed to humid environments in glass jars. The relative 

proportions of magnesium hydroxide and magnesium carbonate are influenced by CO2 

concentration (the salt-spray chamber has less CO2 than field exposure), CO2 solubility (in 

water/salt water)[43], and chloride [44]. 

I.4.5. Techniques for performance evaluation of Mg-rich epoxy coatings

The Mg-rich primers applied on aluminum alloys have shown outstanding performance 

in outdoor exposure at various sites across the US in a wide range of applications. The excellent 

performance of Mg-rich primers has been demonstrated depending on multiple factors including 

a) the polymer properties, b) Mg PVC, c) the type of Mg particle (pure Mg, Mg alloy, or Mg 

particles with an oxide/hydroxide/carbonate layer), and d) the environment. Many interesting 

electrochemical studies have used methods such as electrochemical impedance spectroscopy 

(EIS), potentiodynamic polarization, scanning electrochemical microscopy (SECM), and OCP to 

elucidate the protective mechanism provided by Mg-rich primers on aerospace-grade aluminum 

alloys. Most of these studies have suggested that the observed cathodic protection is provided by 

the uniform corrosion/dissolution of the Mg particles in coating matrix[20]. 

I.4.6. Electrochemical impedance spectroscopy to study the electrochemical

behavior of Mg-rich epoxy primer 

Electrochemical impedance spectroscopy (EIS) is a technique that can be used to describe 

the electrochemical behavior of coatings, and a useful method for studying, measuring, and 

estimating coating durability [45-51]. EIS is a non-destructive technique that provides 

quantitative results and is sufficiently sensitive to investigate the deterioration of coating on a 
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metal. This method can be used for determining coating performance and the protective 

mechanism. Some electrochemical elements associated with the corrosion process, such as 

coating capacitance, coating resistance, double-layer capacitance, and charge transfer resistance, 

can be determined via superposing experimental data and the results from equivalent electrical 

circuit (EEC) models.  

Figure 3. |Z| modulus at 0.01Hz vs. PVC for Mg-rich epoxy/polyamide primers at pH = 6.2 in 
3% NaCl [Nanna, 2004 ----Ellingson, L., “Corrosion Studies of the Protection of Aluminum 
Alloys and Outdoor Bronze,” Masters Thesis, North Dakota State University, June, 2001.] 

Figure 3 shows the low-frequency impedance modulus |Z| versus the exposure time 

measured in 3% NaCl solution at pH = 6.2 on 43, 46, and 50% PVC Mg-rich primers. This 

primer was applied onto aluminum T2024 for 28 days [25]. 



I.5. Stainless steel

Stainless steel is an extremely useful corrosion-resistant alloy constituted by iron, 

chromium, and sometimes nickel and other metals, as illustrated in Figure 4. Stainless steel is 

considered an excellent non-corrosive material to date. In the construction sector, it is considered 

to have a recovery rate close to 100%. Stainless steel is also considered environmentally neutral 

and inert, and therefore its long-life extension limits the need for sustainable construction. 

Furthermore, it does not promote the dissolution of elements that could modify its composition 

in contact with aggressive anions. In addition to these beneficial environmental characteristics, 

stainless steel is aesthetically appealing, hygienic, and exceptionally durable. It is used in several 

industries, including energy, transportation, building, research, medicine, food, and logistics. The 

unique properties of stainless steel conferred by the presence of chromium in the alloy are 

presented schematically in Figure 5, which illustrates the passive layer that allows the steel to 

resist the corrosion process.  

I.5.1. Types of stainless steels

There are three main types of stainless steel: ferritic, austenitic, and martensitic. This 

classification is based on composition and structure. Stainless steel is based on the binary Fe-Cr 

system, which is modified by the addition of specific alloying elements, which influence the 

material’s microstructure and physical properties. 

a) Austenitic S300

Austenitic S300 steel contains approximately 0.015 % carbon, 18 % chromium, 15 % 

nickel, and sometimes 7% molybdenum. The presence of nickel tends to improve the corrosion 

20 
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Figure 4. General chemical composition of stainless steel [52] 

Figure 5. Schematic distinction between steel and stainless steel [52] 

resistance in certain media and to increase the ductility of stainless steel. Molybdenum enhances 

the resistance to corrosion in an acidic media. Most common grades of austenitic steel are 

304/304L and 316/316L. This material is important in boilers, aeronautic applications, electronic 

Passive FilmRust

Fe + C Fe + C + Cr  10.5 %

Steel Stainless Steel
Formation of iron oxide (rust) Formation of chromium oxide 

O2
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components, railway equipment, tubes, chemical tanks, food vats, marine applications, heating 

systems, resistor jackets, and furnace equipment.  

b) Austenitic with Manganese (200 series)

Austenitic with manganese (200 series) steel has chromium, manganese, and a low 

concentration of nickel content (consistently below 5%). This material is used in asphalt tankers, 

tubes, and food containers. 

c) Ferritic

The ferritic steel chemical composition is 0.02% carbon, 10.5% chromium, and 4% 

molybdenum. It is used in high temperature applications, because the stability of the tensile 

property and resistance to fatigue. This type of steel is magnetic.structural products. It is used in 

car exhaust systems, conveyor chains, cooking utensils, boilers, domestic appliances, trim, 

dishware, heating, and hot water tanks.  

d) Duplex

The chemical composition of duplex steel is 0.02% carbon, 0-4% molybdenum, 1-7% 

nickel, and approximately 21% chromium. These stainless steels possess a two-phase 

microstructure consisting of grains of ferritic and austenitic stainless steel. Duplex staoinless 

steel is approximately twice as strong as austenitic of ferritic stainless steels because of its low 

nickel content. Applications include oil, gas, pulp and paper, desalination and chemical industry. 

e) Martensitic

The chemical composition of martensitic steel is approximately 0.1% carbon and 10.5- 

17% chromium. Martensitic steel is structurally similar to ferritic stainless steel; however, 

sometimes contains high carbon concentrations (>1.2%). Common uses are surgical instruments, 

cutting tools, and hand tools. These alloys are designed to resist the effects of corrosion and heat. 



I.5.2. Coatings design for stainless steel

Corrosion in steel cannot be avoided entirely. Nonetheless, it can be partially prevented 

through various corrosion mitigation technologies such as design improvement, coatings, 

corrosion-resistant alloys or composites, catholic and anodic protection, or corrosion inhibitors. 

Different materials such as nitrides, transition metal oxides, polymers, nanoparticles incorporated 

matrices, and organic metals, have been used as protective coatings on metal surfaces to prevent 

corrosion [53-60]. Among these materials, thin films of TiO2 have been widely used, as they 

provide improved wear resistance, hardness, and high corrosion resistance [61-65].  

Nanocomposites of titania such as CeO2/TiO2, TiO2/CuO, TiO2/SiO2, and titanium 

incorporated polymers, among others, have been produced and studied in the past [14–17]. 

Nanocomposites of ZnO/TiO2 have a wide range of applications in fields including photo-

catalysis, dye-sensitized solar cells, humidity, and gas sensors. [18–21]. However, a detailed 

survey of the literature suggests that anticorrosion studies of nanocomposites of TiO2 and ZnO 

have scarcely been attempted. Thin films of zinc oxide and titanium dioxide have been deposited 

by a variety of techniques such as anodic deposition, chemical vapor deposition, RF magnetron 

sputtering, atomic gel epitaxy, electron beam evaporation, sol-gel technique, electrochemical 

deposition, and thermal evaporation [22–26]. Spray pyrolysis is an economical method for 

coating materials for various applications. However, the requirement of high temperature for 

substrate heating (500°C–800°C) is a major shortcoming of this method. The spray coating of 

pre-synthesized nanoparticles or nanocomposites provides an alternative route to prepare 

anticorrosive coating on steel substrates. 

23 
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CHAPTER II 

 ELECTROCHEMICAL INVESTIGATION OF THE SYNERGIC EFFECT BETWEEN 

MAGNESIUM PARTICLES AND CARBON NANOTUBES IN EPOXY COATING  

Magnesium-rich primers (MgRP) have been developed by several groups [25, 27, 66-71].

One classical work by Bierwagen and colleagues [72] has used these primers to protect 

aluminum alloys. They have described how the efficiency of the sacrificial protection of MgRP 

depends on several aspects, such as the physical contact between the aluminum surface, the 

magnesium particles, and electrolytes. King and Scully[73] have suggested two possible modes 

of protection of MgRP: magnesium particles with adequate connection protect remote defects, 

and the Mg pigments that remain isolated protect local defects. Both modes of protection depend 

on the electrical resistance of the primer, which is a function of the pigment volume 

concentration (PVC). The PVC affects the resistance of the path between the particles, the 

aluminum substrate, and the resistance of the coating to electrolyte penetration [74]. Previous 

research has demonstrated that the primer connectivity depends on the magnesium content. The 

critical pigment volume concentration (CPVC) marks the transition from non-conductive to 

conductive behavior. Variations in CPVC depend mainly on particle alignment, which in turn 

depends on the particle shape and particle size. Xiangyu et al. [69, 75] have found that when the 

amount of magnesium particles increases, the electrochemical cathodic protection effect also 

increases. However, the pore resistance decreases when the content of magnesium increases. The 

authors have suggested a three-stage mechanism: electrolyte permeation through the coating, 

cathodic protection, and formation of Mg corrosion products. 

II.1. Introduction
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Additional fillers, which diminish the electrical resistance of the coating [27, 28], are 

necessary to enhance the connectivity of the primer to improve its cathodic protection effect and 

decrease the porosity of the binder [76]. Carbon nanotubes (CNTs), which are inert chemical 

particles, interconnect magnesium particles, owing to their high surface area. Cubides et al.[35] 

have performed a comprehensive study investigating the influence of CNTs on the efficiency of 

the sacrificial effect of the active particles within the coating. They have defined the 

interconnectivity of the CNTs and how CNT addition influences the barrier effect in water 

uptake. They have found that the sacrificial effect is more effective in the presence of 

interactions between particles and conductive nanowires or CNTs. 

Turhan et al. [77] have reported that adding CNTs to pure magnesium increases the 

corrosion rate, owing to the higher cathodic activity. The corrosion rate depends on the 

dispersion level of the multiwall CNTs (MWCNTs). MWCNT dispersion produces a 

homogeneous coating with a thinner corrosion product layer. This thin oxide layer does not 

protect the surface of the multifunctional composite. Jingrong Liu et al. [78] have determined 

that addition of single-layer graphene promotes the formation of zinc oxide structures at the 

coating/substrate (steel) interface. The graphene accelerates the electrochemical reaction between 

the active zinc particles and the steel substrate. The corrosion products formed at the steel 

surface increase their impedance over time because of the barrier effect. 

Prior work has demonstrated that CNT addition may have two different effects on MgR 

coatings. The first effect is an increase in the Mg particles’ reaction kinetics in the epoxy, owing 

to better interconnectivity between active particles and regions where the corrosion products are 

unstable. This increase influences the cathodic protection efficiency of the initial process, owing 

to higher current protection, while a homogeneous distribution is present along the substrate 
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surface. Although the magnesium particles embedded in the coating are used more efficiently for 

the cathodic protection effect, the protection period probably decreases in the presence of CNTs, 

which impede the formation of stable corrosion products among the Mg surface particles. The 

decrease in the stability of the corrosion products could affect the barrier effect and the second 

control mode. The classical physical barrier properties exerted by the coatings in combination 

with a galvanic sacrificial anode extend the life of the alloy against corrosive environments. 

Because aluminum is at a low position in the galvanic series, it must be protected by a more 

active material. Hence, magnesium-enriched coatings are suggested for the protection of such 

alloys. The present research aims at characterizing an MgRP applied on Al 7075 substrate. The 

balance between the barrier effect and the sacrificial effect was shifted because of the CNT 

content. EIS was used to characterize the interfacial mechanisms existing at the different 

particle/epoxy interfaces. The coating characteristics were varied on Al 7075 T-6 substrates to 

compare the responses of the interface and to study the existing transport mechanism of the 

coating layer. The interfacial reactions were studied to determine the corrosion mechanism 

within the formed layer on the basis of the damage evolution concept. The electrochemical 

characterization of the system was performed by monitoring the coating/substrate/electrolyte 

interface in real time. Multi-scale theoretical tools, comprising electrochemical testing 

techniques, high surface resolution techniques, and characterization methods, were used to 

analyze the performance of the substrate/coating interface according to the physical 

characteristics (thickness and environment) of the primer layer. 

II.2. Experimental procedure

II.2.1. Electrolyte solution
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The electrolyte used for this test simulates a neutral media. All the chemicals used are 

analytic grade, and the water was deionized to high purity. For preparing 200ml of a 0.2M 

phosphate buffer, it is necessary to mix a sodium dihydrogen phosphate solution and a sodium 

dibasic phosphate solution. The monobasic solution (0.23M) was made with 2.78g of sodium 

dihydrogen phosphate dissolved in 100 mL of distilled water. For the dibasic sodium phosphate 

solution (0.37M), 5.3 g of disodium hydrogen phosphate was dissolved in 100 mL of deionized 

water. After that, 39 mL of dihydrogen sodium phosphate solution are mixed with 61 mL of 

disodium hydrogen phosphate solution. This later mixture is made up to 200 mL with distilled 

water. As a result, this gives a phosphate (PO4)2 buffer solution 0.2M [33]. 

II.2.2. Coated samples

The magnesium-rich coating consisted of a solvent-based two-component epoxy-

polyamide primer that contains magnesium particles. For the preparation of the primer, different 

volume percentages of magnesium particles (15%, 30%, and 60% PVC) of 50μm average size 

were gradually added to the epoxy resin (Tesla P1150ASAS) and mechanically stirred at room 

temperature forming a homogeneous mixture. Then, a stoichiometric amount of hardener (Tesla 

P1150BSAS) with a weight ratio (epoxy resin: hardener) of 2:1, was incorporated into the 

mixture and sonicated for 5 min.  The magnesium particles are usually covered with a thin layer 

of MgO that controls the reactivity of magnesium under dry conditions. 

The coatings that contain CNTs, the epoxy resin was mechanically mixed with 0.77 wt% 

of CNT until they got entirely dissolved. Then a percentage of magnesium particles was 

gradually added to the mixture while stirring at room temperature. Then, the hardener (in the 

same proportion with no nanotubes) was incorporated into the mixture and sonicated for 5 min. 
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Al 7075 T6 cylindrical test specimens were sprayed with the prepared formulations. The 

dimensions of the cylindrical test specimens are selected according to standard ASTM E8/E8M 

samples. Prior to the application of coatings, the aluminum specimens were degreased with 

acetone and dried at room temperature. The coated systems were allowed to cure for 6 hours at 

60oC and kept at room temperature for seven days before being exposed to the electrolyte.  

II.2.3. Electrochemical measurements

The Electrochemical measurements were conducted using a Gamry Reference 600+ 

Potentiostat/Galvanostat/ZRA. The tests were carried at room temperature in a three-electrode 

cell setup. The reference electrode used in the test is a saturated calomel electrode (SCE); the 

aluminum rod, magnesium rod, and aluminum-coated samples served as the working electrodes, 

and two graphite rods were utilized as counter electrodes as illustrated in Figure 6. 

The experimental test involves a sequence that includes Open Circuit Potential (OCP) and 

EIS measurements on the cylindrical specimens exposed to a buffer solution at constant pH = 7. 

EIS parameters were set for a frequency range from 100 kHz to 10 mHz with a voltage 

amplitude of 10 mV. The electrochemical cell was filled with the electrolyte solution for the 

duration of the experiment (28 days). The exposed area of the working electrode was 8.0 cm2.  
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Figure 6. Experimental set up. 

II.2.4. Materials characterization

The cross-section of the samples with different compositions of magnesium particles and 

CNT were characterized by a scanning electron microscope (SEM, JEOL JCM-600 Plus) 

equipped with energy-dispersive X-ray spectroscopy (EDS) function before and after the 

immersion tests. The SEM visualized the structural changes of the coating with a distribution of 

magnesium particles before and after the immersion, and the EDS revealed the modifications in 

elemental composition, especially the magnesium particles, due to the immersion testing. The 

samples were epoxy-mounted and then grounded by with 240- to 800-grit SiC paper to perform 

for the cross-sectional imaging. Then the samples were subsequently polished by 9-, 3-, 1-, and 

0.05-m diamond suspension using a polishing cloth and finished by ethanol cleaning. The 

samples were coated with 2 nm thickness Pt coating to minimize surface charging. 



II.3. Results and analysis

II.3.1. Open circuit potential (OCP)

           Figure 7 shows the change in open circuit potential (OCP) for the coatings containing 

different amounts of Mg particles in the presence or absence of CNTs. On the basis of 

comparison with the OCP of the substrate without the coating, which is shown as a reference, the 

presence of cathodic protection was observable by means of the added Mg particles, which 

served as a sacrificial anode, particularly during the early period of immersion. The OCP values 

decreased when the Mg particles were added to the coating matrix, thus revealing the 

contribution of Mg particles according to the mixed potential theory [15]. In addition, increased 

amounts of  Mg particles provided more extended cathodic protection, as observed as a relatively 

slower transition of the OCP toward more positive values over time. 

In the presence of CNTs, considerably faster OCP changes to more positive values were 

observed in the early period until day 5. This finding was potentially produced by the CNTs, 

which facilitated the transfer of electrons by providing a conductive path throughout the coating 

matrix [72]. Therefore, more Mg particles were activated and allowing for rapid exhaustion of 

the cathodic protection in the case of the 15% Mg and 0.77 CNT sample, which contained 

limited amounts of Mg. In contrast, the higher Mg content of 30% Mg and 0.77 CNTs resulted in 

a relatively slower OCP increase, thus indicating longer cathodic protection. This finding was 

attributed to the abundance of Mg particles throughout the coating matrix and the increased 

conductance produced by CNTs, which enhanced the utilization of the Mg particles. Our 

findings suggest an increase in the cathodic protection range when more Mg particles can 

potentially serve as sacrificial anodes and consequently increase the cathodic protection period.  
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At 30% PVC, the initial transient for the first hour included a potential of -1.4 V vs. SCE, 

which changed to -1.28 V vs. SCE. The magnitude was lower than the aluminum potential; 

consequently, magnesium particles exerted cathodic protection during the exposure time. At 42 

days, a small decrease in potential was observed with respect to the bare aluminum sample. The 

change in potential over time was influenced by the particle’s distribution within the epoxy 

matrix. This effect also contributed to the particles’ surface wetting and activation or surface 

 
 

Figure 7. OCP evolution for different Mg and CNT concentrations exposed to buffer solution at 
pH=7 

 
 
 
reaction. The addition of CNT to the polymeric matrix caused the surface to show a weaker 

polarization response after exposure. The OCP magnitude rapidly changed after a week of 

exposure, from a magnitude of -1.15 V vs SCE to -0.7 V vs SCE, and the change was slower 

thereafter. The initial change was attributed to the activation of the MgR particles distributed 

within the polymeric matrix, and the slower change in the presence of CNTs was attributed to the 
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interconnectivity between particles, thus improving the efficiency of the particle surfaces through 

greater surface wetting. 

At 60% PVC, the magnitudes were less negative than at 30% PVC; the potential was 

initially-1.22 V vs SCE, then changed to -0.68 V vs SCE after a week of exposure. The potential 

values were subsequently stable (approximately -0.52 V vs SCE). The cathodic protection was 

active during the entire exposure time. The addition of the CNT particles produced a similar 

effect to that with 30% PVC; the potential magnitude was more positive, and the gradient was 

not as stepped as that with 30% PVC.  

Several circumstances might have affected the potentials of the samples during the first 

days of immersion. First, the magnesium particles added to the composite coating already had an 

oxide or hydroxide layer formed. Magnesium is highly reactive to oxygen and humidity [xx]. 

This oxide/hydroxide layer might have dissolved in the initial immersion, thus allowing the most 

negative potentials to be reached after 1 hour. After this dissolution process, the magnesium 

particles developed a new oxide/hydroxide coating on their surfaces, owing to the interaction 

with the testing electrolyte and the oxygen dissolved in it.  

The coatings with fewer magnesium particles (15% Mg) showed faster changes to positive 

potentials than those with a greater amounts of magnesium. The lower amounts of magnesium 

particles, compared with higher amounts, were less able to retain a more negative potential after 

formation of the “new” oxide/hydroxide coating. A higher amount of magnesium particles was 

able to address a more negative potential for longer periods of time. 
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II.3.2. Mg content influence on the evolution of corrosion control performance  

 

II.3.2.1. MgR 15% 

Figure 8 shows the EIS evolution for 15% Mg with different immersion times. The 

composition of the MgR epoxy showed different time constants during the entire immersion test 

period. Through impedance spectra, we identified three different stages during the entire 

immersion time: the activation stage, involving the water uptake of the electrolyte within the 

polymeric matrix; the active to passive stage due to the wetting of the particles influencing the 

particle reactions; and the passive or steady state stage following the coverage of the active 

surface. The complex representation included a loop at high frequencies, such that the second 

time constant was associated with the second loop illustrated in the complex diagram, and the 

third loop appeared at low frequencies. The phase angle representation presented time constants 

with a clearer appearance and evolution, owing to the maximum magnitudes displayed at 

different frequencies. Previous work by Scully and Bierwagen [xx] has demonstrated the 

contribution of MgR particles integrated in the polymeric matrix on aluminum substrate and the 

water uptake and the surface reaction. The initial stage for the MgR involved the wetting or 

water uptake process in the epoxy binder; after day 1, the complex representation indicated the 

contribution of the MgR particles at medium frequencies. The presence of Mg particles resulted 

in an initial chemistry with oxide formation or active surface sites. The phase angle displayed an 

increase in terms of the maximum magnitude. The third maximum in the phase angle 

representation was characteristic of a time constant, which resolved the characteristics of the 

particle/epoxy interface. At the initial stage, we observed two different time constants for the 

polymer matrix and the particle reactions at the interface. The electrolyte reached the surfaces of 
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the Mg particles, and electrochemical reactions occurred; the magnitude of OCP reflected the 

interaction of the particles, with the electrolyte having a negative value at the initial time. Both 

electrochemical reactions included the dissolution of magnesium and the oxygen reaction as the 

cathodic reaction. Previously, Scully et al. reported the reactions of MgR particles with an NaCl 

electrolyte as follows [xx]: 

Mg=Mg2+ + 2e-  anodic reaction 

O2 + 4e- + 4H+ = 2H2O cathodic reaction  

O2 + 2H2O +4e- + 4H+ = 4OH- cathodic reaction 

The initial stage involved a combination of water uptake and activation of particles during 

the first 7 days. Starting on the 14th day, an additional time constant appeared, thus marking a 

different stage, in which the particles formed a passive layer of corrosion products from the 

activation state. The OCP is an additional indicator of the active to passive transition stage. The 

resistance of the coating continued to decrease, and its capacitance increased because of 

electrolyte permeation and particle surface reactions. The distribution of the Mg particles in the 

polymeric matrix after exposure to the electrolyte for 7 days indicated an increase in the phase 

angle, which was associated with the time constant appearing at medium frequencies, owing to 

an increase in the thickness of the passive layer that formed and surrounded the magnesium 

particles. The magnesium particles continued to react after 14 days. Simultaneously, the 

thickness of the passive layer continued to increase until reaching a steady state or saturation 

stage. The passive state of the particles reached saturation at 21 days, the phase angle at mid 

frequencies remained constant, and the OCP also showed a plateau in magnitude. The Mg at this 

percentage was distributed and embedded along the polymeric matrix and showed a time 

response to the electrolyte. Owing to electrolyte uptake, the pathways, the distribution set 
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 Figure 8. EIS Nyquist and Bode plots for Mg-rich primer-aluminum system without carbon 
nanotubes 

different surface conditions, after 21 days, the electrolyte had reached all sites potentially 

available for direct electrochemical interaction. The second stage was passivation of the particles 

until steady state. After the passive state, no further effects were observed at the interface. The 



open circuit at this concentration of magnesium particles remained at a magnitude that no longer 

indicated a sacrificial effect; thus, the conditions were suitable for barrier protection, as showed 

in Figure 9. Several studies have assumed that the sacrificial effect for MgR epoxy on aluminum 

acts at certain magnitudes. In this work, after 21 days, the electrolyte continued to permeate the 

coating, as represented by a continuous decrease in its coating resistance.  

II.3.2.2. MgR 30%

The corrosion degradation mechanism for this MgR formulation is defined in three stages. 

In the first stage, the phase angle shows three time constants associated with the polymer matrix, 

the particle characteristics, and the interface between the particle and polymer. The first apparent 

difference between this formulation and the previous formulation was the rate change in the time 

phase EIS response and the magnitudes of each time constant; the OCP was consistent with the 

initial activation stage producing a large potential change from day 1. Figure 8 shows the first 

day of immersion, and the impedance spectra show a phase angle magnitude and a continuous 

decrease at high frequency, possibly because of the higher conductivity materials within the 

polymeric matrix. The water uptake and activation in the initial stage were influenced by the 

higher Mg concentration and greater particle/particle contact. The activation stage occurred after 

day 1 because of the galvanic action produced by the particles with the substrate.  

         A mid-frequency time constant appeared after 1 day and increased in magnitude, thus 

influencing the passive stage of the particles. The second stage was observed through not only 

the formation of corrosion products and accumulation in the particles, but also the phase change 

at low frequency. This finding indicated the interface between the particle and polymeric matrix 

according to the electrochemical reactions described earlier. After 7 days of exposure, the EIS.  

36 
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Figure 9. Proposed mechanism of protection conferred by the 15% Mg coating. 
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response characterizing the second stage showed an increase in the mid frequency phase angle 

from 35 degrees to 45 degrees. Previous work [xx] has demonstrated an accumulation of 

corrosion products and a decrease in capacitance; in this case, the CPE denotes denser material, 

and the formation of Mg oxides and hydroxides [xx] describes the nature of the semiconductor 

formed. The low frequency considers the charge transfer and CPE associated with the double 

layer at the particle-polymer interface. The formation of a time constant at low frequencies 

indicates the activity of the area available for electrochemical reactions. In the last stage of 

exposure time, the passive stage for this MgR composition was characterized by the formation of 

precipitates and corrosion products, and the depletion of the active surface resulted in more 

favorable kinetics, owing to the initial active area. The third stage was identified at 21 days, 

when no further change in each of the time constants along the frequency range was observed. 

The phase angles showed an almost horizontal line across the frequency range, with a small 

indication of a time constant at high, medium, and low frequencies; this finding might have been 

due to the saturation of the MgR particles within the polymeric matrix. The distribution might 

have occupied the coating volume, and the contact surface between particles was higher than that 

with 15% MgR. The phase angle remained at 42 degrees after the 42 days, and the OCP was 

stable at -0.48 V vs SCE at the end of the exposure time and did not exceed the threshold at 

which cathodic protection would have an effect. Instead, the barrier protection was a more 

dominant mechanism. The corrosion products and the particle distribution influenced the passive 

stage in the presence of this formulation 

II.3.2.3. MgR 60%

Figure 8 shows the impedance results for the MgR60 at different exposure times in the 

pH=7 buffer solution. The presence of the highest content of MgR particles (60%) resulted in 
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similar evolution processes to those observed with the previous two concentrations, according to 

the EIS signatures. Some important differences with respect to the previous formulations should 

be noted. We were able to distinguish the water uptake and activation stage after 1 day of 

exposure; the phase angle at the highest frequency showed a decreasing maximum point with 

respect to time. The Mg content influences the particle contribution to the conductivity and 

porous distribution. In the initial stage, during the first 7 days, the electrolyte uptake by the 

polymer matrix and the activity of particles produced the first two-time constants observed with 

the previous two Mg compositions. The second stage involved an active to passive transition, in 

which the particle surfaces reacted and began to form corrosion products. The time constant at 

medium frequencies appeared at day 7 and increased thereafter. The higher particle content 

provided more active sites for the electrochemical reactions. The particles distributed along the 

polymer, and the interconnectivity between particles was greatest at that point. The OCP showed 

a greater positive magnitude than that observed with 30% MgR. This finding was not expected 

when we considered the proportionality between the content and active surface. However, the 

polarization rate showed a less stepped slope than that of the previous composition, because the 

particle distribution produced more sites available for electrolyte uptake; the particle to particle 

or particle alone could have a larger area and a smooth active to passive transition. The phase 

angle at mid frequencies and low frequencies showed particle reactions due to the continuous 

accumulation of corrosion products. Each time interval of 7 days showed the same increase for 

the phase angle in mid frequencies. The low frequencies revealed an increase in the charge 

transfer and phase angle; the latter effect was attributed to the decrease in the active sites and the 

increase in passive or corrosion product coverage. The third stage was assumed to exist after 42 

days of exposure. The phase angle magnitudes did not change significantly at that point. The 
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phase angle magnitude was highest at mid and low frequencies, at 62 and 70 degrees, 

respectively. In addition, the OCP was negative after the longest exposure time with respect to 

the aluminum threshold between galvanic and sacrificial protection. The composition influenced 

the performance of the MgR epoxy content. The distribution of particles was not controlled or 

monitored after the sample preparation, and the process was performed in the same manner. The 

distribution could be studied by the addition of CNTs and by considering different stages during 

immersion. 

II.3.3. Influence of CNTs on the evolution and interfacial mechanisms

For the 15% MgR particles, the addition of CNTs showed a defined mechanism over time. 

The total impedance magnitude was smaller in the presence of CNTs. Prior work has 

demonstrated how CNTs improve the electrical connectivity between active particles embedded 

within an epoxy matrix [xx]. CNTs also strengthen the barrier protection of active rich epoxy 

coatings. Previously, ZnR was used to protect the carbon steel matrix space and potential porous 

filling out with the small particles. The OCP showed a stable magnitude over time, as previously 

described. After the initiation stage, the OCP magnitude increased to more positive magnitudes 

and was located in the barrier region. Figure 10 shows the EIS signature when 0.77% CNT was 

added to the epoxy polymer. The mechanisms are proposed on the basis of the time constants 

that appeared at different frequencies. 

The EIS characterization was based on three different stages. Under initial immersion 

conditions, water uptake and activation occurred. The MgR15 formulation showed three time 

constants. The first, at high frequencies, described the polymer properties. The phase angle 

describing the second time constant at medium frequencies related to the particle’s properties in 
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the initiation-activation stage. The time constant was less clear than that in the previous 

composition without CNTs; the phase angle magnitude slightly changed over time on the 

following day. The interconnectivity between MgR particles increased in the presence of CNTs. 

Previously, smaller percentages of CNTs in ZnR epoxy coatings influenced the resistivity and 

Figure 10. EIS Nyquist and Bode plots for Mg-rich primer-aluminum system with carbon 
nanotubes 
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the surface activity of zinc particles, thus promoting charge transfer and mass transfer reactions 

at the particle-epoxy interface. The OCP was consistent with the stability of the activation stage 

in the initial stage, and the potential increase after immersion and entry into the barrier protection 

zone instead of the sacrificial mode (charge transfer). The rapid reaction and sites available for 

the electrochemical reaction with the MgR particles produced higher phase angle magnitudes at 

low frequencies: the magnitude started at 62 degrees and increased to almost 77 degrees. The 

mid frequency phase angle, indicating a time constant associated with the corrosion products, 

formed rapidly because of the activation or charge transfer mechanism. The CNT addition 

facilitated the interconnectivity between particles, the active area increased, the particles 

experienced an interfacial reaction, and the formation of corrosion products influenced the phase 

angle magnitude. This magnitude was greater than that with all previously tested concentrations 

of Mg without CNT addition. This finding was attributed to the higher total surface activity than 

that with the previously tested MgR formulations. The next stage after initiation is the active to 

passive transition, thus producing corrosion products at the particle interface. The final or steady 

state stage was marked by the water uptake electrolyte reaching all particles on the surface and 

the continuous charge transfer controlled process.  

The addition of CNT to higher concentrations of MgR particles modified the evolution of 

the EIS signal in terms of interfacial stages and the mechanisms in the coating. At 30% Mg with 

CNT addition, two stages were identified. The initial stage consisted of water uptake with the 

activation of surface particles that reacted and formed charge transfer reaction products as the 

charge transfer reaction occurred. As shown in Figure 10, at the low-mid frequencies, the phase 

angle showed a maximum, owing to the charge transfer reaction and the influence of oxides or 
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corrosion products, whereas at high frequencies, the influence of the polymer matrix contributed 

to the second time constant. After 7 days of exposure, the time constant at low medium 

frequencies increased in magnitude, and an additional time constant appeared at medium 

frequencies. This finding was attributed to the surface gained by the interconnectivity between 

the particles due to the presence of CNTs. More active surface was achieved by the electrolyte, 

owing to the particle-CNT-particle electrical connection. ZnR epoxy results in activation of more 

sites, owing to the interconnectivity between CNT and Zn particles at low percentages of CNT. 

In this work, the concentration of CNT helped to reveal more surface that had not reacted at the 

initial exposure time. The second stage was the activation-passivation, in which the electrolyte 

found new active surface.  

The addition of CNT to the 60% Mg showed three stages and two time constants. The 

initial or activation stage was described by two time constants at high and low frequencies. The 

electrolyte was taken up by the polymeric matrix and wet the surfaces of the MgR particles, thus 

activating the surface after day 1. The second stage included the activation-passivation of MgR 

particles in the presence of CNTs from day 7 to day 35. Finally, the last stage was reached at 35 

days, when the phase angle remained unchanged over time at low frequencies, and a stable phase 

angle magnitude was observed for the high frequencies. 

The three different time constants shown in the phase angle are represented in Figure 13, 

with an equivalent circuit with three CPE and resistances from high frequency to low frequency 

describing the properties of the polymeric matrix, the particles, and the interfacial reactions at the 

particle/polymer interface. 
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Figure 11. SEM and EDS of 15%Mg and 30%Mg coatings before immersion 

Figure 12. SEM and EDS of  a) 30%Mg 0%CNT and b) 30%Mg 0.77%CNT coatings after 
immersion 
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Table 5. Values of equivalent circuit fitting. 

Figure 13. Equivalent circuit 

Mg CNT Immersed
Conc. Conc. Time Resistance Capacitance Exponent Resistance Capacitance Exponent Resistance Capacitance Exponent
(w%) (w%) (Days) (Ω cm2) S*s^a (Ω cm2) S*s^a (Ω cm2) S*s^a

1 16330.0 7.22E-08 0.86 77260.0 3.62E-06 0.34 185600.0 1.65E-05 0.66
7 14800.0 1.79E-07 0.77 114100.0 2.63E-06 0.51 464400.0 1.61E-05 0.76

14 12260.0 3.49E-07 0.72 137500.0 2.59E-06 0.61 887700.0 1.30E-05 0.74
21 7301.0 6.43E-07 0.68 125700.0 2.55E-06 0.70 897500.0 1.22E-05 0.70
28 5462.0 9.92E-07 0.65 126600.0 3.03E-06 0.72 1033000.0 1.08E-05 0.67
35 4973.0 1.18E-06 0.64 112700.0 3.25E-06 0.72 717700.0 1.41E-05 0.68
42 4003.0 2.42E-06 0.59 133600.0 4.09E-06 0.72 446400.0 1.36E-05 0.64

1 107.4 3.45E-08 0.92 8056.0 7.65E-05 0.45 3581.0 3.68E-07 1.00
7 541.2 3.78E-06 0.60 3081.0 1.64E-05 0.58 430200.0 9.37E-06 0.77

14 982.1 4.35E-06 0.59 5866.0 1.19E-05 0.58 792700.0 7.36E-06 0.77
21 1918.0 5.81E-06 0.56 14550.0 8.07E-06 0.58 1187000.0 5.77E-06 0.72
28 2638.0 7.51E-06 0.54 29130.0 4.90E-06 0.57 1731000.0 4.48E-06 0.66
35 2736.0 9.00E-06 0.53 86580.0 4.52E-06 0.53 2423000.0 2.28E-06 0.80
42 1235.0 1.00E-05 0.52 87850.0 3.40E-06 0.58 3551000.0 1.89E-06 0.80

1 150.3 1.28E-06 0.69 31820.0 4.99E-05 0.49 93060.0 3.31E-03 1.00
7 394.7 1.09E-05 0.60 2498.0 1.02E-05 0.68 258300.0 1.74E-05 0.78

14 734.8 1.18E-05 0.65 4824.0 7.22E-06 0.77 865800.0 1.44E-05 0.83
21 725.4 1.50E-05 0.66 7900.0 6.25E-06 0.77 1800000.0 9.14E-06 0.88
28 491.2 1.59E-05 0.68 8635.0 6.32E-06 0.78 1335000.0 7.58E-06 0.88
35 481.2 1.89E-05 0.69 7979.0 3.80E-06 0.87 1181000.0 5.81E-06 0.90
42 368.8 2.11E-05 0.71 6069.0 2.78E-06 0.93 740200.0 4.89E-06 0.91

1 161.2 1.79E-05 0.75 2555.0 8.01E-06 0.80 138500.0 7.49E-06 0.84
7 92.1 1.47E-05 0.79 1972.0 1.02E-05 0.83 170000.0 7.37E-06 0.85

14 11.8 1.21E-06 0.79 287.0 1.83E-05 0.81 157700.0 1.46E-05 0.83
21 9.2 8.95E-07 0.84 190.0 2.07E-05 0.84 185500.0 1.26E-05 0.84
28 9.5 7.50E-07 0.84 149.1 2.00E-05 0.85 181300.0 1.47E-05 0.85
35 10.1 9.30E-07 0.83 233.2 2.23E-05 0.85 218000.0 1.38E-05 0.86
42 10.0 1.18E-06 0.82 250.4 2.32E-05 0.85 219600.0 1.37E-05 0.86

1 524.4 2.31E-08 0.87 3944.0 2.88E-05 0.35 69480.0 2.07E-05 0.78
7 613.8 2.45E-09 1.00 4161.0 8.55E-06 0.45 547700.0 2.55E-05 0.60

14 664.3 7.27E-07 0.62 1606.0 1.49E-05 0.65 206900.0 2.01E-05 0.70
21 539 1.12E-06 0.61 1620.0 1.72E-05 0.66 176500.0 1.89E-05 0.72
28 271.3 1.40E-06 0.62 1686.0 2.31E-05 0.72 153500.0 1.26E-05 0.80
35 483.7 1.71E-06 0.57 2399.0 2.04E-05 0.71 158500.0 1.45E-05 0.77
42 262.2 1.27E-06 0.61 2230.0 2.50E-05 0.74 121200.0 1.04E-05 0.84

1 1160 1.48E-05 0.57 4022.0 1.36E-05 0.90 79870.0 2.37E-05 1.00
7 95.39 1.52E-06 0.66 283.5 1.46E-05 0.73 43660.0 4.78E-05 0.90

14 91.79 1.68E-06 0.65 210.2 1.38E-05 0.75 104100.0 5.17E-05 0.87
21 76.16 2.13E-08 1.00 179.2 1.59E-05 0.73 90590.0 5.22E-05 0.86
28 71.98 2.31E-08 1.00 153.0 1.97E-05 0.73 56650.0 5.04E-05 0.86
35 66.16 2.50E-08 1.00 141.7 3.53E-05 0.69 60950.0 4.52E-05 0.87
42 67.37 2.87E-08 0.99 140.5 3.76E-05 0.71 59660.0 4.73E-05 0.87

15 0.77

30 0.77

60 0.77

60 0

POLYMER MATRIX MAGNESIUM OXIDE PARTICLE/POLYMER INTERFACE

15 0

30 0
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CHAPTER III 

 NANOCOMPOSITE EPOXY-RICH COATINGS 

III.1. Introduction 

Stainless steel (SS) is widely used in the industry due to its excellent corrosion resistance and 

price. However, these materials tend to suffer localized corrosion due to the breakdown of the 

passivation layer formed on the steel surface [79]. One of the most efficient methods for 

shielding SS from corrosion is applying organic coatings, which provide a protective barrier and 

prevent the diffusion of oxygen and water through the insulating layer [80]. Epoxy resins, among 

organic coatings, are the most used polymers in the protection of steel due to their excellent 

physical and chemical properties such as adhesion, chemical resistivity, mechanical and 

dielectric properties [81]. However, like all polymers, they are susceptible to corrosive species 

such as oxygen, aggressive ions, and water molecules at the metal/coating interface, reducing the 

coating adhesion and favoring corrosion of the metal underneath the film [82, 83] Incorporating 

inorganic nanoparticles, however, can improve the barrier properties and protective performance 

of the epoxy coatings. Examples of the inorganic materials include silicon oxide (SiO2), titanium 

dioxide (TiO2), zinc oxide (ZnO), cerium oxide (CeO2), zirconium oxide (ZrO2), among others, 

recognized for their physical and mechanical properties owing to their grain size and grain 

boundary volume [80, 84] .  

Individual oxides of Zr, Zn, and Ti are among the commonly used materials for corrosion-

resistant coatings and present good performance. However, the use of single oxide exhibits some 

flaws due to pores and cracks in the coatings. Contrarily, a hybrid or multi oxides coating can 
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potentially combine the intrinsic properties of all the oxides, improving the adherence and 

enhancing the barrier to dissemination and preclusion of charge transport. The properties of the 

coatings can be tailored by controlling the concentrations of each oxide nanoparticle to overcome 

the limitations within a single oxide [85, 86]. 

This study proposes a novel and hybrid combination of TiO2, ZnO, and ZrO2 

nanoparticles at different ZrO2 rich ratios using the ball milling technique and added to a 

commercial epoxy resin. For the first time, we present a systematic fundamental analysis of the 

different nanoparticles' ratios in the epoxy matrix to determine the efficacy in the corrosion 

protection properties on SS substrates. 

III.2. Experimentation 

III.2.1. Materials

Stainless Steel 430 BA rectangular plate substrates (20 mm x 10 mm x 1 mm) purchased 

from Prominox. The substrates were abraded with successive grades of SiC papers up to 1500 

grade and sequentially cleaned with sodium hydroxide (NaOH, 98% purity), sulfuric acid 

(H2SO4), hydrochloric acid (HCl 37 wt%), extran solution, methanol (CH3OH), and deionized 

water, blow-dried at room temperature with compressed air. The cleaning solvents used and the 

oxides ZrO2, ZnO, and TiO2 were supplied by Sigma- Aldrich Company (Toluca, Mexico). 

III.2.2. Synthesis of the trimetallic oxide compounds
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The three different oxides were weighed and mixed at different enriched ZrO2 

proportions, forming six different compositions (Table 6) of the TMO. All the mixed TMO were 

annealed at 700°C for 2 h in a non-vacuum oven and mechanically milled at 300 rpm for 3 h. 

Finally, the TMO nanocomposites were sintered at 700°C for 2 h. 

Table 6. Composition of trimetallic oxides (wt%) 

TMO ZrO2 TiO2 ZnO 
A 90 5 5 
B 80 10 10 
C 65 25 10 
D 50 40 10 
E 40 50 10 

III.2.3. Preparation and deposition of the epoxy-TMO coatings

The Epoxy-TMO coatings were prepared using commercial epoxy resin mixed with the 

different Z2T compositions in a proportion, epoxy resin(99-x) and TMO (x) wt%, using 

magnetic stirring for 15 minutes. After that, the commercial hardener was added to the mixture 

to obtain a 60:40 wt% of epoxy-catalyst mixed by magnetic stirring for 3 minutes and sonicated 

in deionized water to release trapped air bubbles inside the coating. The resulting Epoxy-TMO 

coatings were deposited on the metallic substrates by drop-casting, and the procedures were 

repeated to obtain uniform coatings. The resulting coatings were dried at room temperature for 

24 h. 

III.2.4. Characterization

The crystal structure of the synthesized TMO and was characterized by X-ray diffraction 

(XRD) with a copper Kα radiation source (λ=1.5405 a) at a scan rate of 0.04° min-1 using a 

Bruker AXS D8 Advanced apparatus. The oxides were analyzed in the 2θ range from 10° to 80°. 
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The morphology and composition of TMO were studied using TESCAN Vega3 SEM fitted with 

Bruker EDS. Raman analysis was performed using NT-MDT Ntegra spectra with a shift in the 

range of 300 to 3300 cm-1. The optical absorbance of the coated films was characterized using 

JASCO V-670 Spectrophotometer in the wavelength between 200 and 600 nm.  

The electrochemical behavior of the non-scratched and scratched coatings was assessed in 

a 3.5 wt% NaCl solution at room temperature for various immersion times (i.e., from 1 to 28 

days). The measurements were performed in a Potentiostat/Galvanostat (Gamry instrument 

REF600® potentiostat). A typical three-electrode was used: the coated SS substrate as the 

working electrode with an exposed area of 2.714 cm2, a saturated calomel electrode (SCE) as the 

reference, and a platinum grid wire as the counter electrode. The electrochemical techniques 

such as open circuit potential (EOCP), electrochemical impedance spectroscopy (EIS), and linear 

polarization resistance (LPR) were measured using a GAMRY REF600® potentiostat. EIS 

measurements were carried out at EOCP with a sinusoidal potential of 10 mV in amplitude. The 

frequency range was from 10-2 to 105 Hz with 10 points per decade interval. The corrosion 

behavior of the commercial epoxy coating was also tested under the same conditions, providing a 

baseline for coating evaluation. Water contact angle was measured using Data physics (OCA 35, 

Germany) with 4 µL distilled water. 

III.3. Results and discussion 

III.3.1. X-Ray Diffractogram analysis

The synthesized Z2T nanocomposites characterized by XRD (Figure 14) shows 

characteristic 2θ peaks values at ~ 16.7°, 24.3°, 43° for the ZrO2 monoclinic, with the prominent 
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peak at 2θ =28.6° corresponding to the (-111) plane (ICDD file no. 00-065-0728) [87]. It can be 

observed that increasing the wt% of tetragonal anatase-TiO2 (ICDD file no. 01-070-2556) 

decreases the intensity of ZrO2 [88]. The observed peak at 2θ=34.4° corresponding to the (002) 

plane suggests the presence of hexagonal ZnO (ICDD file no. 01-082-9744) [89]. The observed 

prominent peak at 2θ ~36.3° may be attributed to (311) plane corresponding to the presence of 

tetragonal ZnTiO4 (ICDD file no. 00-038-0500) [90]. It is also observed a small peak at 2θ~40° 

corresponding to the plane (511) of the ZnZrO2.  

Figure 14. XRD of the synthesized TMO ZrO2: ZnO: TiO2 by ball milling 

The average crystallite size (Table 7) for each oxide was calculated with the Debye-

Scherrer equation inserting the diffraction angle and peak full line width at half maximum 

(FWHM): 

𝐷 =
0.94𝜆

𝛽𝑐𝑜𝑠𝜃
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D is the crystallite's average size, λ is the wavelength of the X-ray radiation, B is the peak 

FWHM in radian, and θ is the diffraction peak position. 

Table 7. Average crystallize size of the TMO oxides 

TMO ZrO2 
(nm) 

TiO2 
(nm) 

ZnO 
(nm) 

ZnTiO4 ZnZrO2 

A 12.22 20.97 26.50 37.50 35.05 
B 12.50 15.47 19.14 35.02 34.36 
C 18.37 17.51 18.61 45.36 34.50 
D 26.67 15.94 16.87 43.99 31.46 
E 26.59 16.53 17.04 40.68 34.56 

The ZrO2 crystallite sizes varied between 12 and 27 nm, improving the wt% of TiO2, 

although with a marginal decrease in sample E. The crystallite sizes reduced and remained 

almost constant afterward for TiO2 but gradually reduced for ZnO. 

III.3.2. Morphological characterization of trimetallic oxides

The SEM micrograph of the Z2T TMO shows agglomerations of the nanoparticles with a 

random uniform distribution of the constituent elements (Figure 15A). The SEM micrograph 

shows the distribution of grains of trimetallic oxide in the range of 100 to 400 nm by EVA 

software. The average thickness for all the epoxy samples measured from the cross-section 

(Figure 15B) is around 280 nm. 
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Figure 15. A) SEM micrographs of TMO (ZrO2/TiO2/ZnO), B) Cross-section SEM images of 

epoxy-TMO coating in a stainless steel substrate. 

The elemental composition of the depositions (Table 8) showed a higher constituent of Zr 

in all cases (except in sample E); Fe and Cr belong to the substrate, while the carbon content 

(above 80%) is obtained from the epoxy material. 

Table 8. Elemental compositional for cross-section image of epoxy film with different 

trimetallic oxide compositions 

Samples 

C 

(%) 

O 

(%) 

Zr 

(%) 

Zn 

(%) 

Titanium 

(%) 

Cr 

(%) 

Fe 

(%) 

A 83.82 8.97 2.85 0.69 0.59 0.76 2.32 

B 86.42 5.19 3.22 0.90 1.24 0.92 2.11 

C 86.91 5.91 2.15 1.04 1.45 0.63 1.91 

D 82.68 6.85 2.23 0.47 1.33 2.24 4.20 

E 82.88 7.38 1.54 0.53 1.61 2.93 3.13 
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III.3.3. Raman analysis

In Figure 16 it is presented the Raman analysis of the epoxy coatings with the TMO 

oxides to determine if the phases characterized by XRD were presented in the coatings where it 

is reported that composites for ZnO wurtzite and monoclinic ZrO2 maintain their phases after 

annealing at 700°C [91]. The observed peaks at 1120 and 1620 cm-1 corresponded to the 

benzene ring quadrant stretching characteristics of the epoxy ring vibration, the signal at 830 cm-

1 could also be related to the vibrations of the entire epoxy ring (i.e., characteristic of the CH2 

Epoxy asymmetric, and vibration C-H groups of the epoxy ring) [92]. The lacking peaks of  

TMO oxides (1 wt%) may be due to their relative amount, which is not enough to exhibit 

significant peaks in the Raman modes corresponding to the present oxides. 

III.3.4. Optical analysis of epoxy-rich coating

The epoxy systems have significant chemical and mechanical properties. They possess 

aromatic groups with strong absorption in the UV range at 300 nm, making the epoxy structures 

susceptible to photodegradation. UV light forms free radicals on the surface of the polymer and 

is highly active in attacking the polymer structures. Other environmental factors, including 

humidity, oxygen, temperature, and pollutants, can decrease the lifetime of the polymer. Thus, 

added inorganic nanoparticles such as ZnO and TiO2 scatter the light and have broad 

assumptions in the UV range, and almost do not have absorptions in the visible range [93]. The 

absorbance and transmittance plots for the coatings (Figure 17) showed two characteristics 

absorption peaks of the epoxy resin at ~280 and ~350 nm. 
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Figure 16. Raman of the epoxy- TMO coatings at different ratios of ZrO2/ TiO2/ ZnO: Epoxy-A 

(90/5/5), Epoxy-B (80/10/10), Epoxy-C (65/25/10), Epoxy-D (50/40/10), Epoxy-E (40/50/10) 

From the transmittance plot, all the coatings presented low transmittance %, showing the 

coatings' capacity to absorb light. Except for the epoxy-A coating, all the coatings present a 

transmittance % close to each other. 

Incorporating TiO2 nanoparticles within the epoxy coating tends to broaden the absorption 

region of the epoxy and enhance the absorption intensity at around 250 nm within the TiO2 

absorption range. Thus, the UV range is enhanced by incorporating this oxide, observed from 



55 

(Figure 17) for the deposited coatings [94]. The enhancement may be due to TiO2, which has a 

wide bandgap ~ 3.2 eV and tends to absorb the shorter wavelength with high energy to excite its 

electron below 400 nm where it does not have a specific peak within this region. The absorption 

range of nano ZnO reported between 360- 230 nm can also block the UV radiation in organic 

coatings [95] and observed at ~246 nm (Figure 17). 

Xu et al. [96] reported that TiO2/ZnO composites presented strong photo-absorption than 

pure ZnO and TiO2. The absorption edge of TiO2/ZnO showed a redshift to the visible spectrum 

range ascribed to better scattering of the induced electron-hole pairs in the porous architecture as 

well as the mixture effect of the bandgap of the composite semiconductor improving the 

photoelectric effect of the composite films and further enhance their photocathodic properties of 

the stainless-steel substrate.  

Figure 17. UV absorbance of the synthesized coatings epoxy- TMO coatings: Epoxy-A (90/5/5), 

Epoxy-B (80/10/10), Epoxy- C (65/25/10), Epoxy-D (50/40/10), Epoxy-E (40/50/10). 
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ZrO2 presents excellent chemical and physical properties, with a wide bandgap larger than 

5 eV, is crucial luminescent material. Its good optical transparency makes it a potential candidate 

for photocatalytic applications due to its high surface area and many oxygen vacancies. The 

monoclinic phase appears more stable at room temperature, depending on the different synthesis 

parameters with reported absorption signal ~204 nm [97]. In the Epoxy- TMO, the signal is not 

observed within these ranges. The signal corresponding to an interaction between ZnO and ZrO2 

is observed ~246 nm, decreasing with a reducing ZrO2 ratio in the coatings. Sathyaseelan et al. 

[98] reported absorption peaks at 215 and 217 nm for synthesized and calcined samples of ZrO2

due to the Zr+4 ions d transition. The nanoparticles also showed a weak absorption band at 310 

nm due to mid-gap trap sides, such as surface defects and oxygen vacancies. The surface 

modification results in a sharp increase in absorption by the ZrO2 within the visible region. 

III.3.5. Contact Angle  measurements

Water contact angle measurements (CA) were carried out for the epoxy-TMO coatings to 

investigate the coated surfaces' wettability state and determine the effects of the different oxides 

on the coated systems (Table 9). For the epoxy sample, it was not possible to determine a contact 

angle, and for the epoxy coatings with the nanoparticles, there is a difference in the CA. 

However, the trend showed no significant variation of the contact angle with the decrease of 

ZrO2. All the epoxy coatings present hydrophilic characteristics close to 90° except for the 

coating epoxy-D coating, which presented a CA of ~73.8° compared to the other coatings, 

exhibiting more hydrophilic characteristics. In comparison, the reported values of CA for ZrO2 

and ZnO are 67° and 75° respectively [99]. 
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For these Epoxy- TMO coatings, there are two things related to reducing the water contact 

angle: the first is the characteristics and properties of the trimetallic nanoparticles. The second is 

the surface roughness and porosity of the coating. ZrO2 has the property to increase the contact 

angle, reducing the wettability of the material [100]. TiO2 shows a self-cleaning action related to 

its photocatalytic activity. The relationship between TiO2 and hydrophilicity is that the water 

molecules will be chemisorbed on the TiO2 surface. These water molecules will further absorb 

water by physisorption (Van der Waals forces or hydrogen bonds). The physisorbed water 

molecules act as a barrier to prevent close contact between surface and pollutants. The 

combination of TiO2 with ZnO improves the hydrophilicity due to the formation of surface 

oxygen vacancies [101]. Sanu et al. also explained that reducing the contact angle can also 

reduce Ti+4 cations to Ti+3 state and oxidation of O2- anions expelling some oxygen atoms. 

When the surface is exposed to moisture, the OH molecules are physisorbed to the vacancy sites, 

and the adsorbed OH groups on the surface can convert the surface into a hydrophilic one by 

creating a sheet of chemisorbed H2O through Van der Waals forces that block the close contact 

between the surface and adsorbed contaminants. Thus, the dirt absorbed on the film's surface can 

be quickly detached using water spread on the surface, showing a self-cleaning effect [102]. 

III.3.6. Electrochemical characterization

EIS spectra illustrate the interfacial characterization with time-based on the coating 

composition. Figure 18a-c displays three EIS signatures (Nyquist, Bode, and phase angle) for the 

Epoxy and the Epoxy with TMO compositions following 21 days of 3.5% NaCl exposure.  The 

representing values of this interface display high resistance after 21 days of exposure. The classic 

water uptake process occurring in a polymeric matrix coating prevails during the initial times, 
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Table 9. Contact angle measurements of epoxy-TMO coatings 
Sample Thickness (µm) Contact angle Drop image 

Epoxy 340 NA 

Epoxy-A 270.8 85.7±0.4 

Epoxy-B 253.9 81.2±0.3 

Epoxy-C 271.2 84.6±0.4 

Epoxy-D 292.5 73.8±0.3 

Epoxy-E 302.6 81.9±0.3 
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achieving resistances are in the order of 106-1011 Ω cm2. The Epoxy coating showed a typical 

water uptake behavior with time. The semicircle or loop shape by the complex representation 

resembles the epoxy evolution in a typical charge transfer and capacitance due to the water 

uptake within the matrix. The coating has a finite impedance magnitude marked by the loop 

magnitude (~80 x108 ohm-cm2). Epoxy-A illustrates a finite impedance magnitude with a high 

magnitude. The complex representation shows capacitive characteristic mechanisms due to the 

electrolyte uptake, and 95/5/5 confer barrier properties to the polymer matrix. The addition of 

TiO2/ZrO2 permits the formation of a physical barrier; previously, TiO2 has been used in 

pigments to block electrolyte transport. The ZrO2 also helps the reduction of ionic species 

reaching the bulk of the polymer. The particles are distributed along with the polymeric matrix. 

The addition of a higher percentage of TiO2 gives similar properties as the previous epoxy 

composition. Epoxy B formulation denotes controlled water uptake with a capacitive-like 

behavior due to the higher impedance similar to Epoxy A with the phase angle in both cases 

(Epoxy A and B) appearing identical along with the frequency range. Epoxy C contains no 

higher concentration of TiO2 and ZnO but a decrease in the ZrO2 concentration. The results 

following 21 days present a change in the transport mechanism and an increase of impedance 

magnitude. The Nyquist (or complex) plot presents a diffusion signature characteristic of the 

mass transport control process at low frequencies. The higher concentration of TiO2 influences 

the particle distribution within the matrix and the transport mechanisms. The particles are 

integrated with the polymeric matrix making an additional barrier layer influencing the 

electrolyte transport. Mass transport is characteristic of the complex signature and also the phase 

angle format at the lowest frequencies. It is essential to notice that epoxy- D coating with a 

proportion of 50/40/10 (ZrO2/TiO2/ZnO) is the one with the highest resistance reaching values 
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close to 1012 Ωcm2 with an ideal capacitance behavior with an infinite real impedance. This 

latter suggests a dielectric barrier blocking any water uptake and electrolyte draining within the 

coating during the exposure time. The highest percentage of TiO2 influences the transport 

mechanisms within the polymeric coating layer, the formation of an ideal capacitor considers the 

distribution of particles favoring the physical barrier within the polymeric matrix. The 

semiconductor properties due to TiO2 presence illustrate the blocking of the ionic species or any 

electrolyte within the polymeric matrix. 

The TiO2 has been used for the filling of pores in polymeric materials. TiO2 has been used 

as pigment for several coatings; the pigment has been used for corrosion protection based on the 

physical barrier effect.   

The epoxy-TMO coatings presented good resistance behavior by assuming physical barrier 

protection due to the properties of ZrO2 that could present isolator and conductive behavior, and 

that with the interactions of TiO2 and ZnO, the coating presents an additional barrier by using 

the TiO2 particles as fillers and blockers. The particle distribution suggests a random distribution 

within the polymer matrix and also at the coating surface. The contact angle is clear evidence of 

the influence of the distribution; the TiO2 is present at the outmost surface lowering the contact 

angle. The contact angle and resistance properties decrease with TiO2 increase, wetting the 

surface and not taking into the matrix. 

Epoxy D shows a phase angle magnitude close to 90 degrees along with the frequency range 

and total impedance magnitude reached 1e1011 ohm.cm2 following 21 days of exposure. The 

transition of interfacial mechanisms was evident with the increase of TiO2 particles while ZrO2 

decreases and ZnO remains constant. The 90/5/5 (ZrO2/TiO2/ZnO) ratio showed water uptake 

with the coating, displaying a capacitance and finite charge transfer process. The increase of TiO2 
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in the oxide composition (65/25/10- ZrO2/TiO2/ZnO) turns the mechanism more diffusion-

controlled. This latter is due to a barrier layer influenced by the TiO2 particles and the lower 

conductivity by decreasing ZrO2. Finally, the highest concentration of TiO2 (50/40/10- 

ZrO2/TiO2/ZnO) produces an ideal capacitance behavior. The particles might form a dielectric 

layer with no passage of electrolyte, producing an ideal capacitor. Figure 18a-c displays the  

0 4 8 12 16 20
0

4

8

12

16

20

0 10 20 30
0

10

20

30
-Z

" 
(1

06
W

cm
2 )

Z´(106Wcm2)

0 20 40 60 80 100
0

20

40

60

80

100

-Z
" 

(1
08
W

cm
2
)

Z´(108Wcm2)

-Z
" 

(1
010

W
cm

2 )

Z´(1010Wcm2)

 Epoxy
 Epoxy-A
 Epoxy-B
 Epoxy-C
 Epoxy-D
 Epoxy-E

Epoxy- TMO Coatings

a)

10-2 10-1 100 101 102 103 104 105
101

102

103

104

105

106

107

108

109

1010

1011

1012

|Z
| (
W

cm
2
)

Frequency (Hz)

 Epoxy
 Epoxy-A
 Epoxy-B
 Epoxy-C
 Epoxy-D
 Epoxy-E

Epoxy- TMO Coatings b)

10-2 10-1 100 101 102 103 104 105
0

-20

-40

-60

-80

-100

P
h

a
se

 a
ng

le
 (

°)

Frequency (Hz)

 Epoxy
 Epoxy-A
 Epoxy-B
 Epoxy-C
 Epoxy-D
 Epoxy-E

Epoxy-TMO Coatingsc)

Figure 18 . Nyquist (a), Bode (b) and phase angle (c) of the epoxy and epoxy-TMO 
coatings at Day 21 



62 

damage or performance evolution of the coatings with the time-based distribution of the oxides  

within the coating. The physical barrier mechanism could be affected by removing the coating by 

mechanical load and presenting (Figure 19a-n) the same concentrations of coatings layers 

scratched and tested for 28 days exposed to NaCl solution. EIS signatures are presented in the 

three formats. Also, the substrate and the substrate with the Epoxy scratched condition is 

considered as the control system. 

Stainless steel shows two-time constants due to the natural layer formed at an initial stage 

and evolving to have a capacitance-like behavior with an active-passive surface influenced by 

the corrosive environment. Following 28 days, the passive layer formed prevails for the metallic 

substrate. The mechanical scratch on the epoxy layer revealed the interfacial mechanisms when 

exposed to the corrosive electrolyte. The EIS signature displays the same trend as in the 

stainless-steel sample. At the initial stage, the complex diagram shows capacitance-like behavior, 

and two-time constants appear due to the natural layer formed and exposed to the corrosive 

environment.  
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Figure 19. Nyquist and phase diagrams of the stainless steel (a-b), and the scratched coatings 
epoxy (c-d) and epoxy-TMO coatings at different ratios of ZrO2/TiO2/ZnO: Epoxy-A (90/5/5) (e-

f), Epoxy-B (80/10/10) (g-h), Epoxy-C (65/25/10) (i-j), Epoxy-D (50/40/10) (k-l), Epoxy-E 
(40/50/10) ) (m-n) 
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Epoxy-A coating with the highest content of ZrO2 (Figure 19e-f) presented a decrease in 

the resistance in almost one order of magnitude compared to the scratched epoxy polymer. This 

behavior could probably be to the disbondment of the polymer close to the scratch on the 

polymer. The formation of one and later two-time constants with low phase angle magnitude is 

attributed to the polymer matrix's reaction. The resistive properties of the trimetallic oxides are 

also contributing to the evolution within the polymer matrix from day 7 to day 14 at mid to high 

frequencies. The disbondment can also be attributed to a lack of substrate interface adherence 

due to the particle distribution.   

Epoxy B and C sustain a similar signature for the complex and phase angle representation. 

The minor difference is related to the mid frequencies' response. Epoxy B shows a lower phase 

angle magnitude comparing with Epoxy C. The particle distribution, coupled with decreased 

ZrO2 content, and high TiO2 in the polymer matrix, helped in the barrier effect in the matrix 

(mid frequencies) and the increased impedance magnitude of 106-107 Ωcm2 overall.  

Epoxy coating- D (Figure 19k-l) showed the highest resistance with an increase of two 

orders of magnitude than the scratched epoxy coating. As previously mentioned, this coating has 

a TMO oxide proportion of 50/40/10 (ZrO2/TiO2/ZnO) and showing an expected coating 

behavior that in contact with the aggressive environment, the resistance decreased to ~7x107 

Ωcm2 on day 14. However, this resistance is the highest compared to the other coatings; this 

latter agrees with the non-scratching condition with the Epoxy D showing good barrier 

protection due to the particles present in the polymer matrix.  

Quantitative analysis is proposed using equivalent circuits on day 21. The Bode, phase 

diagram, and Nyquist are shown in Figure 20a-c, and the corresponding equivalent circuit is 

presented in Figure 20d. The obtained data for the simulation is presented in Table 10, using the 
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proposed equivalent analog circuit to characterize the interfacial processes occurring for each 

Epoxy system [103]. 

Figure 20. Bode (a), phase angle (b), Nyquist (c) and equivalent circuit (d) of the epoxy and 

epoxy-TMO scratched coatings at Day 21 

Table 10. EIS fitting analysis of the scratched epoxy and epoxy-TMO coatings 

Samples Rs 
(Ωcm2) 

Rcoat 
(Ωcm2) 

Y0coat 
(S*s^η) 

η Y0dl

(S*s^η) 
η Rct

(Ωcm2) 
χ2 

Epoxy 48.12 731.9 35.80x10-6 0.613 13.89x10-6 0.898 33.46x106 77.05x10-6 

A 69.39 366.9 167.2x10-6 0.505 83.47x10-6 0.861 478.7x103 975.2x10-6 
B 56.59 11.74x103 145.1x10-6 0.456 411.9x10-9 0.869 155x106 1.586x10-3 

C 60.38 136.6x103 25.1x10-6 0.690 866.5x10-9 0.889 173.8x106 1.688x10-3 

D 93.74 41.42x106 168.9x10-6 0.356 253.5x10-9 0.924 127.2x106 683x10-6 
E 5.366 1.372x103 8.065x10-3 0.901 802.7x10-9 0.899 102.2x106 1.827x10-3 
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The coatings presented an equivalent circuit in series, as shown in Figure 20d. Rs 

represents the solution resistance, Rcoat is the resistance of the coating at high and middle 

frequencies, and Rct is the resistance to the charge transfer related to the substrate coating 

interface at low frequencies. A constant phase element (CPE) was used to account for the surface 

conditions of the substrate. The CPE (ZCPE) is defined by ZCPE= (1/Y)/(jω)η, where ω is 

frequency, Y is pseudo-capacitance, and η is associated with the system homogeneity specifying 

the CPE power, with parameters between -1 and 1 where η is between 0 and 1, the element has a 

CPE of the resistor-capacitor behavior [104, 105]. Table 10 shows the solution resistance of the 

coatings was less than 100 Ωcm2 and the resistance to charge transfer increased in the order of 

106 Ωcm2 with increased TiO2 to ZrO2 and ZnO ratio, and increasing the capacitive behavior, 

which is higher considering the conditions of the coatings and the time immersed in the 

aggressive environment. 

As mentioned before, the presence of the nanoparticles increases the corrosion resistance 

in the polymer coating. The epoxy-TiO2 obtained by adding the TiO2 nanoparticles to modify 

the network structure of the polymeric epoxy matrix using the embedded nanoparticles 

contributed to reorganizing the polymeric matrix by physical interactions due to Van der Waals 

force that helps in closing up the pores of the epoxy matrix. Hence, forcing the penetrated 

electrolyte to travel a longer distance reaches the substrate surface and leads to the corrosion 

reaction initiation [106]. Kumar et al. reported that with higher loading ratio of TiO2 could affect 

its dispersion state and led to larger clusters, altering the contact among the nanoparticles and the 

epoxy matrix and narrowing their interaction are essential for interfacial adhesion [107]. The 

application of ZnO to these TMO oxides helped reduce the formation of the clusters and 

increased the film's corrosion resistance and barrier properties [108]. 
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Incorporating the TMO on the Epoxy helped increase the corrosion resistance of the 

coating because the conformation of the three oxides forms a synergy between them and the 

organic coating. This type of corrosion resistance was observed for coatings with two oxides 

such as TiO2- SiO2. The constant phase elements show capacitive behavior and adding these 

elements indicated the entry of ions and corrosive solution to the lower layers of the coating. The 

observation was due to the presence of cracks and holes in the coatings, the lower barrier layers 

counteract the passage of the corrosive material to the substrate, increasing the corrosion 

resistance [109]. This kind of observation was also observed for epoxy resin with nanoparticles 

SiO2- ZnO where a small amount of ZnO to the coating increases the corrosion resistance. The 

resistance is due to the synergistic effect of the nanoparticles and the high surface area of the 

nano-sized ZnO particles increasing the barrier properties even after 30 days showing resistances 

higher than 108 Ωcm2 [110]. 

It was also observed with TiO2- ZnO content in PVC coatings. The combination of these 

oxides increased the homogeneity of the coating, reducing the porosity blocking the corrosive 

ions into the polymeric coating of the film. With these two oxides and ZrO2, blocking and 

covering the coatings' defects increase the corrosion resistance. It has also been suggested that 

the metal ions of Zr+4/Ti+4/Zn+2 encourage the reduction of oxygen vacancies reinforcing the 

resistance of the coatings [111]. The proposed transport and interfacial mechanisms are 

illustrated in Figure 21a-g. In Figure 21a, the physical interaction of the epoxy coating with the 

TMO nanoparticles and Figure 21b-j is the protection mechanism of the coatings against the 

aggressive environment showing the barrier.  

Table 11 shows the corrosion resistance rate for different coatings and the metallic 

substrate at day 21. It can be observed the decrease of the icorr with the increase of the TiO2 and 
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ZnO and the decrease of ZrO2 content of the TMO. It is observed that the increase of the vcorr 

of the epoxy-A consistent with the results obtained in EIS. Coating epoxy-D is the one with the 

lowest corrosion rate of 2.56 x 10-7 mpy.   

Figure 21. Corrosion protection mechanism of the epoxy coatings, a) physical interaction of the 
nanoparticles with the epoxy polymer, b) day 1, c) day 7, d) day 14, e) day 21, f) day 28 

Table 11. Linear polarization resistance (LPR) of the coatings at 21 days 

Sample Ecorr

(10-3V) 
Rp 

(106 Ω) 
icorr 

(10-10 A/cm2) 
vcorr 

(10-7 mpy) 

SS -232.2 0.019 13032.58 16300 

Epoxy 218.6 4.768 61.65 77.1 

Epoxy-A 608.1 0.297 876.01 1095 

Epoxy-B 124.8 63.09 4.12 5.15 

Epoxy-C 22.39 66.10 3.93 4.91 

Epoxy-D 45.55 126.9 2.05 2.56 

Epoxy- E 41.82 53.79 4.83 6.04 



CHAPTER IV 

 CONCLUSIONS 

    IV.1 Magnesium-rich coatings

          The cathodic protection period depends on the magnesium content. 

The addition of CNTs, enhances the connectivity when the concentration of Mg particles is low. 

The addition of CNT’s at higher concentrations of Mg particles, improves the conductivity of the 

coating and activates the magnesium particles in a shorter period. 

    IV.2 Trimetallic Oxides

          The different characterizations showed that these epoxy-TMO coatings present different 

properties of UV absorbance, hydrophilic and barrier properties due to the combination and 

synergy of these three oxides. Epoxy- D coating with a TMO content of 50/40/10 

(ZrO2/TiO2/ZnO) was the one to stand out. This composite coating not only presented higher 

hydrophilic properties compared to the other coatings, but also showed higher barrier properties 

by having resistance in the order of ~1012 Ωcm2. 
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