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Abstract: Epoxy coatings provide an economical and practical solution for combating steel corrosion.
However, epoxy coatings have poor conductivity, resulting in the accumulation of electrostatic
charges. The surface conductivity and anticorrosion properties of epoxy coatings can be improved
by adding nano-Cu and hydroxylated multi-walled carbon nanotubes (MWCNTs). This paper
investigates the impact of MWCNTs at different concentrations (2.5, 5%) and the ratio of nano-Cu
to MWCNTs on the surface conductivity and anticorrosion properties of epoxy coatings on a steel
substrate. The findings from the four-probe method of measuring surface resistance indicated that
the surface resistivity of steel coated with an epoxy composite of 5% MWCNTs and 65% nano-Cu
(Cub5/MWCNT5) was significantly lower, approximately by one order of magnitude, compared to
steel coated with a 5% MWCNT (MWCNT5) epoxy coating. When the Cu65/MWCNT5-coated steel
was immersed in a 3.5 wt % NaCl solution for 30 days, it was observed that there was a minimal
effect on its surface resistivity. The inclusion of a high content of MWCNT5 facilitates a more uniform
distribution of Cu particles within the epoxy coatings, thereby improving the anticorrosion properties
of these coatings on a steel substrate. This was further corroborated by the results of the polarization
curves and electrochemical impedance spectroscopy, demonstrating that the Cu65/MWCNT5 epoxy
coating on a steel substrate offers exceptional anticorrosion and barrier protection properties. The
corrosion rate of steel with a Cu65/MWCNTS5 epoxy coating was three orders of magnitude lower
than that of steel with a Cu65/MWCNT?2.5 epoxy coating, at 4.79 x 10~7 mm/ year.

Keywords: nano-Cu; hydroxylated MWCNTs; anticorrosion; surface conductivity

1. Introduction

Steel is popularly applied in structures in harsh environments, and damage to 80%
of building structures results from steel corrosion [1]. Hence, improving the corrosion
resistance of steel has become a hot topic in civil engineering [2—4]. Applying an anticor-
rosive resin coating on steel is one alternative for reducing its corrosion rate [5,6]. Resin
coating has poor electrical conductivity [7], so it separates from the steel due to the elec-
trostatic charge accumulation during its service life; that is, debonding occurs [8,9]. This
is particularly relevant in the construction of grounding grids and oil and gas pipelines,
where a decrease in grid conductivity [10] and pipeline explosions [11] can occur. Therefore,
the need for a coating with high conductivity and superior anticorrosion characteristics
is evident [12].

Nanoparticles, such as metal and conductive carbon, have been added to the epoxy as
conductive fillers to enhance the surface conductivity of epoxy coatings [13,14]. Nano-Cu
is commonly used as a conductive filler because of its high electron density. Although the
electrical conductivity of Cu is only 94% of that of Ag, Ag is 100 times more expensive than
Cu [15]. While Cu facilitates electron movement within a three-dimensional space, it is
important to note that its average free path length is limited to approximately 3 nm [16]. In
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contrast, multi-walled carbon nanotubes (MWCNTs) exhibit unique radial conductivity
and an impressively high mean free path length that extends into the tens of microns [17].
The conductivity is predominantly determined by the mean free path length and the
electron density state. Consequently, a Cu/MWCNT epoxy coating is prepared by mixing
MWCNTs with a long mean free path length and nano-Cu possessing high electron density,
thereby optimizing the surface conductivity of the epoxy coating [18]. Wang et al. [19]
explored the impact of different Cu particle sizes and coating rates on the conductivity
of Cu/CNT epoxy coatings. Their findings revealed that Cu could significantly augment
the conductivity of the Cu/CNT epoxy coatings, with conductivity increasing rapidly as
the size of Cu decreased from 100 to 2 nm. In addition, the electromigration lifespan of
Cu/CNT composites surpasses that of Cu by more than fivefold [20].

Incorporating nano-Cu and MWCNTs as inorganic fillers within an epoxy polymer
effectively reduces the porosity and provides a tortuous diffusion path for deleterious
substances, thereby enhancing the barrier properties of the epoxy coating on the steel
substrate [21]. This not only ensures that these fillers are dispersed within the coating to fill
cavities and bridge cracks, but also prevents the epoxy from depolymerizing during the
curing process, leading to a more uniform coating [22-24]. In support of these observations,
Shao et al. reported that a nanocomposite coating synthesized from hydroxylated MWCNTs
and Cu via electrodeposition exhibited superior anticorrosion properties [25]. The anticor-
rosion properties of MWCNTs/Cu epoxy on the steel substrate are related to the addition
of Cu and MWCNTs [26,27]. Shukla et al. [28] fabricated Cu/CNT composites using the
vacuum hot pressing method. Their results indicated that increasing the MWCNT content
densified the Cu/CNT-composite structure and improved its durability. Zhu et al. [29]
investigated the performance of superhydrophobic anticorrosive Cu/MWCNT epoxy coat-
ings on steel substrates. Compared with the corrosion rate of an epoxy coating on a steel
substrate with a nano-Cu/MWCNT ratio of 30:1, the corrosion rate of an epoxy coating on
a steel substrate with a Cu/MWCNT ratio of 15:1 decreased by 67.22%, due to the increased
addition of MWCNTs. The nano-Cu and MWCNTs formed a micro-nano structure within
the coating, contributing to its enhanced anticorrosion properties.

Therefore, this study aims to investigate the anticorrosion characteristics and surface
conductivity of Cu/MWCNT epoxy coatings applied to steel substrates. The objective is to
develop a steel substrate epoxy coating system enriched with nano-Cu/MWCNTs. The
effects of adding MWCNTs on the anticorrosion properties and surface conductivity of
nano-Cu/MWCNT epoxy coatings and MWCNT epoxy coatings on a steel substrate were
investigated in a 3.5 wt % NaCl solution. Moreover, the effect of the ratio of nano-Cu to
hydroxyl MWCNTs on the dispersion of the Cu/MWCNT epoxy coating was analyzed
through micro characterization, and its impact on the anticorrosion properties and surface
conductivity of the epoxy resin was explored.

2. Materials and Methods
2.1. Materials

The substrate material used was HPB300 steel bars, produced by Fugang Metal Prod-
ucts Co., Ltd., Zhejiang, China. according to GB/T1499.1 standard [30], with a diameter and
height of 20 and 15 mm, respectively. The bars’ chemical composition is shown in Table 1.
The surface of the steel bars was polished using an angle grinder. Hydroxylated MWCNTs
and the dispersant, poly(vinylpyrrolidone) (PVP), were supplied by Carbon Feng Graphene
Technology Co., Ltd., Suzhou, China. The detailed parameters of the MWCNTs were pro-
vided by the manufacturer. The MWCNTs were 11.5 &+ 3.5 nm in diameter, 40 &= 10 nm in
length, 230 & 20 mm? /g in specific surface area, 5.57 wt % in oxygen content and more than
95% pure. Copper nanoparticles with a size range of 30-50 nm were procured from Xindan
Alloy Welding Material Spraying Co., Ltd., Nangong, China. The epoxy resin (SWR618
E-51) and the hardening agent (D230) were purchased from Nantong Xinchen Synthetic
Materials Co., Ltd., Nantong, China.
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Table 1. Chemical composition of steel bar (wt. %).

Type of Steel C Mn Si S P Fe
HPB300 0.21 0.63 0.35 0.024 0.021 98.765

2.2. Preparation of Coatings

Table 2 presents the components of the coating. A composite coating, with a mass
ratio of nano-Cu to resin of 65% (relative to the epoxy’s mass), exhibited the lowest resistiv-
ity [31]. When the mass ratio of MWCNT to resin was less than 5% (relative to the epoxy’s
mass), only minor aggregations of MWCNTs were observed in the composite coating [32].
Therefore, the mass ratio of nano-Cu to resin was set at 65%, while the mass ratio of hy-
droxylated MWCNTs to resin varied from 0 to 5%. The pure epoxy resin coating served as
the insulating material (with a conductivity of (7.08 £ 0.09) x 107 5/m < 10719 S/m); the
Cub65 coating was used as the control group [33]. The epoxy resin, hardening agent, and
95% ethanol were combined at a weight ratio of 3:1:1. The ethanol, used solely to ensure the
coating’s fluidity for better conductive medium dispersion, evaporates during the coating
formation process [34]. PVP was added as a dispersant for MWCNTs, accounting for 10% of
the MWCNT’s mass. The mixture was then stirred at 700 rpm and 35 °C using a magnetic
stirring rod. The conductive medium was gradually added to the mixture according to the
ratios listed in Table 2 and stirred for 10 min to prepare an anticorrosive conductive coating.

Table 2. Mixing contents of the four components of the coating.

Specimens MWCNTs (g) Cu (g) Epoxy (g) PVP (g)
MWCNT2.5 1.0 - 40.0 0.1
MWCNT5 2.0 - 40.0 0.2
Cubb - 26.0 40.0 -
Cu65/MWCNT2.5 1.0 26.0 40.0 0.1
Cu65/MWCNT5 2.0 26.0 40.0 0.2

Note: “MWCNT” and “Cu” indicate that the conductive medium consists of hydroxylated multi-walled carbon
nanotubes and copper nanoparticles, respectively. The numbers 2.5, 5, and 65 denote the mass ratio of the
conductive medium to the resin, i.e., 2.5, 5.0, and 65%, respectively. For instance, “Cu65/MWCNT2.5” represents
a composite epoxy coating with a copper nanoparticle-resin mass ratio of 65% and a hydroxylated multi-walled
carbon nanotube—resin mass ratio of 2.5%.

The surface of the steel bars was polished with emery paper and cleaned with 95%
ethanol to remove natural oxides and stimulate chemical activity [35]. One surface of the
steel bars was covered by the coating with a glue head dropper, and their opposite surface
was attached to two wires. The specimens were cured in an oven at 60 °C for 4 h. The
thickness of the coating measured 300 &+ 30 pm using a coating film detector (EC-770,
Yuwen Measurement Technology Co., Ltd., Shenzhen, China). Another coat of resin with
a thickness of 1 mm covered the circumferential direction of the steel bars to prevent the
corrosive medium from penetrating from this direction. The specimens were immersed in
the 3.5 wt % NaCl solution at 20 °C.

2.3. Electrical Conductivity

The electrical conductivity of the coatings was assessed using an ST2258C multifunc-
tional digital four-probe tester (Suzhou Lattice Electronics Co., Ltd., Suzhou, China), while
their thickness was measured using a film detector (EC-770, Yuwen Measurement Technol-
ogy Co., Ltd., Shenzhen, China). The thickness and electrical conductivity of the coatings
were measured at five positions for each specimen, and the test results determined the
mean thickness and electrical conductivity of the coatings. Equation (1) calculated the
resistivity of the coatings:

p=Rxd (1)

where p ((2-m), R (MQ)/0), and d (um) are the resistivity, square resistance, and thickness
of the coating, respectively.
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2.4. Electrochemical Test

Specimens were removed from the 3.5 wt % NaCl solution after soaking for 3 h, 3 days,
8 days, 15 days, and 30 days, and then dried with paper towels. Potential polarization
curves (PC) and electrochemical impedance spectroscopy (EIS) were conducted at room
temperature (25 °C) in the laboratory using the CS2350H electrochemical workstation
(Wuhan Coster Instrument Co., Ltd., Wuhan, China). The electrochemical tests were based
on a standard three-electrode system [27]. The specimen coated with the anticorrosive
conductive coating with an exposed area of about 2.5 cm? was used as the working electrode,
and the graphite electrode was used as the counter electrode. A saturated calomel electrode
(SCE) was used as the reference. The medium was a 3.5 wt % NaCl solution. Electrochemical
parameters were set according to the suggestion of the authors of Ref. [36]. All data were
recorded and presented without IR compensation. At the beginning of the experiment, the
open-circuit potential (OCP) was detected. When the system reached a stable state, the
electrochemical test was conducted, and the polarization curves and impedance spectra
were recorded automatically. The frequency of the EIS test ranged from 107 to 10° Hz,
and the AC excitation signal amplitude was 10 mV. Potentiometric polarization tests at
—500-500 mV (relative to the reference electrode) were used in the electrochemical testing
device, and the scanning rate was 0.5 mV/s.

3. Results and Discussion
3.1. Morphology of Cu/MWCNT Epoxy Coatings

Figure 1 shows the SEM images and EDS mappings of the specimens after 30 days
in the 3.5 wt % NaCl solution. Figure la displays the microstructures of the surface of
coating Cu65/MWCNT2.5 after 30 days of immersion in the 3.5 wt % NaCl solution. The
surface of the Cu65/MWCNT2.5 specimen showed several flaws ranging from 5 to 10 pm
in diameter. Upon further magnification of the box in Figure 1a, pits were observed, as
depicted in Figure 1b. The EDS mapping was performed on the surface zone of Figure 1b
to obtain Figure 1c. The EDS mapping of Figure 1c separated the Cu elements to produce
Figure 1d, indicating that nano-Cu was clustered in the pits. This clustering of nano-Cu led
to defects between the epoxy and nano-Cu [37]. These defects subsequently propagated
due to the continuous hydrolysis of the epoxy surrounding the defects during immersion
in a 3.5 wt % NaCl solution [38], resulting in pit formation.

(b) f e ()

® (h)

Figure 1. The SEM micrographs and EDS mappings of specimens (a-d) Cu65/MWCNT2.5 and
(e-h) Cu65/MWCNTS5 following 30-day immersion in 3.5 wt % NaCl solution.



Coatings 2023, 13, 1116

50f 15

Figure le displays the microstructures of the surface of coating Cu65/MWCNT5
after 30 days of immersion in the 3.5 wt % NaCl solution. Compared with Figure 1a,
Figure le shows that there were no flaws but many bulges on its surface. This is due to
the high addition of MWCNTs forming a dense physical barrier structure [39], resulting in
increased fracture toughness of the coating and preventing the formation of flaws. Further
magnification of the box in Figure 1e is shown in Figure 1f, and it revealed a rough but
crack-free surface, as shown in Figure 1f. The surface zone of Figure 1f was performed by
using the EDS mapping analysis, as shown in Figure 1g. The distribution of Cu elements as
shown in Figure 1h, indicated the uniform distribution of the nano-Cu element within the
coating. This was attributed to the effects of the adsorption of hydroxylated MWCNTs on
Cu nanoparticles [40]. It indicated an even dispersion of nano-Cu within the epoxy coating.
Cu65/MWCNTS5 exhibited fewer defects compared to Cu65/MWCNT2.5, suggesting
superior corrosion resistance in the former.

Figure 2a,d show SEM images of the cross-section of the Cu65/MWCNT2.5 and
Cu65/MWCNTS5 epoxy coating peeling from the steel surface after 30 days of immersion
in a 3.5 wt % NaCl solution, respectively. In comparison to Figure 2d, Figure 2a reveals a
substantial number of holes in the coating near the steel substrate interface. This suggests
that increasing the weight percentage of MWCNTs from 2.5 to 5% strengthens the bond
between the epoxy coating and the steel substrate. The cross-section of the coating compo-
nent in Figure 2a,d was obtained using EDS mapping analysis. The distribution of C, O,
Cu and Cl elements was detected, and is shown in Figure 2b,e. The distribution of C, O
and Cl elements in Figure 2b,e was excluded, and the distribution of Cu elements is shown
in Figure 2¢f. Figure 2c demonstrates the distribution of Cu through the cross-section
of Cu65/MWCNT?2.5. It was observed that most Cu nanoparticles clustered towards the
bottom of the coating. This resulted in low surface conductivity due to the nonconductive
epoxy resin present on the top surface. Figure 2f displays the copper distribution in the
cross-section of the Cu65/MWCNTS5 specimen. Compared to the distribution of nano-Cu
in the epoxy coating of Cu65/MWCNTS5 in Figure 2c, nano-Cu was distributed through the
coating more evenly. These findings suggest that the addition of MWCNTs significantly in-
fluences the distribution of nano-Cu within the epoxy coating. The hydroxylated MWCNTs
have an adsorption effect on the nano-Cu [34], and prevent the nano-Cu from clustering at
the bottom of the coating which, as a result, improves the coating surface’s conductivity.

3.2. Electrical Conductivity

Table 3 lists the resistivity of the control specimen and the coatings immersed in the
3.5 wt % NaCl solution for 30 days. In the case of unaged specimens, the resistivity of the
nano-Cu epoxy coating was one order of magnitude higher than that of the hydroxylated
MWCNT epoxy coating. The density of the nano-Cu was higher than that of the epoxy
resin, and the nano-Cu agglomerated at the bottom of the coating. Thus, the epoxy
resin layer separated from the mixed layer of nano-Cu and epoxy resin. The presence
of the epoxy resin layer results in low conductivity from the nano-Cu epoxy coating. The
hydroxylated MWCNTs dispersed more uniformly than the Cu nanoparticles in the epoxy
resin. The hydroxylated MWCNTs with a distance of less than 1.4 nm were close enough to
form conductive junctions, allowing electrons to transfer between the junctions through a
tunneling mechanism [41]. The resistivity of the MWCNT epoxy coating decreased with
increasing hydroxylated MWCNT content. The resistivity of specimen MWCNT2.5 was
8.16% higher than that of coating MWCNTS5. The higher the hydroxylated MWCNT content,
the greater the number of conductive junctions formed.
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Nano-Cu
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Figure 2. The SEM-EDS of the full cross-section of specimens (a—c) Cu65/MWCNT2.5 and
(d—f) Cu65/MWCNTS5 following 30-day immersion in the 3.5 wt % NaCl solution.

Table 3. The conductivity parameters of different coatings.

Square Resistance

Specimens Thickness (um) MQ/0) Resistivity ((2-m)
Cu65-0D 293 £ 12 90.294 26,456.142
MWCNT?2.5-0D 317 £17 9.205 2917.985
MWCNT5-0D 299 £9 9.023 2697.877
Cu65/MWCNT2.5-0D 310 £ 12 32.476 10,067.56
Cu65/MWCNTS5-0D 307 £ 14 2.933 900.431
Cu65-30D 293 +18 - -
MWCNT?2.5-30D 317 £ 6 9.358 2966.486
MWCNT5-30D 299 £12 9.144 2734.056
Cu65/MWCNT2.5-30D 310 £ 8 50.372 15,615.32
Cub65/MWCNT5-30D 307 =8 3.248 997.136

Note: “Cu65-30D” failed to be measured due to square resistance exceeding the measuring range (100 MQ)/[J).

The resistivity of specimen Cu65/MWCNT5 declined one order of magnitude com-
pared to that of coating MWCNTS5. A high content of hydroxylated MWCNTs improved
the dispersion of nano-Cu in the coating. In fact, since hydroxylated MWCNTs can ad-
sorb nano-Cu [42], adding hydroxylated MWCNTs enhances the uniform dispersion of
the nano-Cu in the resin matrix. The high density of nano-Cu and the large mean free
path of hydroxylated MWCNTs led to a higher conductivity in the nano-Cu/MWCNT
epoxy coatings than that of the hydroxylated MWCNT epoxy coating and nano-Cu epoxy
coating [43]. When the content of hydroxylated MWCNTs drops from 5.0 to 2.5%, the
resistivity of the nano-Cu/MWOCNT epoxy coating increases. For example, the resistivity
of specimen Cu65/MWCNT2.5 was one order of magnitude higher than that of specimen
MWCNT2.5, which was due to the high density of nano-Cu deposited at the bottom of the
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coating with hydroxylated MWCNTs, thickening the nonconductive epoxy resin on the
surface and increasing the surface resistivity.

Figure 3 illustrates the variation in conductivity of the steel coatings both prior to and
following the 30-day immersion in a 3.5 wt % NaCl solution. The nano-Cu epoxy coating
exhibited a loss in surface electrical conductivity compared to the unaged specimens, due to
the oxidation of nano-Cu into nonconductive CuO [22], which resulted in a surface coating
square resistance exceeding 100 MQ}/[. In contrast, the resistivity of the hydroxylated
MWCNT epoxy coating remained stable after 30 days of immersion in the 3.5 wt % NaCl
solution. This is attributable to the superior corrosion resistance and stable conductiv-
ity of hydroxylated MWCNTs [44]. The resistivity of the Cu65/MWCNT2.5 specimens
decreased by 55.5%. Previous SEM observations indicated that nano-Cu aggregated in
Cu65/MWCNT?2.5, and these aggregated nano-Cu sites became the weak areas in the coat-
ing. These sites were easily oxidized into nonconductive CuQO, leading to the breakdown of
the conductive grid and an increase in the surface coating resistance [19]. However, the
resistivity of the Cu65/MWCNTS5 specimens decreased by only 10.7%. This is due to the
hydroxylated MWCNTs forming a compact structure that prevents coating defects [39] and
inhibits the oxidation of nano-Cu, thus maintaining the coating’s electrical conductivity.
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Figure 3. Resistivity of different steel coatings before and after immersion in a 3.5 wt %NaCl solution
for 30 days.

3.3. Polarization Curves

Figure 4 presents the Tafel polarization curve of the anticorrosive conductive coating
following 30 days of immersion in a 3.5 wt % NaCl solution. The anticorrosion property
of the coating is evaluated by the corrosion rate of the steel bars (CR, mm/year) [45], as
expressed in Equation (2). The corrosion rate is determined by the corrosion current density
(Icorr), which is obtained from the polarization curve by fitting the Tafel extrapolation
method and Stern—Geary formula, as given in Equations (3) and (4). The corrosion rates
and fitted parameters of the Tafel extrapolation method and the Stern-Geary formula are

listed in Table 4.
o A X Ieorr

CR= —— i 0.116 X Ieorr )

where A represents the atomic weight of iron (55.85 g/mol); n, F, and p denote the charge
transfer number of the chemical reaction, the Faraday constant (96,485.33 C/mol), and the
density of iron (7.86 g/cm3), respectively.

n=a=xplogi 3)
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where 1 represents overpotential, a and 3 are constants, and i is the current density.

Ba+ BC
(2.303 X Rp) X (B, X Be)

)

Icorr =

where 3, and 3. denote the anode and cathode polarization slopes, respectively, which can
be obtained by Equation (3); Ry, is the polarization resistance.

Cub65 +— Cub5
- MWCNT2.5 + Cu65/MWCNT2.5
-6 —— MWCNTS = - Cu65/MWCNTS
— N
N
g
5 3
< =1
ki | g
S-12 ! =
714 | Il 1 1 1 1 1 - 1 1 1 1 1
~1.8 —1.2 09 -06 03 0 03 06 09 -2 -09 -06 03 0.0 0.3 0.6
Potential/V(SCE) Potential/V(SCE)
(a) (b)
Figure 4. The Tafel polarization curves of the (a) Cu epoxy or MWCNT epoxy coatings and (b) the
anticorrosive conductive Cu/MWCNT epoxy coatings soaked in the 3.5 wt % NaCl solution for
30 days.
Table 4. The Tafel polarization parameters.
. Ecorr 2 Corrosion Rate
Specimens (V(SCE)) Leorr (A/cm?) Ba (mV) Be (mV) (mm/year)
Cub5 —0.808 498 x 10°8 177.35 169.03 5.78 x 10~*
MWCNT2.5 —0.122 1.17 x 10~° 536.79 191.25 1.36 x 10~
MWCNT5 —0.072 7.07 x 10~ 11 1498 191.78 8.20 x 1077
Cu65/MWCNT2.5 —0.423 489 x 108 1097 2569.7 5.67 x 1074
Cu65/MWCNT5 —0.218 413 x 1071 96.565 104.19 479 x 1077

Figure 4a reveals that the corrosion current of the Cu/MWCNT epoxy coating was
significantly lower than that of the epoxy coating (107°~10% A/cm? [46]). This was as-
cribed to the addition obstructing the entry of corrosive ions and extending the corrosion
path of the epoxy coating [47]. The nano-Cu epoxy coating had a higher corrosion current
density and smaller corrosion potential than the other specimens, implying that the anti-
corrosion property of the nano-Cu epoxy coating is lower than that of the hydroxylated
MWCNT epoxy coating. Table 4 shows that the CR of the Cu65 coating is one and two
orders of magnitude higher than that of coatings MWCNT2.5 and MWCNTS5, respectively.
Defects or disruptions in the nano-Cu epoxy may facilitate the entry of corrosive media
into the coating, thereby reducing its corrosion resistance [29]. The hydroxylated MWCNTs,
however, form a physical barrier layer at the coating—electrolyte interface that exhibits
excellent corrosion resistance and low chemical reactivity [39]. The corrosion rate of coating
MWCNTS5 was one order of magnitude lower than that of specimen MWCNT?2.5 because a
higher content of MWCNTs forms a denser structure in the coating, leading to a further
improvement in corrosion resistance.

Figure 4b shows that adding hydroxylated MWCNTs to nano-Cu epoxy coatings can
improve the anticorrosion property of the coating and shift its corrosion potential toward
that of precious metals. The corrosion resistance of the Cu65/MWCNT epoxy coating
improves with the increase in the hydroxylated MWCNT content. Table 4 demonstrates
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that the corrosion rate (CR) of the Cu65/MWCNT2.5 coating was 1.9% lower than that of
specimen Cu65. At the same time, the CR of coating Cu65/MWCNTS5 was three orders
of magnitude lower than that of specimen Cu65, indicating that hydroxylated MWCNTs
could have a remarkable effect on the anticorrosion property of the Cu/MWCNT epoxy
coatings. At a low content of hydroxylated MWCNTs, the nano-Cu aggregates form weak
regions in the coating. On the other hand, when the hydroxylated MWCNTs are abundant,
their large surface area prevents the oxidation of the copper nanoparticles. The uniform
distribution of MWCNTs inhibits local nano-Cu corrosion and enhances uniform corrosion,
promoting corrosion resistance [48].

In addition, the corrosion rate of coating Cu65/MWCNTS5 was 41.59% lower than that
of specimen MWCNTS5, which indicates the interactions between hydroxylated MWCNTs
and nano-Cu. The hydroxylated MWCNTs increase the toughness of the coating [49]; the
oxidation of the copper nanoparticles prevents the coating from cracking and further fills
in the pores in the MWCNT epoxy coating, resulting in a longer corrosion path and a
denser coating.

3.4. Electrochemical Impedance Spectroscopy

Figure 5 plots the Nyquist curves of the coatings immersed in 3.5 wt % NaCl solution
for 30 days. Compared to the other coatings, the curve of specimen Cu65 had two semi-
circles, which indicated that the corrosive medium penetrated the coating and corroded
the steel bars. Figure 5a shows that the capacitance arc diameter of the MWCNT epoxy
coating was much higher than that of the nano-Cu epoxy coating. It has been reported
that the diameter of the semicircle represents the impedance of the coating [50]. Thus,
the hydroxylated MWCNT epoxy coating had much better charge-transfer resistance than
the nano-Cu epoxy coating, proving that the MWCNT epoxy coating had better anticor-
rosion properties than the nano copper epoxy coating. The capacitance arc diameter of
the MWCNT epoxy coating increased with the MWCNT content. Hence, the capacitance
arc diameter of the MWCNTS coating was much larger than that of coating MWCNT2.5,
implying that the anticorrosion property of the MWCNT epoxy coatings increases with
the rise in MWCNT content. Figure 5b shows the effects of the mixture of nano-Cu and
MWCNTs on the charge-transfer resistance of the coatings. The capacitance arc diameter
of specimen Cu65/MWCNT was much larger than that of coating Cu65 and increased
significantly as the MWCNT content rose. This result was similar to that of the polarization
curve, indicating that adding MWCNTs to the nano-Cu epoxy coating effectively increases
the charge-transfer resistance and improves the anticorrosion property of the coating.

The low-frequency impedance modulus (|Z|, y;5,) Was employed to evaluate the
anticorrosion property of the coatings [51]. The Bode plots made it possible to directly
compare the (|Z|; 13,) of different coatings. Figure 5¢ illustrates that the impedance mod-
uli (|Z| g111,) for specimens Cu65, MWCNT2.5, and MWCNTS5 were 5.73 x 102 kQ-cm?,
1.94 x 10* kQ-cm?, and 4.77 x 10* kQ-cm?, respectively. The impedance modulus of the
MWCNTs epoxy coatings was two orders of magnitude higher than that of the nano-Cu
epoxy coating, signifying that the MWCNT epoxy coatings exhibited superior anticor-
rosion properties. Figure 5d reveals that the impedance moduli (|Z] y;4y,) of specimens
Cu65/MWCNT2.5 and Cu65/MWCNTS5 were 6.35 x 10° kQ-cm? and 9.67 x 10* kQ-cm?,
respectively. Notably, the impedance modulus of coating Cu65/MWCNT2.5 was 67.3%
lower than that of specimen MWCNT?2.5, while the impedance modulus of specimen
Cu65/MWCNTS5 was 102.7% higher than that of coating MWCNTS. The presence of
MWCNTs in the Cu65/MWCNT epoxy coatings significantly affected the low-frequency
impedance modulus. Atan MWCNT content of 2.5%, the nano-Cu became the coating’s
weak region, and corrosive ions created a corrosion path through the corrosion of the
copper nanoparticles. However, when the MWCNT content rose to 5%, they formed a
dense structure that hindered the entry of corrosive ions, and nano-Cu filled the pores
between MWCNTs, thus extending the corrosion paths.
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Figure 5. The (a,b) Nyquist and (c¢,d) Bode plots from the EIS of the (a,c) Cu epoxy or MWCNT epoxy
coatings and (b,d) the anticorrosive conductive Cu/MWCNT epoxy coatings soaked in the 3.5 wt %
NaCl solution for 30 days.

Figure 6 illustrates an electrochemical equivalent circuit model for analysis of the EIS
diagram to further analyze the corrosion behavior of the coatings. Rs, R¢, and Rt represent
the solution, coating, and charge-transfer resistance, respectively. C. and Cg indicate
the coating capacitance and the double-layer capacitance, respectively. Previous research
results [52,53] are utilized in Figure 6a to fit a Nyquist graph with a single semicircle, and
Figure 6b to fit a Nyquist diagram with two semicircles. All the fitted parameters are listed
in Table 5. Total resistance (R¢) and total capacitance (C;) were calculated according to the
fitted results to analyze the effect of the anticorrosive coating on preventing the corrosion
of the steel bars, as expressed in Equations (5) and (6) [54].

Rt = Rc + Rct (5)
Ci=C.+Cq (6)
Ry &g
e
RC
(a) (b)

Figure 6. The equivalent circuit model used to fit the Nyquist diagram of (a) a single semicircle and
(b) two semicircles.
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Table 5. The fitted results of the electrochemical equivalent circuit.

Specimen Time R. (Q-cm?) C. (F-cm?) nl Rt (Q-cm?) Cq1 (F-cm?) n2 Model
3h 2.39 x 10° 3.12 x 10~? 0.87 - - - (a)
3 days 423 x 108 1.78 x 10~° 0.93 - - - (a)
Cu65 8 days 5.95 x 10* 6.01 x 10713 0.97 1.47 x 10° 3.79 x 10~ 0.57 (b)
15days 298 x 10 452 x 1077 0.86 9.59 x 10° 1.58 x 1076 0.77 (b)
30 days  2.00 x 10* 1.83 x 107 0.95 712 x 10° 2.63 x 1070 0.71 (b)
3h 7.26 x 10° 1.61 x 1010 0.98 - - - ()
3 days 7.50 x 10° 5.01 x 10710 0.66 - - - (a)
MWCNT2.5 8 days 8.36 x 10° 1.41 x 10~° 0.96 - - - (a)
15 days 8.16 x 10° 2.15 x 108 0.89 - - . (a)
30days  8.77 x 10° 3.01 x 1078 0.89 - - - (a)
3h 1.13 x 108 3.06 x 1078 0.69 - - - ()
3 days 7.22 x 107 1.61 x 1078 0.65 - - - (a)
MMWCNT5 8 days 2.76 x 107 9.55 x 1078 0.35 - - - (a)
15 days 3.65 x 107 1.61 x 1077 0.65 - . . (a)
30 days  2.60 x 107 8.13 x 1077 0.79 - - - (a)
3h 1.30 x 1010 1.33 x 107° 091 - - - (a)
3 days 6.39 x 108 1.20 x 10~° 0.93 - - - (a)
Cu65/MWCNT25  8days 3.07 x 108 1.15 x 10~° 0.95 - - - (a)
15 days 2.09 x 107 241 x 107? 0.85 - . . (a)
30days  5.23 x 10° 3.20 x 1079 0.80 - - - (a)
3h 1.16 x 108 2.60 x 1077 0.85 - - - (a)
3 days 1.66 x 108 2.06 x 10~? 0.88 - - - (a)
Cu65/MWCNT5 8 days 1.69 x 108 2.69 x 1077 0.84 - - - (a)
15 days 1.31 x 108 4.17 x 107? 0.78 - - - (a)
30days  7.29 x 107 252 x 1077 0.87 - - - (a)

Figure 7 represents the Rt and Ct of the specimens in the 3.5 wt % NaCl solution.
Figure 7a shows that the Rt of coatings Cu65 and Cu65/MWCNT2.5 decreased with an
extended immersion period. This is because the nano-Cu in the coating oxidizes into CuO
during immersion in the NaCl solution, which forms a gap between the CuO and the
epoxy, allowing the charge to directly penetrate the coating and infiltrate the matrix. The
Rt of specimen Cu65/MWCNT2.5 declined more slowly than that of coating Cu65 as the
immersion period lengthened, due to the dense structure formed by the corrosion-resistant
MWCNTs which inhibited the charge transfer in the coating. Interestingly, the Rt of coating
MWCNT2.5 also diminished with an extended immersion period. This is because the low
addition (2.5%) MWCNT epoxy coating behaved similarly to a pure epoxy coating at the
initial corrosion stage [53]. As corrosion progressed, the MWCNTs increasingly obstruct
the corrosive ions, leading to an extension of the corrosion path and an increase in coating
resistance. The Rt of coatings MWCNT5 and Cu65/MWCNTS remained high, with their
final charge-transfer resistance exceeding that of the other coatings. This is attributable
to the dense structure formed by the high addition MWCNTs. This structure effectively
blocks the entry of the corrosive medium, prevents the oxidation of nano-Cu, and enhances
the coating’s toughness, thus inhibiting crack formation and charge transfer.

Figure 7b demonstrates that the Ct of specimens MWCNT2.5 and MWCNTS5 increased
as the immersion period extended because hydroxylated MWCNTs and epoxy resin are
hydrophilic, and the constant intrusion of water molecules into the coating enlarged the
dielectric constant [55]. The Ct of specimen Cu65 suddenly rose after 10 days of immersion
in the NaCl solution because the corrosive medium invades the interface between the
coating and the substrate. The opening of corrosion channels promotes water permeability
and increases the dielectric constant of the coating. The Ct of coatings Cu/MWCNT2.5
and Cu/MWCNTS5 remained stable during the 30 days of immersion in the NaCl solution
because the compact structure formed by the MWCNTs prevented the medium from
corroding the copper nanoparticles. The nano-Cu also blocked the diffusion of water
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molecules, so the dielectric constant of the coating remained stable. These results indicate
that the Cu/MWCNT epoxy coatings have better barrier properties than the Cu epoxy or

MWCNT epoxy coatings.
12 )
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Figure 7. Comparing the (a) Ret and (b) Cc of the coatings immersed in the 3.5 wt % NaCl solution
for 0-30 days.

4. Conclusions

This study explored the conductivity and anticorrosion properties of Cu/ MWCNT
epoxy coatings on a steel substrate. The effects of MWCNT content on the conductivity and
anticorrosion properties of Cu/MWCNT epoxy coatings were evaluated and compared
with nano-Cu epoxy and MWCNT epoxy coatings. The influence of the nano-Cu and
hydroxylated MWCNT ratio on the dispersion within the Cu/MWCNT epoxy coatings
was analyzed, and the surface conductivity and anticorrosion behavior of Cu/ MWCNT
epoxy coatings was hypothesized. Based on the above results and discussions, several
conclusions were drawn:

e  The presence of a high content of MWCNTs (5%) promoted the dispersion of nano-Cu
within the epoxy coating, effectively preventing the formation of coating defects.

e As the MWCNT content increased, the resistivity of the Cu/MWCNT epoxy coat-
ings decreased. Specimen Cu65/MWCNT2.5 exhibited higher resistivity than coat-
ing MWCNT2.5, while specimen Cu65/MWCNTS5 displayed lower resistivity than
coating MWCNTS5.

e By incorporating MWCNTs, the surface resistance stability of nano-Cu epoxy coating
can be enhanced. After being immersed in a 3.5 wt % NaCl solution for 30 days, the
resistivity of Cu65/MWCNTS5 only increased by 10.7%.

o The Tafel and EIS results were in agreement. The epoxy coating comprising 5%
hydroxylated MWNCTs and 65% nano-Cu exhibited the most robust anticorrosion
properties on the steel substrate, with a corrosion current of 0.0413 nA /cm?, a corrosion
rate of 4.79 x 1077 mm/year, and an impedance of 9.67 x 10* kQ-cm?.
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