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A graphene modified epoxy surface tolerant coating was prepared, and the corrosion
performance and rust conversion mechanism of the prepared composite coating on rusty
carbon steel substrate was investigated. Scanning electron microscope (SEM), X-ray
powder diffractometer (XRD), and infrared (IR) spectrum were used to confirmed the iron
rust conversion performance by the reaction of phytic acid and rust. electrochemical
impedance spectroscopy (EIS), polarization curve, and salt spray test were used to
evaluate the corrosion resistance of low surface treatment coatings. Results indicated
most of the rust were dissolved and transformed with the reaction of phytic acid and rust
on the rusty carbon steel; graphene could effectively improve the compactness and
protective performance of the epoxy surface tolerant coating.
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INTRODUCTION

Heavy anticorrosive coating technology is the most economical and popular protection technology to
slow down the corrosion rate of marine steel structures (Arukalam et al., 2018; Zhu et al., 2020).
However, in order to ensure the anticorrosive quality of the coating, the steel substrate needs to be
sandblasted or shot blasted before construction, and in most cases, the surface cleanliness after
treatment is required to meet the surface treatment level Sa2.5 specified in ISO 8501-1988.
Sandblasting not only brings a lot of dust and noise pollution but also increases the
construction cost. Due to the influence of construction conditions, coating conditions, and the
changeable coastal weather, the marine steel structure cannot be coated immediately after
sandblasting or can only be coated with rust (Lei et al., 2021; Oliveira et al., 2021). In particular,
some dead corners of complex steel structures cannot be treated by traditional sand blasting; besides,
in the actual outdoor coating construction, it is impossible to completely and thoroughly sandblast
steel. Even after sandblasting, the steel surface still has various degrees of rust and is often in a high
degree of moisture. Therefore, it is particularly important to develop a simple and efficient
anticorrosion coating with low surface treatment for long-term anticorrosion of equipment in
the marine environment (Liao and Lee, 2016; Feng and Yuan, 2020).

Low surface treatment coating is also called surface tolerance coating, which is an anticorrosive
coating that can be applied on the corroded surface of steel with simple surface treatment or without
treatment. Low surface treatment coating has excellent adhesion, wettability, permeability, and rust
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FIGURE 1 | The IR spectra for rusty carbon steel (A), PA dropped on
rusty carbon steel (B), and PA/G/EP coating coated on rusty carbon steel (C).

conversion. Good wetting and permeability are the basis of low
surface treatment coatings (Figueroa et al., 2020; Marano et al.,
2020). On the one hand, the low surface treatment coatings
contain active antirust pigments or rust conversion agents,
which can transform active corrosion products, generate stable
iron chelate, and become a part of the complete paint film as a
way of inert fillers. On the other hand, adding chelating agent and
corrosion inhibitor to rust primer can improve the passivation
performance of metal substrate (Jiang et al., 2020; Chang et al,,
2021).

Phytic acid (PA) molecule has six phosphate groups which can
combine with metal cations; it is an environmentally friendly rust
inhibitor. Graphene (G) is the thinnest two-dimensional (2D)
carbon material; its own unique nanostructure endows its perfect
impermeability to any atoms and molecules under ambient
conditions, and so G could be used as an excellent functional
filler in anticorrosion coatings (Gu et al., 2015; Bai et al., 2021; Mu
etal., 2021). In our previous research, we have confirmed that the
original iron ions absorbed on rusty carbon steel surfaces could be
transformed by PA, and a dense film was formed with the
reaction of PA and rust (Xu et al., 2021). In this research, we
prepared a G modified epoxy surface tolerant coating using PA as
a rust conversion agent and G as a functional filler. The corrosion
performance of as-prepared surface tolerant coating on rusty steel
was studied by means of electrochemical measurements in 3.5 wt
% NaCl solution. The results of this paper may provide an insight
on providing a simple and efficient protection technology for
corroded metals in the marine environment.

EXPERIMENTAL

Materials

All reagents including PA solution (PA content: 70 wt%) were
purchased from Sigma-Aldrich and Aladdin and used without
further purification unless otherwise noted. Epoxy resin (EP),
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FIGURE 2 | The XRD spectra for rusty carbon steel (A), 5 wt% PA
solution dropped on rusty carbon steel (B), and PA/G coating coated on rusty
carbon steel (C).

Ci2_14 alkyl glycidyl ether (AGE), and polyamide curing agent
were purchased from Hubei Greenhome Materials Technology,
Inc. G powder (5-10 layers, 10-200 um diameter, 5-15nm
thickness, 99.5wt% purity) was purchased from Ningbo
Morsh Technology. Co, Ltd. Carbon steel
(Iemx1ecmx1cm) was purchased from Yuxin Technology
Co., Ltd. The polyo-phenylenediamine was prepared and used
as G dispersant (Cui et al., 2019).

The rusty carbon samples were prepared by dropping 3.5 wt%
NaCl solution onto the clean sample and allowing it to react for
30 days at ambient temperature. Some loose corrosion products were
formed on the surface of carbon steel (namely, rusty carbon steel).

Preparation of Graphene Modified Epoxy

Surface Tolerant Coating

Firstly, 0.5g G power was ultrasonically dispersed by 0.01 g
polyo-phenylenediamine in 20ml xylene solvent, and the
mixture was stirred for 30 min, then 0.12g PA, 20 ml AGE,
and 30g EP were added to the above mixture and ground
until paint fineness reached 50 pm. Finally, 20 g polyamide
curing agent was added, and the mixture was stirred for
30 min. The prepared composite coating (PA/G/EP) was
applied to the rusty carbon steel cured at room temperature
for 48 h; the coating thickness was 60 + 2 um. In the same way, a
pure epoxy coating (EP) and PA with EP (PA/EP) were prepared
and coated on rusty carbon steel at the same thickness.

Material Characterization

The rust and the PA chelate were analyzed by Intelligent Fourier
Infrared Spectrometer (NICOLET 6700 FTIR) and X-ray powder
diffractometer (Bruker-AXS D8 XRD). The cross-section surfaces
of EP, PA/EP, and PA/G/EP were observed by scanning electron
microscope (FEG 250 SEM). To prepare the cross-section
surfaces, firstly, the coating was cured at 80°C for 24 h, and
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FIGURE 5 | The SEM cross-section images of prepared coatings, (A) pure EP, (B) PA/EP, and (C) PA/G/EP.
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FIGURE 6 | The open circuit potential curves of rusty carbon steel (A),
EP (B), PA/EP (C), and PA/G/EP (D) immersed in 3.5% NaCl solution after
240 h.

then the coating was quickly broken in a liquid nitrogen
environment. Cross-section surfaces of different coatings were
immediately treated with gold spraying to increase their
conductivity (the thickness of the gold-plated layer was only
5-8 nm, which did not change the cross-section morphology of
the prepared coatings), and at last the prepared cross-section
surface samples were put in a vacuum chamber for SEM
observation. The electrochemical test was performed at the
electrochemical workstation (CHI-660E, China) using the
three-electrode system. A platinum electrode was used as an
auxiliary electrode, a calomel electrode was used as a reference
electrode, and a carbon steel with 1 cm* exposed area was used as
a working electrode. The corrosive medium was 3.5 wt% NaCl
solution. The electrochemical impedance spectroscopy (EIS)
curves after different immersion times were measured at an
open circuit potential with an interference signal amplitude of
20mV and a frequency range of 100,000-0.01 Hz.
Electrochemical impedance fitting was performed using Zview
software for data analysis. Three coating/electrode systems were
prepared for each electrode, and the electrochemical test was
repeated three times.

RESULTS AND DISCUSSION

Transformation Performance of PA on
Rusty Carbon Steel

To investigate the transformation mechanism of PA on rusty
carbon steel, infrared (IR) and XRD spectra of the rusty carbon
steel, PA dropped on rusty carbon steel, and PA/G coating coated
on rusty carbon steel are presented in Figures 1, 2, respectively. In
the IR spectrum of rusty carbon steel (Figure 1A), the peaks at
883 and 787 cm ™' belonged to the bending vibration of -OH in
a-FeOOH. The band of 682cm™ belonged to the bending
vibration of -OH in B-FeOOH, and the band around 745 cm™"
was due to the bending vibration of -OH in y-FeOOH. When the

Graphene Modified Epoxy Coating

5 wt% PA solution was dropped on the rusty carbon steel for 4 h,
the characteristic peaks of rusty carbon steel almost disappeared,
and some new characteristic peaks located at 1,004 and
2,847 cm™" appeared (Figure 1B), which corresponded to the
P-O stretching vibration and the stretching vibration of OH in the
P-OH group, indicating that PA could reacted with rust and has
been absorbed on rusty carbon steel. When the PA/G/EP was
coated on rusty carbon steel (Figure 2C), most of the
characteristic peaks of rusty carbon steel cannot be detected.
Some new absorption peaks at 1,657 and 1,543 cm™' came from
the carbon skeleton vibration of the G (Xu et al., 2021).

It can be found in the XRD (see Figure 2A) pattern that the
rust mainly contained diffraction peaks of NaCl (PDF 05-0628),
FeOCl (PDF 39-0612), Fe,O; (PDF 16-0653), and Fe (PDF 50-
1275). After adding PA, only NaCl characteristic peak was left,
indicating that most rust was converted by PA (Figure 2B). No
obvious rust characteristic peak was found in Figure 2C. In order
to investigate the change of surface morphology of rusty carbon
steel after the reaction between PA and rust, 5 wt% PA solution
was directly dropped on the surface of rusty carbon steel. It could
be seen that many corrosion pits appeared on the surface of rusty
carbon steel (Figure 3A); when the PA reacted with the rust for
24 h, the corrosion pits almost disappeared and the surface
roughness significantly decreased (Figure 3B), indicating that
the PA has excellent rust conversion performance.

Generally, coatings with good physical barrier properties have
excellent protective properties, and the dispersion state of fillers
in composite coatings has a significant impact on the physical
barrier properties of coatings (Liu et al., 2013b). In order to
observe the dispersion state of G and PA in the composite coating,
SEM was used to observe the dispersion performance of G in
xylene solvent and the cross-section surface morphology of the
coating, and the results are shown in Figures 4, 5, respectively.
Figure 4 showed that the sheet structure of G was dispersed
uniformly by polyo-phenylenediamine in xylene solvent, and no
obvious agglomeration of G could be found.

The cross-section surface of pure EP was relatively smooth,
and there were fluvial cracks parallel to the direction of crack
propagation on the surface (Figure 5A), which was typical of
brittle thermosetting polymers section characteristics. After
adding PA in pure EP (Figure 5B), the crack of PA/EP
coating section was reduced compared with that of pure EP,
and some small holes were observed in the coating. When the PA
and well-dispersed G slurry were added in EP (Figure 5C), the
cross-section of the PA/G/EP coating was smooth; no obvious
agglomeration of G or small holes could be observed, indicating
that G could effectively improve the compactness of the EP
coating.

Corrosion Performance of the G Modified
Epoxy Surface Tolerant Coating

Figure 6 presents the open circuit potential (Egcp) variation of rusty
carbon steel, EPPA/EP, and PA/G/EP coated on rusty carbon steel as
a function of immersion time in 3.5% NaCl solution. The Egcp of
rusty carbon steel was kept at —0.782 V and was basically unchanged.
The Eocp of all coatings decreased to different degrees after the
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FIGURE 7 | The EIS of rusty carbon steel (A), EP (B), PA/EP (C), and PA/G/EP (D) immersed in 3.5 wt% NaCl solution after different times.
2019). In our previous research, we confirmed that commercial G
A CPE, B CPE CPE ,» . . . f h . inhibiti
without dispersion was found to have almost no corrosion inhibition
Ry X (Liu et al,, 2016).

R R Ry Nyquist and Bode plots are shown in Figure 7 for bare rusty
carbon steel, EP, PA/EP, and PA/G/EP coated on rusty carbon
steel after different immersion times in 3.5 wt% NaCl solution, as

FIGUBE 8| The equivalent circuit used to fitl the EIS data. (A) used for EIS is one of the most intensive and nondestructive testing
one time constant in EIS, (B) used for two time constants in EIS. techniques for investigation and prediction of the

fluctuation at initial time and then remained basically unchanged
after 240 h. Compared with pure EP, PA/EP and PA/G/EP exhibited
much more enhanced Egcp. After 288 h immersion, compared to
EP, the positive shift of Eocp as 0.11 V for PA/G/EP indicated that
well-dispersed G has obvious corrosion inhibition, and this similar
phenomenon has been reported by other researchers (Cui et al,

anticorrosion performance of organic coating in aqueous
solution (Liu et al,, 2013a; Liu et al., 2013b). To quantitative
analyze the corrosion resistance of these four systems, two
appropriate equivalent circuits (Figure 8) were used to fit the
EIS data, and the fitting corrosion parameters are listed in
Table 1; (Xia et al, 2020). In Figure 6, R, is the solution
resistance, and R, and CPE_; represent the coating resistance

Frontiers in Materials | www.frontiersin.org

November 2021 | Volume 8 | Article 767776


https://www.frontiersin.org/journals/materials
www.frontiersin.org
https://www.frontiersin.org/journals/materials#articles

Guo et al.

TABLE 1 | Electrochemical corrosion parameters fitted from the equivalent circuit.

Time hours Rs CPE_,
Q nF/s 0 ¢m?
Rusty carbon steel 12 0.02 2,506
24 0.01 3,512
48 0.01 6,591
96 0.03 6,562
240 0.01 8,452
EP 12 0.03 50.2
24 0.01 125
48 0.04 886
96 0.03 989
PA/EP 240 0.02 1,023
12 0.01 19.7
24 0.01 125
48 0.038 234
96 0.01 376
240 0.02 758
PA/G/EP 12 0.03 0.126
24 0.02 0.156
48 0.02 0.254
96 0.01 0.356
240 0.02 4.95
-0.3
04} @
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o) ©
@ 05 ) a)
z
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=
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FIGURE 9 | The polarization curves of rusty carbon steel (A), EP (B), PA/
EP (C), and PA/G/EP (D) immersed in 3.5 wt% NaCl solution after 240 h.

and coating capacitance, respectively. R and CPE_, represent the
charge-transfer resistance and double-layer capacitance,
respectively (Wang et al, 2021; Cui et al, 2018). Figure 8A
was used to fit the EIS data for PA/G/EP during the 96-h
immersion, and Figure 8B was used to fit the EIS data which
have two time constants (Pan et al., 2020).

Generally, the impedance modulus at the lowest frequency
(|Z|o.o112) in Bode diagram can be used to evaluate the
protective performance of the coatings. For the EIS results
with two time constants, the time constant at the high
frequencies corresponds to the capacitive behavior of the
coating (or rust), and the time constant at the medium and
low frequencies is assigned to the corrosion response of the
metal substrates (Liu et al., 2012).

Graphene Modified Epoxy Coating

ny R. CPE-, nz Rt
MQ cm? uF/81" cm? MQ cm?

0.68 5.98 x 107° 235 0.89 1.12x 1072
0.85 512 x 107° 335 0.66 1.08 x 1078
0.76 423 x107° 285 0.86 9.56 x 107
0.56 3.12x107° 269 0.78 7.73 x 1074
0.91 1.05x 107° 398 0.96 6.32 x 107
0.70 0.86 0.56 0.69 456
0.68 0.78 1.23 0.72 3.87
0.61 0.65 5.68 0.85 3.46
0.62 0.46 8.69 0.59 0.52
0.71 0.23 9.98 0.62 0.12
0.95 18.6 0.0747 0.83 82.6
0.93 16.8 0.0859 0.77 78.4
0.91 11.3 0.161 0.82 15.2
0.84 9.53 0.562 0.84 135
0.88 7.56 0.983 0.79 3.56
0.78 2,685 — — —
0.66 2,156 — — —
0.85 781.3 — — —
0.86 756.1 — — —
0.95 53.16 0.364 0.46 235.6

TABLE 2 | Corrosion parameters of rusty carbon steel, EP, PA/EP, and PA/G/EP
immersed in 3.5 wt% NaCl solution after 240 h.

Ecorr icorr Pa mVdec™' —Pe mVdec™
V,vs.SCE pA cm™2
Rusty carbon steel -0.778 13.2 73.9 61.8
EP -0.705 0.813 121.7 105.2
PA/EP -0.685 0.195 270.8 220.7
PA/G/EP -0.624 0.031 285.2 2211

For the bare rusty carbon steel (Figure 7A), the radius of the
two capacitive arcs decreased gradually, and the impedance
modulus at low frequency domain |Z|yo1m, decreased with
time, indicating that the corrosion rate of rusty carbon steel
increased in 3.5 wt% NaCl solution. Without coating protection,
the rusty carbon steel would corrode and fail in a short time in
3.5% NaCl solution.

When the pure EP was coated on rusty carbon steel without
surface treatment (Figure 7B), the porous rust in epoxy coating
may reduce the compactness of paint film, form water-vapor
channel, and then decrease its anticorrosion performance. The |
Z|ooi, of pure EP was only 3.56 x 10° Qcm’® after 240 h
immersion in 3.5wt% NaCl solution. Due to the water
penetration and ionic species movement through the pure EP,
the EP coating conductivity increased. The coating capacitance
(CPE.)) increased from 50.22 to 1,023 nF cm™2, and the coating
resistance (R.) decreased from 0.86 to 0.23 MQ cm?® during 240 h
of immersion in 3.5% NaCl solution.

When the PA/EP is coated on rusty carbon steel (Figure 7C),
the PA could react with rust, reduce the porosity and increase the
adhesion of the coating to the rusty carbon steel, and then
increase the compactness of paint film. The radius of two
capacitive reactance arcs was doubled compared to pure EP.
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However, there were still two time constants during the whole
immersion times; the coating resistance (R.) of PA/EP decreased
from 18.6 to 1.56 MQ cm? after 240 h immersion, indicating that
water resistance of the PA/EP needs to be improved.

For PA/G/EP (Figure 7D), only one time constant was
observed at the initial stage of 96h immersion (Stage I), and
then two time constants appeared after 240 h of immersion (Stage
II). When the well-dispersed G is added into the EP, G can fill the
structural and pinhole porosity of the EP and decrease the
electrolyte diffusion towards the rusty carbon steel substrate,
and the water diffusion coefficient is decreased greatly by the
tortuous diffusion path (Liu et al, 2016). However, water
molecules would gradually penetrate the coating with the
extension of immersion time and accelerate the corrosion of
the metal. Thus, two time constants (or two capacitive arcs)
appeared after 240 h of immersion.

The pure EP and PA/EP coatings exhibit two time constants in
short-term immersion, while the PA/G/EP remains one time
constant in a high frequency range during 96-h immersion. The
impedance modulus at low frequency (|Z|¢.0111,) can represent the
corrosion protection of coating/metal system, which is in inverse
proportion to the corrosion rate. The |Z|g o5, of the PA/G/EP-
coated rusty carbon electrode was 5.9 x 10® Q cm? after 240-h
immersion (Figure 6D), which was far larger than that of pure EP

(21x10°Qcm?) and PA/EP (7.3 x10°Qcm?) coated rusty
carbon electrodes after 240-h immersion (Figures 6B, C).
These results indicated that PA/G/EP exhibited better
corrosion protection for the rusty carbon steel than other
coatings. The increase in impedance for PA/G/EP can be
attributed to the hydrophobicity and barrier effects of G well
dispersed in EP. Moreover, PA/EP protects the rusty carbon steel
against corrosion better than the pure EP does, mainly due to the
passivation capabilities of the PA molecules.

Figure 9 presents the polarization curves of rusty carbon steel,
EP, PA/EP, and PA/G/EP coated on rusty carbon steel immersed
in 3.5wt% NaCl solution after 240h at room temperature
(~25°C). The corrosion parameters calculated from the Tafel
regions are listed in Table 2 (Zhao et al., 2014). The corrosion
current densities (i) calculated from Tafel regions of rusty
carbon steel, EP, PA/EP, and PA/G/EP were 13.2, 0.813, 0.195,
and 0.031 pA cm™, respectively. Compared to the bare rusty
carbon steel, when the EP, PA/EP, and PA/G/EP were coated on
rusty carbon steel, both of the absolute values of 5, and f.
increased, suggesting that the anodic oxidation and cathodic
reduction reaction of rusty carbon steel were inhibited. It is
important to note that the PA/G/EP exhibited more positive
potential (—0.624 V) as compared to the rusty carbon steel
(-0.778 V), and the i, value of PA/G/EP (0.031 pA cm™?)
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was almost two orders of magnitude less than that of the rusty
carbon steel (3.2pA cm?). The remarkably improved
anticorrosion performance of PA/G/EP can be attributed to
the synergistic effect of passivation performance of PA and
physical barrier properties of G in the EP coatings.

Salt Spray Tests

Figure 10 shows photographs of PA/G/EP after different
exposure times (0, 24, 120, and 240 h) in neutral salt spray
chamber. To accelerate the damage of salt spray to the paint
film, a single-edged knife was used to cut “x” on the surface of
the coating. PA/G/EP compactly absorbed on the metal
substrate and little corrosion was observed after 24h
(Figure 10B). It could be seen that some white sodium
chloride deposited on the surface of the PA/G/EP film, and
a few yellow rusty spots were observed near the scratches after
120 h (Figure 10C). After the PA/G/EP was kept in the salt
spray chamber for 240 h (Figure 10D), yellow rust on the
scratches increased; however, the PA/G/EP was intact
without obvious corrosion or foaming phenomenon in the
blank area. This phenomenon can be explained in that, on the
one hand, G can improve the compactness of the PA/G/EP,
making it difficult for the corrosion media (mainly including
chloride ions and water molecules) to penetrate into the
coating. On the other hand, the PA/G/EP has a good self-
healing ability, the PA in the coating has a good rust
conversion effect of the coating, and PA can inhibit metal
corrosion even at the scratches of PA/G/EP. The salt spray
test results indicated the good anticorrosion performance of
PA/G/EP coating.

CONCLUSION

1) A graphene modified epoxy surface tolerant coating was
prepared by adding G and PA in epoxy coating. Most of
the rust was dissolved and transformed with the reaction of
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