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Abstract: This work focuses on the mechanical, nanomechanical, thermal, and electrochemical
properties of epoxy coatings with various percentages of ZnO nanoparticles. The prepared coatings
were analyzed after complete curing of 7 days. The dispersion of nanoparticles in the matrix
was analyzed by Scanning Electron Microscopy (SEM) followed by Fourier-Transformed Infrared
Spectroscopy (FTIR) to evaluate the effect of the nanoparticles on curing and Differential Scanning
Calorimetry (DSC) to evaluate its thermal properties. The electrochemical (anticorrosion) properties
of the coatings were analyzed by exposing the prepared coatings to a 3.5% NaCl solution. The
obtained results indicated that the addition of the nanoparticles was effective at lower loadings;
higher loadings of the nanoparticles led to increased agglomeration because of higher particle—particle
interaction. At higher nanoparticle loadings, the curing process was adversely affected, which led
to lower curing percentage. The lower degree of curing affected the thermal, mechanical, and
electrochemical properties. The increase in nanoparticle loading beyond 2% negatively affected the
coating properties.

Keywords: epoxy coating; nanoparticles; zinc oxide; corrosion; nanoindentation; mechanical proper-
ties; thermal properties

1. Introduction

Corrosion is a naturally occurring phenomenon that causes huge economic implica-
tions globally, which according to an estimate costs over 3% of the world’s GDP. Hence,
corrosion itself and the steps taken for its reduction and prevention are a very crucial sub-
ject. The corrosion prevention of metals that are widely used in different aspects of life such
as automotive and other heavy industries is usually performed by various approaches [1].
Among various types of methods, the use of organic coatings is at the center of importance.
Organic coatings are the most feasible and important economical method to be used for
corrosion prevention [2]. Irrespective of their lower thickness, these organic coatings act as
a resistance against water and other corrosive species present in the aggressive medium
that causes corrosion. These coatings are also termed as barrier coatings because they
provide barrier against corrosion and protect the metal’s surface.

With the rising use of various types of organic coatings, epoxies are usually considered
the most promising candidate because of the offered advantages and their ease of use
for different types of applications. The use of epoxy as a coating material offers many
benefits such as mechanical strength, thermal resistance, and great adhesion to various
types of substrates. On the other hand, use of epoxy has some shortcomings as well, such
as lower long-term corrosion prevention because of poor long-term resistance against water
permeability and corrosive agents [3]. The poor weathering properties of epoxy also limit
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their use in outdoor applications where the exposure to UV light harms the properties and
causes failure [4,5].

Currently, nanotechnology has become the core participant in order to improve the
materials” performance and properties by many fold. The inclusion of nanoparticles in
the coatings is proving to be helpful in terms of performance compared to neat polymer
coatings [6]. These nanoparticles provide superior properties to conventional micro-sized
fillers even at smaller concentrations [7,8]. The main factor in achieving enhanced properties
with the utilization of nanoparticles is their homogenous dispersion. The nanoparticles,
because of their higher surface area, are more prone to interact with each other and tend to
agglomerate [9]. The use of different nanosized fillers results in the creation of material
that possess excellent properties, which can be utilized in a vast range of applications. In
order to promote the use of polymer coatings, several nanotechnology-based attempts have
been made specifically related to outdoor performance [10-15]. In the literature, numerous
research works have highlighted the use of ZrO,, ZnO, and TiO; nanoparticles in order
to achieve a higher performance of polymeric nanocomposites, and they are even used to
enhance the polymeric coating’s performance [10,16-21]. Rashvand et al. [10] investigated
the use of ZnO as a UV-stabilizer in an aromatic polyurethane coating system using the
cathodic electrodeposition process. They found that ZnO reduced the polyurethane’s
photo degradation and also prevented the yellowing of the film. Sorkhabi et al. [22]
synthesized ZnO nanoparticles using the precipitation method, and these nanoparticles
were then added to epoxy (0.1 wt.%, 1 wt.%, and 10 wt.%) and coated via the dipping
method. They reported an increase in the anticorrosion properties of the coatings at lower
concentrations of ZnO. Ammar et al. [23] prepared epoxy polydimethylsiloxane composite
coatings with different percentages of ZnO nanoparticles (2-8 w/w) with the help of the
solution intercalation method. They reported an increase in the corrosion resistance of
the coatings with a 2 w/w ratio of nanoparticles in epoxy; they also reported an increase
in hydrophobicity of the coatings with 6 w/w%. Parimalam et al. [24] prepared hybrid
epoxy coatings by incorporating different fillers including ZnO in the coatings. The results
revealed that the addition of TiO, and ZnO resulted in better UV radiation resistance,
while the presence of SiO; enhanced the chemical resistance of the coatings. The use of
nanoparticles in improving the anticorrosion properties of polymer coatings has been of
great importance. This is because the diffusion paths for corrosive species in the presence
of nanoparticles is much longer than coatings without nanoparticles. Hence, these organic
coatings with nanoparticles exhibit better anti-corrosion properties than pure polymer
coatings [25].

In the following work, we focused on the use of ZnO nanoparticles as high as 6 wt.%
in the epoxy system to analyze the effect of the nanoparticles on the final properties of the
coatings. The evaluation of the dispersion of the nanoparticles was performed with the
help of a Field Emission Scanning Electron Microscope (FE-SEM, JEOL, Tokyo, Japan). The
thermal properties such as the glass transition temperature (Tg) of the prepared coatings
were evaluated using Differential Scanning Calorimetry (DSC, TA instruments, New Castle,
DE, USA). The mechanical property analysis was performed using conventional testing
techniques such as pendulum hardness and scratch and impact resistance. Nanoindentation
was utilized in order to check the influence of the nanoparticles on the hardness and
modulus of the coatings, while the anticorrosion properties of the coatings by exposing
them to a 3.5% NaCl solution were analyzed with the help of Electrochemical Impedance
Spectroscopy (EIS, Metrohm, Amsterdam, The Netherland).

2. Materials and Methods

The coating was prepared using ZnO nanopowder for the formulations (E51-E55).
These formulations are shown in Table 1. The formulations were prepared by utilizing
epoxy resin of the bisphenol A type, the use of solvents Methyl Isobutyl Ketone (MIBK) and
xylene in order to facilitate the mixing. An agent was also used to release the air trapped
during the sample preparation. Before the addition of the ZnO nanoparticles into epoxy, the
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nanoparticles were surface treated using silane. An equal proportion of both the silane and
nanoparticles was mixed in acetone gradually for 5 h at 3000-5000 rpm. After mixing, the
prepared solution was dried for 12-18 h at a temperature of 100 °C, and the dried powder
was reground using a mechanical grinder. The treated particles were again dispersed for
2 h in acetone at 3000-5000 rpm. The final obtained solution was then added dropwise
into the epoxy matrix in a span of 30 min at 3000-5000 rpm. This prepared slurry of the
epoxy nanoparticles was placed in an oven at 100 °C for 1 h. The optimized hardener and
the solvent were added into the nanoparticle incorporated epoxy resin at 1000 rpm. The
hardener used had a relatively low viscosity and low-hydrogen-equivalent weight and was
obtained from Huntsman Advanced Materials for it outstanding corrosion resistance and
wet adhesion applications. The final reaction mixture was kept for 10 min for stabilization.
The complete formulation ingredients and quantity used are listed in Table 1.

Table 1. Composition details of the prepared samples.

Code Resin ZnO Xylene MIBK Air Release Hardener
E51 82.91 0.5 30 30 1 16.57
E52 82.08 2.0 30 30 1 16.41
E53 80.83 3.0 30 30 1 16.16
E54 79.58 45 30 30 1 1591
E55 78.33 6.0 30 30 1 15.66

The cross-linking was carried out at room temperature by mixing a stoichiometric
quantity of epoxy with the polyamide hardener. All the epoxy coating samples were coated
on glass plate and steel panel to test the mechanical and electrochemical properties. The
coatings were left for curing for 7 days, and after completion of the curing, the obtained
coating thickness after drying, termed as Dry Film Thickness (DFT), was measured with
the help of Eco-test plus from Sheen Instruments (Surrey, UK). To analyze any changes in
the chemical linkages, FTIR-ATR analysis was performed. The morphology of the prepared
coatings and the dispersion of nanoparticles were observed with the help of Field Emission
Scanning Electron Microscope (FE-SEM, JEOL, Tokyo, Japan). To check the thermal proper-
ties of the ZnO-incorporated epoxy coatings, Differential Scanning Calorimetry (DSC, TA
instruments, New Castle, DE, USA) was performed. For the evaluation of the mechanical
properties with increasing ZnO percentages, the pendulum hardness (Model: 707 /K-ASTM
D4366) was used for each coating on glass. At least five different readings were recorded at
different points on the coated glass plates, and the average value is reported. Each time,
the pointer oscillated in front of the sensor of the tester, and it counted the number of
passes. This means that the number of oscillations increased with the increased hardness
of the coatings. The resistance against scratches of the prepared coatings was observed
with the help of the Sheen Automatic Scratch Tester (Surrey, UK, Model: 705, ASTM D-
7027), in which the sample was mounted against a scratch probe facing the sample at
45° connected to a metal rod to support weights. The weights were changed gradually
from 500 g to 10 Kg until the coating was completely marred. An impact test (BYK Model:
1G-1120-ASTM D2794) was also performed to check the impact resistance of the coatings.
The nanomechanical properties of the coatings were analyzed with the help of the Nanotest
Platform from Micro Materials Ltd., Wrexham, UK. A Berkovich-type indenter was used
for this purpose, and a load control program was used, where the coatings were forced
against the indenter up to a maximum load of 10 mN. The loading rate for the coatings
was kept at 0.1 mN/s, followed by a holding time of 60 s to negate the effect of creep, then
the unloading was performed using a similar rate until the load was completely removed.
At least 5 indentations were taken at different locations, and the average of the results is
reported. In order to analyze the anticorrosion properties of the ZnO-incorporated epoxy,
electrochemical impedance spectroscopy (Autolab Potentiostat, Metrohm, Amsterdam, The
Netherlands) was used. The analysis was performed in 3.5% NaCl solutions with two
different immersion time periods (1 h to 7 days). The analysis was conducted by applying
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£5 mV amplitude sinusoidal wave perturbation in a frequency range between 100,000 and
0.1 Hz.

3. Results
3.1. Field Emission Scanning Electron Microscopy

The changes in the epoxy coatings” morphology after the addition of the nanoparticles
in various percentages were investigated with the help of FESEM. The FESEM micrographs
obtained for the blank epoxy and nanoparticle-reinforced samples are displayed in Figure 1
below. It can be seen in Figure 1a that the blank sample had a very smooth surface. With the
addition of 0.5 wt.% ZnO, prominent visible white spots were observed all over the surface.
Increasing the percentage of the nanoparticles to 2 wt.% (Figure 1b), the distribution of the
nanoparticles was even throughout the sample. With a further increase in the nanoparticle
percentage to 3 wt.%, 4.5 wt.%, and 6 wt.%, a clear agglomeration was visible across the
coating surface, where the visible bright white spots could be witnessed all across the
surface (Figure 1d—f). The nanoparticle dispersion, in particular at higher loadings, was
a very difficult task. At higher percentages, it became extremely difficult to achieve a
homogenous dispersion due to the higher particle-particle interactions. Similar types of
results were also reported in the literature, where a higher loading of nanoparticle led to
poor dispersion and higher agglomeration [26-28].

In order to analyze the particle distribution, EDX was performed on the coating with
2 wt.% nanoparticles at the same area where the SEM was performed. The elemental
distribution obtained from the sample is shown in Figure 2. The coating consisted of a
hydrocarbon chain, and for this reason, the presence of carbon was the highest in the
sample. The added filler distribution can be seen in this figure, where the distribution of
Zn can be seen throughout the tested surface.
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Figure 1. SEM images of (a) blank epoxy, (b) E51, (c) E52, (d) E53, (e) E54, and (f) E55.
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Figure 2. EDX mapping showing the particle distribution of the coatings containing 2 wt.% ZnO
nanoparticles.

3.2. Fourier-Transformed Infrared Spectroscopy

To study the chemical composition of the epoxy coatings and the effects of nanoparticle
addition on the curing behavior of the epoxy, FTIR analysis was performed. The scanning
was performed in the range of 5004000 cm ! to obtain the FTIR spectrum. The DGEBA
structure consisted of many organic groups. In order to focus on studying the curing
behavior, the most important peaks corresponding to the curing of the epoxy and the
hardener reaction with the addition of nanoparticles were 915 cm ! (C-O vibration), NH,
absorption vibration of the amine compound and OH stretching because of the epoxy
cross-linking and ring opening (3340-3200 cm '), C-OH (34003500 cm '), CN group
vibration (1109 cm™1), and the epoxide ring (825 cm ™). The FTIR results obtained for the
nanoparticle-incorporated coatings are presented in Figure 3.
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Figure 3. FTIR spectrum of blank and nanoparticle-incorporated coating samples in comparison.

The peak intensity at 915 cm~!, which corresponds to the C-O vibrations of the
epoxide group, were found to be 94 (blank), 95 (E51), 96 (E52), 96 (E53), 97 (E54), and
98 (E55). It was found that with increasing percentages of ZnO, the epoxy group vibration
increased. The peak intensities at 1109 cm ™! were recorded as 82 (blank), 82 (E51), 81 (E52),
80 (E53), 80 (E54), and 78 (E55), which correspond to the CN vibration intensities. These CN
vibration intensities represent the curing of the epoxy and hardener; the reduction in the
intensities suggests a decrease in the curing of the coating with the increasing percentage
of nanoparticles. Another confirmation of the decrease in curing with the nanoparticle
addition corresponds to the peak intensity at 825 cm~!. The intensities were recorded as
64 (blank), 66 (E51), 66 (E52), 67 (E53), 68 (E54), and 67 (E55), the increase in intensity with
a higher nanoparticle percentage suggesting greater presence of the epoxide ring. Based on
the evidence presented, it can be concluded that the presence of the nanoparticles in the
system altered the curing behavior of the epoxy resin and hardener [26]. This effect was
very small at lower percentages and very pronounced after a certain percentage followed
by higher loadings.
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3.3. Differential Scanning Calorimetry

The thermal characteristics such as the Ty of the prepared epoxy coatings with various
percentages of ZnO nanoparticles were analyzed using differential scanning calorimetry.
The DSC analysis indicated an enhancement in the glass transition temperature of the
prepared coatings. The obtained values are provided in Table 2 with the ZnO powder-
incorporated epoxy coating formulations. The highest value for the glass transition tem-
perature was recorded for the coating with 2 wt.% of nanoparticles. With the increase in
the loading of the nano-ZnO above 2 wt.%, the thermal properties were found to deterio-
rate. In all the prepared formulations, the coating with 2 wt.% of nanoparticles performed
well because of the better nanoparticle-matrix interaction and the good dispersion of the
nanoparticles. As also proven by FE-SEM, the increase in the percentage beyond 2 wt.%
increased the particle—particle interaction, and the nanoparticles started to agglomerate
considerably. This was supported by the findings that using 2 wt.% ZnO particles can
increase the Ty of the nanocomposite. In addition, the incorporation of the nanoparticles
affected the rheology of the coatings. The cross-linking density of the coating containing
more than 2 wt.% of nano-ZnO decreased. The increase in the glass transition temperature
was because of the strong physical bonding between the epoxy resin and the nanoparticles
at lower loadings. However, at a higher loading of the nanoparticles, the decrease in the
cross-linking density was due to incomplete curing of the composites in the presence of the
nanoparticles [29] (already explained in Section 3.2).

Table 2. Glass transition temperature of the nanoparticle-incorporated coatings.

Code Ty (°O)
E51 45.75
E52 53.31
E53 50.19
E54 49.66
E55 48.41

The Tg and cross-linking density of the coatings reinforced with 3 wt.%, 4.5 wt.%,
and 6 wt.% of nanoparticles decreased. The decrease in the values of Ty and the cross-
linking density were more pronounced at 6 wt.%. This revealed the greater hindrance
effect of the nanoparticles on the curing behavior of the coating. The decrease in the Tg
of the composites reinforced with 3 wt.% to 6 wt.% of nanoparticles can be attributed to
the significant decrease in the cross-linking density of these coatings. The lowest Ty at
4.5 wt.% can be attributed to the higher influence of the agglomerated particles on the
curing behavior of the coating [30].

3.4. Mechanical Properties and Nanoindentation

To study the effect of the nanoparticles on the mechanical properties of the prepared
coatings, the samples were characterized with the help of pendulum hardness, scratch
resistance, and impact strength. The results obtained for these tests are presented in Table 3.
With the increasing percentage of nanoparticles, the pendulum hardness was also found
to increase, which is an indication of increased surface hardness. The impact and scratch
resistance of the prepared coatings were also evaluated. A sharp decline in both impact
and scratch resistance was observed after the 2 wt.% addition of the nanoparticles, and
the particle loadings beyond 2 wt.% influenced the coatings’ properties negatively. With
the increase in the ZnO percentage, a drastic decrease in both impact and scratch was
witnessed, indicating the brittle nature of the prepared coatings with high ZnO loadings.
This was due to the stiffness because of the nanoparticles, and the reason behind this
stiffness was their agglomeration, which became increasingly difficult to disperse at higher
loadings. The poor dispersion of the nanoparticles was already explained with the SEM
images above. The agglomeration of the nanoparticles restricted the chain mobility in the
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coating, as well as resulted in a slight crack in the coating because the localized stress due
to agglomeration led to the deterioration of their properties.

Table 3. The obtained results for pendulum hardness and impact and scratch resistance.

Code Dry Film Pendulum Hardness Scratch Impact Resistance
Thickness (um) (Oscillations) Resistance (Kg) (Ib/in?)
E51 70-90 116 7.2 104
E52 70-90 125 8.5 112
E53 70-90 123 5.6 96
E54 70-90 124 5.3 80
E55 70-90 125 3.3 56

The nanomechanical properties of the prepared coatings such as the hardness and
elastic modulus were analyzed with the help of the Nano Test Platform from Micromaterials
(Wrexham, UK). The samples were analyzed with a load control program, using a Berkovich-
type indenter. The prepared coatings were subjected to a maximum load of 10 mN at a
loading rate of 0.1 mN/s. Upon reaching the maximum load, the samples were subjected
to a holding time of 60 s to reduce the effect of creep because of the viscoelastic nature of
polymers. After the holding period, the load was removed from the samples using the same
rate of 0.1 mN/s until the load was completely removed. At least five indentations were
made on each sample at different locations, and the average results are reported. Figure 4
below shows the load vs. depth profile of all the samples. The maximum penetration
depths for the samples were 1310, 1281, 1427, 1302, and 1388 nm for E51, E52, E53, E54, and
E55, respectively. The higher the depth penetration, the lower was the resistance of the
coatings under the influence of the external load [31]. It can be seen that the lowest depth
penetration was obtained for the coating sample with 2 wt.% of ZnO nanoparticles. Upon a
further increase in the ZnO percentage, the load-bearing capacity of the coatings became
poor. It can be seen in Figure 3 that, in particular, samples E54 and E55 showed that the
loading was not smooth and showed some abrupt penetration abnormalities, which further
confirmed that these coatings were not homogenous.

1081 — E51—— E52—— E53—— E54—— E55)
904 31 /
2_/
7.2
Load g, | 5% 60 700
(mN)
3.6
181 1/
0'0 T T T T T T T
0 250 500 750 1000 1250 1500 1750
Depth (nm)

Figure 4. Load vs. depth profile of ZnO-incorporated epoxy coatings E51 (1%), E52 (2%), E53 (3%),
E54 (4%), and E55 (5%).

After the experimentation process, all the obtained graphs were analyzed with the
help of the inbuilt machine software in order to extract the hardness and modulus of
elasticity of the prepared samples. The analysis was performed using the Oliver and Pharr
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method [32,33] for the extraction of the results. The hardness and modulus results were
obtained using the following equations.

H = Fmax/Ac 1)

1/Er=(1 — v?)/E + (1 — vi®)/Ei 2)

where H = hardness, Fmax = max applied load, Ac = projected area of contact, Er = reduced
modulus, v and vi the Poisson ratios of the sample (0.35 for the polymer) and diamond
indenter (0.07), and E and Ei the elastic modulus of the sample (obtained from Equation (2))
and the diamond indenter (1141 GPa) [34].

Table 4 presents the values obtained for the hardness and elastic modulus for the
prepared coatings. It can be seen that with the addition of 0.5 wt.% and 2 wt.% of ZnO
nanoparticles, an increase in the hardness and modulus was witnessed, whereas with
the further increase of the nanoparticles percentage to 3 wt.%, 4.5 wt.%, and 6 wt.%, the
obtained values were lower than the value obtained for the 2 wt.% nanoparticle content.
This increase in hardness and modulus was because of the nanoparticle addition. The
epoxy structure possessed a free volume because of the polymer chain entanglement and
cross-linking. The addition of nanoparticles filled up this free volume between the polymer
chains and made the material stiff, which increased the hardness due to the restricted chain
movement.

Table 4. Hardness and modulus values of the ZnO-modified epoxy coatings.

Sample Hardness (GPa) Modulus (GPa)
E51 0.213 £ 0.002 4.560 £ 0.056
E52 0.225 + 0.004 4.818 £ 0.039
E53 0.185 £ 0.009 4.935 £ 0.046
E54 0.218 +0.013 4.603 + 0.102
E55 0.191 £ 0.010 4.119 £ 0.098

At higher loading of the nanoparticles, the agglomeration of the particles (described
in Section 1) was the main reason behind this decrease in the properties of the coatings.
The non-uniform loading behavior itself suggested that the coating was not homogenous
and the indenter while testing landed at an area with nanoparticle agglomeration, which
after reaching a certain load, abruptly penetrated in the coating. This behavior could be
clearly witnessed throughout the loading cycle until the maximum load was achieved.

The obtained nanoindentation results were in compliance with the conventional me-
chanical testing results. The increase in pendulum hardness at higher loading was certainly
because of the surface stiffness with the particle agglomeration, since this technique gives
the information about the surface stiffness. On the other hand, the other tests that predicted
the bulk properties of the coatings such as the impact and scratch suggested that an increase
in the nanoparticle percentage resulted in a reduction of the coating properties. The scratch
and impact properties reduced significantly with increasing percentages after 2 wt.% of
nanoparticle loading [29,35].

3.5. Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a non-destructive technique that
enables studying the corrosion protection mechanism of coatings. Furthermore, EIS is
a sensitive technique that can pick up coating degradation prior to its visual manifesta-
tion [36-38]. The anticorrosive performance of the epoxy coating system (E51-E55) was
monitored using EIS in a classic three-electrode cell. EIS measurements were performed
using a potentiostat/galvanostat (Auto lab Ecochemie PGSTAT 30, Metrohm, Amsterdam,
Netherland) equipped with a FRA2 frequency response analyzer module. Frequency scans
were carried out by applying a £5 mV amplitude sinusoidal wave perturbation. The
analyzed frequency range was from 100 kHz to 1 MHz, and the electrolyte used was a 3.5%
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NaCl solution. The impedance spectra for the epoxy coatings were obtained with exposure
of 1 h and after a time interval of 7 days of the immersion in the 3.5% NaCl solution.
The interpretation of the impedance data was performed using the Autolab Frequency
Response Analyser (FRA, NOVA 1.8) software. The obtained Nyquist plots for 1 h and
7 days of exposure are presented in Figures 5 and 6.

5x10’
—0— E51—9—E52—9—E53—9—E54—9—E55
4x107
3x107 - |
a E51—9— E52—9—E53—9— E54—9—E55
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2x107
1x107 -
010 2.0)'(10e 4.0)’(105 s.o;no5 a.o;noe 1.0)'(107 1.2;(107
0 z(Q)
T T T T T T T T T T T
0 2x107 4x107 6x10’ 8x107 1x108
Z'(Q)

Figure 5. Obtained Nyquist plots for the nano-ZnO-incorporated coatings after 1 h of exposure.
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Figure 6. Obtained Nyquist plots for the nano-ZnO-incorporated coatings after 7 days of exposure.

Electrochemical impedance spectroscopy of the coated steel specimens obtained dur-

ing exposure to the aerated 3.5 wt.% NaCl aqueous solution was performed for the selected
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exposure times of 1 h and 7 days. The Nyquist plots showed two time constant semicircles
for all the coatings containing nanoparticles after exposure of 1 h except the E52 sample,
where a single semicircle was obtained. The semicircle is an indication of a compact coating.
After the exposure of 7 days in the chloride solution, a second time constant was obtained,
which was detected as a second semicircle in the Nyquist plots of all the coating samples.
This means that the corrosive electrolyte penetrated into the coating interface in a very
short immersion time [39]. In order to obtain the correct information regarding the coating
performance when exposed to the electrolyte solution, the obtained Nyquist data were fit
using the electrochemical model shown in Figure 7, where R is the solution resistance, Rp;
is the coating resistance (assuming coatings contain pores), Q; is a constant phase element,
Rp, is the charge transfer resistance, Q; is a second constant phase element. The values
obtained for these parameters are reported in Table 5. The Rp; corresponds to the resistance
between the epoxy coating surface and the electrolyte solution, which was assumed to be
of a porous nature. In the following circuit, both Rp; and Rp, are connected in series; hence,
the polarization resistance is equivalent to the sum of both resistances [40-42].

Q,

RPZ

Figure 7. Equivalent circuit model used to fit the EIS data.

Table 5. Obtained parameters after fitting samples to the 3.5% NaCl solution.

CPE (Q4) CPE (Q3)
Sample Rs () Rp1 (kQ) Rpz (kD)
nMho n nMho n
E51 (1-h) 559 85.8 0.77 0.96 2350 230 0.40
E51 (7-D) 781 161 2.29 0.90 2110 501 0.26
E52 (1-h) 19.8 70300 1.78 0.98 32600 10.8 0.62
E52 (7-D) 810 145 2.80 0.93 3530 111 0.40
E53 (1-h) 202 1870 2.08 0.94 2060 338 0.51
E53 (7-D) 209 25.6 2.20 0.57 120 491 0.81
E54 (1-h) 170 4350 3.45 0.96 11500 80.4 0.51
E54 (7-D) 90.6 134 3.48 0.90 810 255 0.27
E55 (1-h) 201 77.1 2.79 0.93 610 187 0.38
E55 (7-D) 445 259 3.23 0.89 960 348 0.26

The value of Rp; decreased with the increase of the exposure time, and this happened
because of the defects in the coatings, which caused the penetration of the electrolyte. Rp,
is the resistance at the coating metal interphase (also known as charge transfer resistance),
which is indicative of corrosion product formation at the coating metal interphase when
water penetrates towards the substrate. As can be seen from Table 5, the higher values of
Rp; and Rp, were obtained for the coatings with 2 wt.% of ZnO (E52). This was because of
the higher dispersion achieved, which produced a compact coating surface with minimal
defects. With the increase in the percentage of ZnO, the anticorrosion properties of the
coatings deteriorated because of the poor dispersion, which caused the defects in the
coatings, which means that the dispersion of the nanoparticles played a vital role in the
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corrosion protection properties of the coatings. The poor dispersion caused agglomeration
in the coating, which led to the formation of defects in the coating surface. These defects
became the pathways for the diffusion of the electrolyte, ultimately reaching the metal
coating interface, causing the corrosion of the metal.

With the increase of the exposure time to 7 days, two time constants appeared for all
the coating samples. The appearance of two time constant corresponded to the diffusion of
the electrolyte at the coating—metal interface, which caused the corrosion of the substrate
underneath the coating [39]. The obtained values after fitting with the model presented
in Table 5 suggest a drastic decrease in both Rp; and Rp; for all the coatings. Even after
diffusion, the coating with 2 wt.% of ZnO proved to be the best followed by the coating
with 1 wt.% of ZnO in comparison to the other coatings. It is worth noting that the increase
in the nanoparticle percentage beyond 2 wt.% caused a drastic decrease in the anticorrosion
performance of the coatings. It may be observed that with the increase in the immersion
time, the coating capacitance values decreased depending on the water content in the
coatings, the lowest decrease in the coating capacitance being observed for the coating with
2 wt.% of nanoparticles.

4. Conclusions

The influence of ZnO nanoparticle percentage was studied in this research. The
prepared coatings samples were subjected to FTIR, FE-SEM, thermal, nanomechanical,
and electrochemical characterizations. The FE-SEM images revealed that the dispersion
of the nanoparticles was a very challenging task, especially at higher loading levels. Ata
higher percentage of loading, the nanoparticles agglomerated heavily because of the greater
internal forces of attraction. The FTIR results revealed that the addition of nanoparticles in
the epoxy/hardener system affected the curing behavior of the coatings. It was found that a
higher nanoparticle content hindered the curing of the coatings. The thermal investigations
revealed that the higher nanoparticle content caused a reduction in the cross-link density
of the epoxy (which was confirmed by the FTIR with the decrease in the percent of curing),
and this caused a reduction in the Ty of the coatings because of the reduced cross-link
density. The mechanical and nanoindentation analysis also suggested inferior coating
properties at higher nanoparticle loadings. The anticorrosion properties were also greatly
influenced with the addition of the ZnO nanoparticles. The conclusive results from all the
characterizations suggested that the addition of 2 wt.% of nanoparticles outperformed all
the other loadings and showed the best performance.
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