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Abstract

This paper aimed to test the epoxy and polyester blends as an organic coating on
mild steel against the harsh marine environment (NaCl 3.5 wt%) that causes
corrosion. The electrochemical impedance spectroscopy (EIS) and fitting
impedance data by ZsimpWin 3.22 software were used to estimate the barrier of
the samples for different exposure times (30, 60, 90, and 120 min). One equivalent
electrical circuit was used to fix the physical barrier to get an appropriate fitting.
Epoxy and polyester blend coating showed excellent corrosion protection for steel.
The blend coating showed better protection and stability against aggressive salt
solutions over time. The connection between the coating film's dielectric properties
(impedance spectrum) and how it acts as a physical barrier protection tells us about
the electrochemical process's capacitive behavior. It lets us guess how it will be a
barrier to protection in the real world. The observation is the radius of a semi-circle
of a real part and the imaginary part of impedance (Z) in the Nyquist plot. The
exponential power (n) of the constant phase element (CPE) is much less than one,
indicating that CPE is far from a pure capacitor. All the phase angles for all and
impedance with frequency in the Bode plot showed behavior similar to immersion
times. Atomic force microscopy (AFM) appears as a thin peak topography with
uniform disruption, which refers to a constant roughness for the specimen surface.
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Due to their affordability, steel and iron are the most widely used metals [1].

Environmental conditions cause chemical reactions, known as corrosion, that deteriorate
metals [2, 3]. Corrosion can be galvanic, stress, general, localised, intergranular,
fretting, pitting, crevice, etc. [4, 5]. In a corrosion cell, an anode, cathode, and
electrolyte solution come into contact with the metal. Anode ionic species dissolved in
electrolyte. Electrons move from the anode to the cathode, creating a current that
measures metal corrosion. Metal deposition, anodic, and cathodic reactions can occur on
metal surfaces. Metal deposition neutralises metals [6, 7]. When a metal reacts with an
electrolyte, it leaves its neutral state and releases ions that create a corrosion current.
Finally, the cathode consumes ions released by the anodic process. Steel is mostly iron
(Fe), which is reduced in a blast furnace with carbon from ores like hematite (Fe,O3) [8,
9]. Simple chemical terms describe the reduction:

2Fe,05 + 3C > 4Fe + 3C0, (1)

Steelmaking requires high temperatures and energy. Moisture and oxygen cause
steel to return to its original form: The chemical reaction is:

Fe + 0, + H,0 — Fe,05.H,0 2)

The thermodynamics of corrosion, which deals with chemical equilibrium and
energy shifts, explains metals and metal oxides' tendency to revert. Thermodynamics
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only offers information on a reaction tendency to occur [10]. Fig.1 shows that steel will
rust if exposed to moisture and oxygen.

Atmosphere

Fe,0,xH.0

Metal

Figure 1: A depiction of the reaction between a coated steel substrate with a water droplet
from the atmosphere [10].

Corrosion-related repairs, maintenance, and replacement cost 4% of South Africa's
gross domestic product (GDP). GDP measures worldwide economic activity by tracking
consumer spending on goods and services [11]. New technologies and science have
intrigued researchers in material integration. Corrosion remains a big financial issue
[19]. Corrosion's effects have been widely discussed in recent years. Corrosion causes
material waste, pollution, and economic and environmental losses. These effects cause
structures to break prematurely; compromising safety [12]. Organic coating is the most
frequently used approach for metal corrosion protection. Most coating systems epoxies,
acrylics, polyurethanes have environmental concerns. Precautionary measures fail.
Reinforced polymers can withstand harsh situations. Organic coatings provide short-
term protection, but they require periodic infrastructure replacement and surface
repainting; thus, there is a need for long-term alternatives. Zinc galvanising,
phosphating, inhibitors, CCCs, and Cp are the current approaches. Rain acidity affects
zinc corrosion in outdoor metallic coatings [13, 14]. This work aims to protect pipelines
from corrosion using the polymer coating method. This includes protection with
metallic coating using the hot-dip method and polymer coating as an electrical insulator.
The procedure is done by covering the outside of the pipeline with a protective film or
coating to stop corrosion and other types of damage that can happen over time. The
coating helps extend the life of the pipeline by protecting it from corrosion while
reducing the risk of leakage or other forms of damage. Economically, it is important for
the country as it saves millions of dollars.

2. Experimental Part
2. 1. Organic Coating Material
Organic coatings are protective coatings used to protect metal surfaces from
corrosion, wear, and other types of damage. Various materials can be used for this
purpose, including resins, solvents, and pigments, and they can be applied using
multiple methods, such as spraying, brushing, or dip coating [15]. Here are some
common materials used in organic coatings:

1. 2. 1. Epoxy

Epoxy is a class of thermosetting polymers commonly used as adhesives,
coatings, and composite materials. Epoxy resins typically comprise two main
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components: a resin and a hardener. When these two components are mixed, a chemical
reaction occurs, forming a solid, cross-linked material resistant to heat, chemicals, and
mechanical stress [16].

Epoxy resins are known for their strong bonding properties, which make them
useful in various applications, such as in the construction, automotive, and aerospace
industries. They are also commonly used for repairing and restoring damaged materials,
such as wood, metal, and concrete. In addition to their adhesive properties, epoxy resins
are used as coatings to protect surfaces from corrosion, wear, and weathering. They are
often applied to concrete floors, steel structures, and other surfaces that require a
durable and protective coating. Epoxy composites are widely used in manufacturing
high-performance materials, such as carbon fiber-reinforced composites, and in the
aerospace and automotive industries to reduce weight and improve performance.
Overall, epoxy resins and their derivatives have a broad range of applications and are
valued for their strength, durability, and resistance to various types of damage [17].

1. 2. 2. Polyester

Polyester is a polymer category containing the ester functional group in their main
chain. These polymers can be used in various applications, including textiles,
packaging, and coatings. In particular, polyester resins are commonly used to produce
composite materials, such as fiberglass-reinforced plastics, as in Table 1 [18]. When
styrene and other unsaturated polyester polymers are mixed with a reactive diluent, they
turn into thermosetting resins. By adding a catalyst and heat, the mixture can be
hardened. This makes the polymer chains crosslink, forming a rigid, three-dimensional
network [19].

Tablel: Polyester Properties [18].

Property polyester

Physical state

Chemical formula (CgHg)n

Viscosity 1000 pas

Gel conversion time | 6 min

Specific weight 1.15

Bending resistance | 164 & 176 N/mm?
Bending factor 6.59 & 7.38 kN/mm’

Tensile strength

88.3 & 91.5 N/mm’

Tensile factor

7.71 & 9.30 kN/mm?

Using a corroded pipeline

1. Cut the pipeline into circular pieces 1.5 cm radius and 3 mm thick.

2. Cut the tube into square pieces of dimensions (2.5x2.5 cm and 3 mm thick).

3. Coating the circular pieces with a metallic substance as well as a polymeric substance
by the Hot-dip method after cleaning the pieces from corrosion.

2. 1. Hot-Dip Method

Hot-dip galvanizing (HDG) is a process of coating fabricated steel by immersing it
in a bath of molten zinc at around 460 °C. When exposed to the atmosphere, the pure
zinc (Zn) reacts with oxygen (O) to form zinc oxide (ZnO), which further reacts with
carbon dioxide (CO,) to form zinc carbonate (ZnCQ3), a fairly strong material that stops
corrosion in many circumstances, thus protecting the steel. There are three fundamental
steps in the hot-dip galvanizing process; surface preparation, galvanizing, and
inspection [20], as shown in Fig. 2.
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Figure 2: Hot- dip method [20].

3. Results and Discussion
3. 1. Electrochemical Impedance Spectroscopy (EIS)

The ZsimpWin 3.22 software [21] is used to fit the experimental impedance data
to model equivalent circuits (Fig. 3). Next, we link the physicochemical processes
occurring in the system to the circuit components and their configuration. The main
objective of our study is to preserve pipelines from corrosion. A steel pipeline is coated
with zinc as well as a polymeric material. Note that the capacitive effect depends on the
immersion time since the imaginary part of the curves decrease with increasing
immersion time. Also, resistance to charge transfer decreases over time. The reason is
that aggressive species (like Cl-) penetrate the surface of the metal and cause corrosion.
In order to perform the electrochemical impedance spectroscopy study, Nyquist
diagrams and Bode diagrams were used as shown in Figs. 4, 5 and 6. The sample was
immersed in NaCl solution for different periods (30, 60, 90, and 120 minutes), where it
was noted. After 2 hours of exposure, the resistance of the solution increased. This
increase can be explained by the fact that the solution has changed; for example, the
solution may have become less conductive. Note that the solution obtained its resistance
by crossing its semicircle with the real axis at high frequencies. In the first stage of
immersion, a huge charge transfer resistance can be seen in the impedance plane, which
explains the difficulty in seeing a complete semicircle [22]. After an hour and a half of
immersion, the charge transfer resistance went down as the immersion time went up.
This was because chloride ions were slowly penetrating the metal surface and
interacting with the oxide layer. This caused the oxide layer to break down and the
double-sided stainless steel to rust. Fig. 5 represents Bode plots, which represent the
general behaviour of an equivalent circuit as a capacitor; they show the relationship
between the frequency and phase angle. When the phase angle is close to 90°, the
sample tends to be a pure or perfect capacitor, and that means excellent physical barrier
properties, but if the phase angle is close to 0, the sample tends to be a resistor and far
from a pure capacitor. As you can see in Fig. 6, Bode diagrams show how the
equivalent general impedance of a circuit changes with frequency over two exposure
times (30 and 60 minutes). The impedance of the circuit was higher at 60 min exposure
time for all values of frequency [23]. Tables 2 and 3 show the stability of the electrical
circuit at all times of immersion. We also note that all values of n. are close to one.
When the immersion time was 30 minutes, the n; value was equal to the time the metal
was uncoated, but when it was coated, the n; value was equal to the same time as the
immersion. In both cases, it was less than one, which indicates close proximity to the
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capacitive behaviour of the coating. At an immersion time of 60 min, the polymer-
coated metal was the closest value to one [24, 25].

Figure 3: Equivalent circuit of EIS.
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Figure 4: Nyquist impedance diagrams of (a) steel without coating, (b) steel with blend
coating.
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Figure 5: Bode plot of (a) steel without coating and (b) steel with blend coating.
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Figure 6: Bode plot of (a) steel without coating and (b) steel with blend coating.

90



Iraqi Journal of Physics, 2025

Vol.23, No.1, PP. 85-93

Table 2: The Equivalent circuit configuration (R(QR)(CR)(CR))
and symbols (without coating).

Exposure Ru:Rs Ycoating Rpore
Time (min) Q) (S.sec) Ne Q) C ) R(€) C ) Ra()
30 9764 | 298E5 | 0.3683 | °o0 | 7.637E5 | °0%° | 170767 | 131164
60 1708 | 5.577E-3 | 04289 | 2047 | L178E-9 | 2007 | 700266 | 3312
4.915E-
90 10 1.673E-3 | 0.4234 | 68.83 | 4.759E-5 | 7.712 | 9.871E-5 22.61
120 1.267 2.802E-3 | 0.4322 | 73 | 7.417E-5 | 14.02 | 3.736E-10 | 4.887
Table 3: The Equivalent circuit configuration (R(QR)(CR)(CR))
and symbols (Blend coating)
EXDOSU re Rqus Ycoating Rpore
Time (min) Q) (S.sec) Ne Q) C ) R() c® Ro()
30 8.566E-6 | 2.217E-3 | 0.4113 | 72.43 | 2.046E-5 | 111.7 | 1.121E-5 15.84
60 0.7401 8.53E-6 | 0.9079 | 48.71 | 3.484E-5 | 4.237 | 1.389E-4 30
90 2.762 9.683E-6 | 0.6773 | 40.09 | 0.000149 | 18.43 | 6.164E-5 | 0.2329
120 1.431 2.156E-3 | 0.4627 | 46.18 | 9.072E-5 | 5.133 | 2.302E-6 | 0.02718

3. 2. Atomic Force Microscopy (AFM)
To better understand the sample surface properties, atomic force microscopy
(AFM) was performed on the coatings. Fig. 7 from atomic force microscopy shows
coatings that are all the same on zinc-coated steel and polyester-coated steel [26]. The
coating method has particularly sharp peaks. The EIS result was confirmed by the AFM
result, and it appears as a thin hump that seems to be uniformly distributed throughout
the coating system [27, 28].

4. Conclusions
The study looked at how well blend coating, which is often used to make

pipelines, protects steel pipelines used in the oil industry from corrosion. The study's
main goal was to find out how well it works. The study showed that EIS technology
could analyses and evaluate the effectiveness of corrosion protection comprehensively

130m

0nm

133 0m

Figure 7: AFM image a blend coating.

91



Iraqi Journal of Physics, 2025 Mariam Zuhair and Ahmed Qasim Abdullah

and accurately. The study found that blend coating significantly improves corrosion
protection efficiency, and the ideal thickness of blend coating should be in a certain
range to achieve maximum protection. The study indicated that the quality of the
coating should be regularly monitored and maintained to ensure proper protection.
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