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Abstract: Electrochemical Impedance Spectroscopy (EIS) is a non-destructive and powerful technique
for characterizing corrosion systems, allowing for the evaluation of surface reaction mechanisms,
mass transport, kinetic evolution, and corrosion levels of materials. This study aims to analyze the
progression of corrosion using EIS, with a focus on the influence of organic coating thickness. For
this purpose, layers of high-purity epoxy paint were applied to carbon steel plates with thicknesses
of 50 um, 80 um, and 100 um. During the research, a direct correlation was observed between coating
thickness and corrosion resistance, emphasizing the importance of identifying the optimal thickness
for each type of coating. Additionally, it was found that thicker coatings may experience electrode
penetration due to the tensions generated during deposition, resulting in cracks between the layers,
while thinner coatings allow electrolyte penetration as they do not provide adequate protection to the
base steel. Therefore, the 80 um thickness demonstrated greater resistance to corrosion compared to
the other tested thicknesses.

Keywords: electrochemical impedance spectroscopy; organic coating; corrosion

1. Introduction

Corrosion is defined as an electrochemical process in which a chemical reaction be-
tween material and components of the environment occurs, causing deterioration [1]. This
electrochemical process is considered to be a problem worldwide. According to NACE
International (National Association of Corrosion Engineers), it is estimated that corrosive
processes and their consequences cost developed nations about 3%-5% of GDP or GNP [2].

In this context, carbon steel is a metal widely used in construction and industrial
projects, such as marine engineering [3], due to its great chemical and mechanical prop-
erties and low price; however, despite its applicability, its fragility to corrosion is a major
obstacle [4]. Its application in saline environments presents difficulty, as carbon steel has
as its main cause of corrosion (specifically pitting corrosion), its fragility to contact with
chloride ions [5,6] due to its aggressive character, which is attributed to its small ionic radius
(which allows greater diffusion between the monolayers formed on the metal surface [6,7]).

Some techniques are used for corrosion prevention, such as the use of corrosion-
resistant alloys, corrosion-resistant coatings, cathodic protection, corrosion inhibitors, salt
scavengers, cathodic passivation, and regular washing [8].

The organic coatings industry has played a crucial role in protecting metal surfaces
from corrosion. In this context, organic coating films are applied as a protective barrier,
preventing the direct exposure of carbon steel to the corrosive environment [9]. Corrosion
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protection using coatings is captivating because, beyond being cost-effective, it is one of
the most flexible, efficient, and direct strategies available [8].

The composition of a coating varies according to the function it has to perform;
however, one can generalize that a coating formulation should present a vehicle (resins and
solvents), pigments and additives. The resins are responsible for forming the paint film,
and the most widely used are epoxy resin, polyurethane, phenolic resin, furan resin and
polyurea coatings, with epoxy being the most widely applied coating due to its distinct
advantages (excellent adhesion, acid-base resistance, resistance to penetration and low
shrinkage) [10]. In addition to the creation of barriers with the corrosive environment,
organic coatings have mechanisms of cathodic protection (sacrifice) and inhibition (passive
protection) [11].

Electrochemical techniques have been widely applied to evaluate the corrosion pro-
tection performance of polymer composite coatings, mainly using open circuit potential
(OCP) measurements and electrochemical impedance spectroscopy (EIS) [12]. EIS has been
used for the investigation of organic coatings for several reasons, such as to understand
the protection mechanism of an organic coating, to predict the lifetime of the coating, and
to detect changes in coating performance after exposure time [13-15]. In addition to the
qualitative results, by modeling the spectra with a suitable equivalent circuit, the EIS is
able to provide quantitative data on the electrical parameters of the coatings and their
changes over time due to exposure to corrosive media, such as the coating capacitance (C,),
which is associated with the amount of water absorbed during the initial stages of exposure
to the electrolyte; the coating resistance (Rc), which is related to the state of the coating,
its additives or pigments, porosity and type of resin; the double layer capacitance (Cgy),
associated with the delaminated area of the coating; and the load transfer resistance (Ret),
related to the susceptibility to corrosion of the substrate [13,16,17].

According to Shin and Shon (2010) [18], whose research focused on the effects of
varying the thickness of an epoxy coating on the corrosion protection of carbon steel, there
is an intrinsic relationship between the corrosion protection of the epoxy coating and its
thickness, indicating that thicker coatings provide greater corrosion resistance compared
to relatively thin coatings. In contrast, the conclusions of Zhang et al. (2021) [19], who
investigated the influence of combining different paint film thicknesses on the corrosion re-
sistance of steel sheets, suggest that increasing coating thickness can improve anticorrosive
performance; however, this improvement is conditional on maintaining a certain primer
thickness, as excessively thick coatings generally lead to greater internal stresses, resulting
in cracks during use, which compromises anticorrosive performance.

Therefore, it is clear that the relationship between the thickness of the coating and its
protective properties its not straightforward. The few previous studies that addressed the
influence of coating thickness on corrosion protection present divergences, highlighting
the pressing need for additional research in this area. Regarding this scenario, the present
work aims to evaluate a coating system at different thicknesses, investigating the influence
of this parameter on the electrochemical impedance spectroscopy response.

2. Experimental Details
2.1. System Preparation

Carbon steel 1020 plates (0.15m x 0.10 m x 0.001 m) were ground with silicon carbide
paper, degreased with acetone, and dried in warm air as a pretreatment. In the test plates,
a commercial epoxy coating (Interbond 998 PB, International Protective Coatings (Santo
André/SP) Brazil) was applied using an extender to achieve different dry film thicknesses.
The painting system consisted of a single coating layer, and the curing time was seven
total days.

The thickness measurement of the paint systems after curing was performed using
the magnetic field attenuation method with Homis brand equipment. Measurements were
taken at seven points for each plate, and the average with standard deviation was calculated
from these.
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Upon complete curing of the coating, the area for the tests was delimited. PVC
weldable gloves were glued onto the plates using neutral silicone adhesive (Vedacit), as
shown in Figure 1.

SANDPAPER EXTENDER METER THICK PVC GIW%\?:BLE
12 29 3e ae
SANDED \ PAINTED | MEASURED GLUED
THICK
CARBON STEEL PLATE

Figure 1. System preparation scheme steps: first the plate was sanded followed by the painting, then
the thickness was measured, and finally the PVD was glued.

After the adhesive cured, a 3.5% NaCl electrolyte was added inside each glove for the
electrochemical tests. Electrochemical impedance spectroscopy (EIS) tests were performed
after 48 h, 7 days, 15 days, and 30 days of immersion.

2.2. Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements were conducted on the car-
bon steel plates coated with epoxy coatings using a Gamry Reference 620 potentiostat -
Gamry Instruments (Warminster, PA, USA). The painted carbon steel plate was the working
electrode, with an exposed area of 8 cm?. An Ag/AgClkci am) reference electrode (Analion)
and a platinum wire counter electrode were also used. The frequency range was from
100 kHz to 10 mHz, with a sinusoidal perturbation of 20 mV (RMS) x OCP, and 10 mea-
surements per decade of frequency were acquired. EIS measurements were performed in
triplicate. The experimental setup is shown in Figure 2.

Figure 2. Electrochemical cell.



Coatings 2024, 14, 285

40f11

Each specimen had its behavior studied via EIS in order to verify the influence of
thickness and time variables on the specimens. The data were processed in the Origin
8.0 software.

2.3. Pull-Off Adhesion Test

For the characterization of adhesion test of painting systems, the PosiTest At-DeFeslko
Corporation (Ogdensbur, NY, USA) equipment was used, and measurements were taken
in the immersed and the non-immersed regions. The samples were sanded before fixing
the pins to eliminate the gloss. The 20 mm diameter pins were fixed to the plates using a
24 h curing epoxy adhesive, and the test used an F-8 piston. The results were analyzed and
discussed according to ASTM D4541-22 [20].

2.4. Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray Spectroscopy (EDS)

The SEM/EDS images were obtained by the Scanning Electron Microscope—FEI
Quanta 200 Field Emission Gun (FEG)—FEI Company (Hillsboro, OR, USA), located at the
Microscopy Center of the Federal University of Minas Gerais (UFMG).

The images of secondary electrons (SE) were obtained using the ETD detector.

Regarding the EDS analysis, the detector was the silicon drift detector (SDD) type,
with an energy resolution of 139 eV. The software used was the Bruker ESPRIT 2.1.

Previously in the analysis, the samples were metalized with carbon element.

3. Results and Discussion

The experimental thickness data for each coating are presented in Table 1. The table
contains average and standard deviation, and coefficient of variation data for the thickness
of each coating, performed in triplicate (C50, C80, and C100). The values 50, 80, and
100 represent the height of the coating layer in micrometers, which were defined as the
study objective.

Table 1. Thickness of the samples studied.

Samples C50 C80 C100

Average [um] 52.77 81.94 104.40
Standard Deviation [um] 243 2.43 6.43
Coefficient of Variation [%] 4.6 3.0 6.2

The decision to adopt extenders for the application of the coatings took into consid-
eration the coating itself, which has a high solids content, resulting in minimal thickness
loss compared to the wet film, and aimed to achieve a uniform thickness across the entire
plate. Proper application of a coating results in a defect-free film, good appearance, and an
extended service life for corrosion protection.

The coatings applied during this study were found to be homogeneous in terms of
thickness and free of visible defects. The application using extenders has a peculiarity
compared to other application methods, as it occurs in a single layer. This means that
the presence of defects, such as high porosity, becomes more likely and can affect the
impedance results obtained. In Figure 3, it is possible to observe the secondary electron
images using Scanning Electron Microscopy (SEM)—FEI Company (Hillsboro, OR, USA) of
the surface of the produced materials. As mentioned earlier, the presence of porosity on the
material’s surface is evident. It was noticeable that, as the thickness decreased, the porosity
increased, as can be observed in Figure 3a,d. Figure 3¢c,d represent a thickness of 100 pm
at different magnitudes (500 x and 500, respectively), and through them it is possible to
verify that the number of pores is smaller when compared to Figure 3a,b, which represent
thicknesses C50 and C80, respectively.
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Figure 3. Scanning Electron Microscopy (SEM) of the surface of samples (a) C50, (b) C80, (c,d) C100.

Other discontinuities such as cracks and deformations were not visualized, and also
not detected in SEM images, which can indicate that the coating pores are the more
prominent defect found in the painting system.

Upon analyzing Figure 4, one can observe the thicknesses achieved through the
application with the extender. It is evident that the thinner the thickness, the greater
the challenges in achieving uniform paint application, directly impacting the obtained
thicknesses, as can be seen through SEM. In Figure 5, it is possible to observe the chemical
map of the paint applied to the metal surface.

In the Supplementary Material, Figures 5, S1 and S2 show the maps of the separate
chemical compounds found in the commercial epoxy coating, which are aluminum (Al),
magnesium (Mg), oxygen (O), silicon (Si), and titanium (Ti). The sodium (Na) and chlorine
(Cl) appeared in Figure 5 because the samples were immersed in the NaCl solution and the
EDS was then realized.

Electrochemical Impedance Spectroscopy (EIS) was performed after different immer-
sion time intervals of materials with the specified thicknesses in Table 1 in a 3.5% NaCl
medium: 48 h, 7 days, 15 days, 30 days, and 60 days. Figure 6 demonstrates the behavior of
the studied coatings at the described immersion times through Bode diagrams.

Analyzing first the thickness of 50 pm (C50), it was observed that its resistance de-
creased significantly over the immersion time in the NaCl medium, showing a sharp
decline, particularly when comparing the 48 h and 30 d periods, represented by Figure 6a,d.
However, after a period of 60 days, as evidenced in Figure 6d, there was a slight increase
in resistance.

After analyzing more than 300 paint systems, Bacon et al. (1948) [21] identified a
direct correlation between the resistance of coatings and their ability to protect steel against
corrosion. According to the authors, coatings that maintain a resistance above 10% ohm-cm?
provide good corrosion protection. In the range between 10° and 10% ohm-cm?, the behavior
of the coatings varies, while values below 10° ohm-cm? indicate low corrosion protection.
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Figure 5. Chemical maps of the commercial epoxy coating for the samples (a) C50, (b) C80,

Therefore, the thickness of 50 um after 60 days of immersion can still be considered
a viable option, as it is slightly above the 108 ohm-cm? threshold specified by Bacon et al.
(1948) [21].

The thickness of 80 um, on the other hand, exhibits lower impedance than the 100 pm
thickness in the first 48 h and 7 days of immersion. However, after 15 days, the resistance
of the 80 pm thickness starts to exceed that of the 100 um thickness, and after 30 days, a
significant overtaking occurs.
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Figure 6. Bode diagrams for coating thicknesses of 50 um, 80 pm, and 100 pm with the following
immersion times in 3.5% NaCl solution: (a) 48 h, (b) 7 days, (c) 15 days, (d) 30 days and (e) 60 days.

Finally, the 100 um thickness initially exhibits higher resistance than the other thick-
nesses in the first 48 h. However, this resistance gradually declines after 7 days and is

ultimately surpassed by the 80 um thickness after 15 days of immersion.

According to Bacon et al. (1948) [21], some coatings may initially show a decrease
in resistance followed by a sudden increase. Generally, after this increase, the value of
log R may remain unchanged, increase, or decrease in the high resistance region, as is
the case here. The authors describe this trend as a “repair trend”. However, to some
extent, these variations in coating resistance can be attributed to processes occurring at the
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metal-coating interface. These processes begin with an initial decrease in resistance due to
water permeation and the transport of conductive constituents within the coating. As a
result, corrosion product barriers are formed at the metal-coating interface and possibly
in the pores and interstices near this interface. These barriers prevent the passage of
conductive particles to the metal surface, which leads to an increase in resistance. While
this phenomenon is most pronounced in the 80 um thickness, it is also noticeable in the
100 pm thicknesses, particularly when examining initial immersion times (from 48 hto 7 d
and after, to 15 d). These cases reveal a subtle rise in resistance, as illustrated in Figure 7.
Analyzing the image, it is possible to visualize that, at the beginning, the |1Z| modulus
increased to the sample C80 and C100, proving the phenomenon of “repair trend”.

1——C50
{ ——C80
— C100
100 o
I
Q
€
N
S 10°4
N .
108-:
T T T T T T T T T r
10 20 30 40 50 60

Immersion times (Days)

Figure 7. Relationship of resistance as a function of time for thicknesses of 50 pm, 80 um, and 100 pm.

In Figure 7 we observe the variation of impedance (at a frequency of 30 mHz) in the
coating samples with different thicknesses (C50, C80, and C100) during the 60 days of
immersion in a NaCl medium.

As can be observed, although at shorter immersion times there is a higher corrosion
resistance in the material with greater thickness (C100), for longer times, above 10 days, the
80 um thickness exhibits higher resistance. Additionally, by the slope of the curves, it can
be seen that the corrosion resistances of the C80 and C100 materials increase with longer
immersion times.

This behavior can be explained by the fact that thicker coatings typically allow elec-
trolyte penetration due to the stresses generated during coating deposition and the forma-
tion of cracks between different layers, whereas thinner coating samples allow electrolyte
penetration through the coating because it is not thick enough to properly protect the
base steel [22]. Thus, the correlation between coating thickness and corrosion resistance is
directly proportional, and it is necessary to identify the optimal thickness for each coating.

Evaluating the efficiency of the coatings, all samples showed adequate performance
for immersion times of up to 60 days in a medium with 3.5% NaCl. The impedance modules
for samples C80 and C100 showed magnitude in the order of | Z|go3p,—10° ohm-cm?,
a value above 10% ohm-cm?, which indicates good anticorrosive activity for an organic
coating. The C50 sample, on the other hand, presented impedance modulus values in the
order of 1Z 1 gat,—10® ohm-cm?, and thus presents a lower performance for anticorrosive
protection when compared to the other samples.

The pull-off strength results obtained from the test in non-immersed and immersed in
NaCl 3.5% solution area are presented in Figure 8 for thickness conditions of 50 um, 80 pum,
and 100 pum.
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C50

Figure 8. Pull-off adhesion tests of coated samples with thicknesses of 50 um, 80 um, and 100 pm in
areas before (B.I) and after (A.I) immersion of 60 days in NaCl 3.5% solution.

c8o

C100

By the average pull-off strength values, we can affirm that the coating with an 80 pm
thickness exhibited the best adhesion properties, followed by the 50 pm and 100 pm
samples. The strength values are closely linked to the surface preparation of metal plates,
ensuring the presence of an adequate roughness profile to facilitate coating adhesion.

In addition to the strength values, the pull-off test provides a qualitative result regarding
the type of failure observed during coating detachment. The characterization of the obtained
failure is determined based on the occurrence of adhesive failures, which take place between
different layers, and cohesive failures, which occur within the same layer. The types of failures
observed in the samples with varying thicknesses are shown in Figure 9.

Types of failure
Samples - - - — -
Without immersion With immersion
100% cohesive 99% cohesive
paint failure paint failure
C50 1% adhesive
cohesive failure
97% C;)r_‘leswe 100% cohesive
paint failure . K
c80 2% adhesive paint failure
cohesive failure
100% cohesive 100% cohesive
aint failure paint failure
€100 paint faflu

Figure 9. Types of failures observed after pull-off test for coatings with thicknesses of 50 pm, 80 um,
and 100 um in areas with and without immersion in NaCl 3.5% solution.
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The coatings were applied in a single layer, and the samples predominantly exhibited
cohesive paint failure. This result indicates the strong adhesion of the coating to the
metallic substrate.

4. Conclusions

(1) The electrochemical impedance spectroscopy tests showed that C80 was the ma-
terial with the epoxy coating thickness with the highest corrosion resistance in NaCl
electrolyte after sixty days of immersion. We observed that, in the 24 h of immersion, the
impedance values in the low frequency region present a correlation with the thickness of
the applied coating in order to increase the modulus value for the thicker samples. After
10 days of immersion, this behavior changed so that sample C80 presented higher modulus
values followed by sample C100 and finally C50. Thin coatings facilitate the penetration of
the electrolyte and, consequently, its contact with the metal surface, while thick coatings
may present deformations or cracks during their preparation that also act by exposing the
base metal to the electrolyte (it is necessary for these cases to have efficient quality control
during the application step).

(2) Regarding SEM/EDS technique, the thickness of the samples C50, C80 and C100
was also confirmed by secondary electron (SE) images. The chemical element maps of the
coating were showed by EDS analysis, obtaining the main compounds of the commercial
epoxy coating

(3) The pull-off adhesion test proved that the sample C80 exhibited the highest tensile
stretch value, indicating a strong correlation between adhesion and the performance in the
EIS tests

Finally, the electrochemical impedance spectroscopy technique proved to be a suitable
tool to differentiate the | Z| values, and also the corrosion development, of carbon steel
sheets painted with different organic coating thickness. A clear correlation between the
impedance modulus value and the porosity/thickness of the coating was proven.

Also, the SEM technique confirmed the achievement of the desired thicknesses. The
pull-off test confirmed the good adhesion of the coating to the metallic substrate in samples
with varying thicknesses, with the highest pull-off strength being recorded in the 80 pm
thick sample.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ coatings14030285/s1, Figure S1: Chemical maps of each element in the
commercial epoxy coating for the sample C50 (50 pm thicknesses); Figure S2: Chemical maps of each
element in the commercial epoxy coating for the sample C80 (80 um thicknesses).
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