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The mechanism of using graphene oxide as a two-dimensional filler to increase the path length of the corrosive
medium to the metal surface is limited to improving the corrosion resistance of the coating. This study propose
novel dispersion and in-situ crosslinking reaction mechanism for constructing water-based heavy-duty anticor-
rosive coatings by using graphene oxide (GO) and waterborne epoxy resin (WEP). The results showed that GO
can be uniformly dispersed directly into WEP without complex functional modifications. Oxygen-containing
functional groups on moleculars structure of GO&WEP co-polymerized with diethylenetriamine (DETA) form-
ing a continuous phase film which improved the density of the coating. Characterization techniques such as
Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM),
thermal conductivity measurement instrument, pencil hardness tester, adhesion tester, salt spray corrosion test
chamber, and electrochemical impedance spectroscopy (EIS) were used to evaluate coating structure and per-
formance properties. The results showed that graphene characteristics enhanced physical properties and anti-
corrosion performance of composite coatings. The construction mechanism of the coating is different from
that of the current GO modified and dispersed in the coating as a two-dimensional filler to extend the path length
of the corrosive medium to the metal surface. The coatings prepared by adding the optimum mass ratio of
0.1-0.2 % GO to WEP have the best physical properties and anti-corrosion properties. When the GO content is
0.2 wt%, the thermal conductivity increases by 86.0 %. After added 0.025 wt% GO, the coating hardness is
increased by two grades directly from 2B to HB. With the addition of GO concentration increased to 0.05 wt%,
the adhesion is increased from 2 to level 1.When the GO content exceeds 0.05 %, the coating will not bulge off
after 4 months of salt water immersion experiment.

1. Introduction

Metal corrosion has caused serious waste of resources and energy
loss, and brought huge economic losses to all countries in the world. The
loss brought about by metal corrosion is about 4 % of GDP(J. Zou, 2019;
Y.Y. Sun et al., 2021). Therefore, the development of metal corrosion
and protection technology has always been the hot spot pursued by re-
searchers. Among them, coating protection technology has become a hot
spot because of its high cost performance. At present, with the
enhancement of people’s environmental awareness and the improve-
ment of the world’s environmental protection standards, water-based
coatings have become the main development direction (Z.K. Si et al.,

2021; L.Q. Meng et al., 2019).

Water-based epoxy resin (WEP), as a binder for water-based coat-
ings, has the characteristics of low volatile organic compounds (VOC)
content, easy transportation and storage, good stability, strong adhe-
sion, good corrosion resistance and environmental friendliness, so that it
has been paid more and more attention(X.Y. Han et al., 2014; N. Elha-
lawany et al., 2018; X.N. Menget al., 2015; Q. Pan et al., 2013). How-
ever, WEP also has the disadvantages of low hardness, easy foaming and
high spatial porosity, which limits its application in the field of high
performance (J. Ding , 2014 ; J.F. Zhang et al., 2019 ) . In order to
optimize the development and utilization of WEP, many researchers
have studied the modification of WEP.
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Graphene oxide (GO) is an important derivative of graphene. Similar
to graphene in structure, it has the advantages of good mechanical
properties, compact structure, good physical barrier performance and
large specific surface area. At the same time, the surface and edge of GO
contain a large number of oxygen-containing functional groups such as
hydroxyl, carboxyl and epoxy groups ( Q.N. Zhai et al., 2020 ) . Studies
have proved that the synergistic effect of two-dimensional nano-
materials and waterborne epoxy resin can greatly improve the barrier
ability of composite coating to corrosive substances. GO, as an ideal two-
dimensional material, has attracted much attention in corrosion pre-
vention because of its good barrier ability (T.C. Huang et al., 2017; H.W.
Huang et al., 2020; X.B. Zhu et al., 2021; Q.S. Zhu et al., 2020; C.L. Chen
et al., 2020; M. Kasaeian et al., 2018; H.K.Yu et al., 2022; K. Amirazodi
et al., 2019). Therefore, researchers began to use GO to modify water-
borne epoxy resin research. For example, N. Wang et al., 2019 found that
adding GO to epoxy resins can effectively improve the corrosion resis-
tance. T. Zhou et al., 2021 ameliorated the compatibility among curing
agent, resin matrix and GO by end-sealing, modification and in situ
grafting process, so that the cured coating had ideal anticorrosion
properties. The research findings have enhanced the performance of
anti-corrosion coatings. however, in terms of the coating’s film-forming
mechanism, it still relies on modifying and improving the uniform
dispersion of graphene oxide within the coating. The anti-corrosion
mechanism involves utilizing GO as a filler material in the coating to
extend the path for corrosive media to reach the metal surface through
its two-dimensional sheet structure, thereby increasing the longevity of
the coating (Dhamodharan, D. et al., 2022; Gao, H. et al., 2023).
Nevertheless, this modification process is intricate and fails to establish
a continuous protective film with resin in the coating, resulting in
limited enhancement in corrosion resistance. In this paper, by the
comparison of molecular structures, it is found that both GO and WEP
have oxygen-containing functional groups in their molecular structures.
The theoretical hypothesis that GO aqueous solution can be uniformly
dispersed in WEP emulsion due to their ‘similar phase solubility’ is
helpful for the formation of dense anticorrosive film is put forward. The
GO aqueous solution was prepared by using the improved Hummers
method (W.S. Hummers Jr. et al., 1958), and the dispersion law of GO
aqueous solution in WEP emulsion was revealed, which proved the
reliability of the theory. Based on the acylation reaction between
organic polyamine cross-linkers and carboxyl group on GO, and the
addition reaction between organic polyamine cross-linkers and epoxy
resin on GO, a theoretical hypothesis was proposed that GO and epoxy
resin could simultaneously produce cross-linking reaction with organic
polyamine to form continuous phase film, so as to increase the physical
properties and anticorrosion properties of composite coatings. The
anticorrosive coating was constructed by in-situ crosslinking reaction of
GO&WEP complex on tinplate test plate with diethylenetriamine as
crosslinker, and the formation mechanism was studied. Polarizing mi-
croscope, Infrared spectrometer (FTIR), X-ray diffraction (XRD), Scan-
ning electron microscopy (SEM), Electrochemical impedance
spectroscopy(EIS), thermal conductivity tester, pencil hardness tester,
adhesion tester, salt spray corrosion test chamber and other equipment
were used to test and characterize the coating structure and application
performance. It was proved that GO can be uniformly dispersed in WEP
by simple mechanical stirring. The mechanism of coating construction is
that the oxygen-containing functional groups on the molecular structure
of the two molecules are crosslinked and cross-linked with organic
polyamine cross-linker to constitute a continuous phase, which im-
proves the shielding property of the coating. Graphene characteristics of
GO improve the physical properties and heavy corrosion resistance of
the composite coating. This work provides a theoretical basis and a new
idea for the construction of graphene oxide modified epoxy waterborne
heavy corrosion coating.
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2. Materials and methods
2.1. Materials

Flake graphite: Qingdao Tianhe Da Graphite Co., Ltd.. Concentrated
sulfuric acid: 98 % (mass fraction), Tianjin Kemeiou Chemical Reagent
Co., Ltd.. Sodium nitrate: Analytically pure, Taicang Shanghai Testing
Reagent Co., Ltd.. Potassium permanganate: Analytically pure, Tianjin
Kemeiou Chemical Reagent Co., Ltd.. Hydrogen peroxide: 30 % (mass
fraction), Tianjin Kemeo Chemical Reagent Co., Ltd.. Concentrated hy-
drochloric acid: 36 % (mass fraction), Tianjin Kemeo Chemical Reagent
Co., Ltd.. Waterborne epoxy resin: Hangzhou Wuhuigang Adhesive Co.,
Ltd.. N-butanol: Analytically pure, Tianjin Zhiyuan Chemical Reagent
Co., Ltd.. Diethylenetriamine (DETA), Hangzhou Wuhuigang Adhesive
Co., Ltd..

2.2. Instruments and equipment

Infrared spectrometer (FTIR), Bruker Tensor27, Bruker, Germany. X-
ray diffractometer (XRD), Bruker D8 ADVANCE, Bruker, Germany. Field
emission Scanning electron microscopy (SEM), Sigma 300 (¢300), Zeiss,
Germany. Thermal conductivity tester, DM3615, Shanghai Dongmao
Electronic Technology Co., Ltd.. Pencil hardness tester, BN703-B, Baien
Company. Adhesion tester, QFZ, Cangzhou Yixuan Test Instrument Co.,
Ltd.. Salt spray corrosion test chamber, YFX-150, hanghai Yuejin Med-
ical Device Co., Ltd.. Circulating water multi-purpose vacuum pump,
SHB-B88, Zhengzhou Great Wall Technology & Trade Co., Ltd.. Over-
head electric stirrer, OSC-10L, Qunan Experimental Instrument Co., Ltd..
Polarizing microscope, Eclipse Ci-POL, Nikon Co. Ultrasonic instrument,
KQ218, Tianjin Tianma Instrument Factory. Electrochemical worksta-
tion, CS350M, Wuhan Koster Test Instrument Co., Ltd..

The microstructure of the coating was produced by field emission
scanning electron microscopy 6300 (SEM). The dispersion of GO in
water-based epoxy was photographed using a polarizing microscope
with a 50x objective and a 10x /0.45 eyepiece. Infrared spectroscopy
was used to analyze the evolution of functional groups at different stages
of the coating using potassium bromide tablets in the wavelength range
was 400-4000 cm-1. X-ray diffraction with Cu-Ka radiation (A =
0.15418 nm) was used to characterize the structural changes of the
coating from 5°to 80°. The thermal conductivity tester, pencil hardness
tester and adhesion tester were used to test the physical properties of the
composite coating. The corrosion resistance of the composite coating
was tested with 3 % mass concentration sodium chloride brine immer-
sion, and kerosene immersion and neutral salt spray test ( 5% sodium
chloride solution, the test water temperature is 30°C, the solution PH
value is 6 ~ 7). Electrochemical impedance spectroscopy (EIS) was
performed using a classical three-electrode system with graphite elec-
trode as auxiliary electrode and calomel electrode as reference elec-
trode. The electrolyte solution used was 3.5 % NaCl solution (mass
fraction) at 25°C, and the coating film thickness was 60 pm. The fre-
quency range of electrochemical impedance was 1.0 x 10-2 ~ 1.0 x
105 Hz, and the measured signal was 50 mV sine wave. The test in-
strument was a CS350M electrochemical workstation. The experimental
data were analyzed and fitted by ZVIEW software.

2.3. Specimen preparation

2.3.1. Preparation of graphene oxide aqueous solution

GO was prepared by the modified Hummers method. 1 g sodium
nitrate (NaNO3) was mixed with 70 ml concentrated sulfuric acid
(HS04) in a conical flask, followed by 2 g flake graphite, and the
mixture was stirred continuously under an ice bath. After 30 min, 8 g
potassium permanganate (KMnO4) was added. After 35 min of reaction,
the device was placed in the water bath at 35-45°C for another 4 h. Then
120 ml deionized water was slowly added to the reaction solution in
several times. After 30 min of reaction, heat up to 95 °C and keep for 5
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min. Add 25 ml of 30 % hydrogen peroxide (H205) and stir until there
were no more bubbles in the solution. Finally, 5 % hydrochloric acid
(HCI) and deionized water were added to centrifugally wash the reaction
solution until the pH of the solid substance was neutral After adding an
appropriate amount of water to the solid material, it was completely
dispersed by an ultrasonic disperser to obtain an aqueous solution of GO.
10 g the aqueous solution of GO was accurately weighed and placed in
an evaporation dish, and was dried under vacuum at 65°C to constant
weight. The solids content of the GO aqueous solution is then calculated.

2.3.2. Preparation of GO&WEP composite emulsion (GOEPE)

30 G water-based epoxy resin was added to 0 wt%, 0.025 wt%, 0.050
wt%, 0.075 wt%, 0.100 wt%, 0.200 wt%, and 0.740 wt% (GO mass
equivalent) GO aqueous solution, respectively, and stirred in a high-
speed mixer at room temperature (20-30°C) for 2 h to prepare
GO&WEP composite emulsion (GOEPE) with different GO contents. The
composite emulsion was coated by 30 um coating scraper on a slide and
the morphology of the wet film was observed by optical microscope. (see
Table 1)

2.3.3. In-situ construction of GO&WEP composite coating (GOEPC)

As shown in Fig. 1 and Table 1, 15 g diethylenetriamine (DETA) was
added to the composite emulsion prepared in 2.3.2 with 30 g different
GO contents, and an appropriate amount of deionized water was added
to adjust the concentration. The mixture was stirred by the agiter for 30
min, and an appropriate amount of n-butanol was added to remove the
bubbles, and the mixture was left for 20 min. The mixture was evenly
coated on the tinplate plates that had been polished with 120 mesh
sandpaper, cleaned and dried with anhydrous ethanol, and on glass
plates that had been cleaned and dried with anhydrous ethanol, then
dried at room temperature in a dust-free environment for 24 h to prepare
the graphene oxide & water-based epoxy composite coating.

3. Results and discussions
3.1. GO dispersion in WEP

Since the uniform dispersion of GO in the coating is one of the key
factors to improve the corrosion resistance of the coating, this paper
proposes to take advantage of the molecular structure of GO and the
milky water-based epoxy resin emulsion (WEP), which both contain
similar oxygen-containing functional groups and can be evenly
dispersed in water, and directly add GO aqueous solution to WEP for
mechanical dispersion. It should be possible to get a GOEPE mixed
emulsion without modification to increase dispersibility. Experiments
are used to verify the possibility of this hypothesis.

GOEPE wet film, different concentrations of GO aqueous solution
were added to the milky white water-based epoxy resin emulsionwas,
formed on a glass plate and photographed under a 500x polarizing mi-
croscope. In order to more clearly observe the dispersion of GO in the
sample, the measurement mass ratio of GO was selected to add 0.1 %,
0.2 %, 0.74 %(a,b,c of Fig. 2). The GOEPE dry film is made of the GOEPE
emulsion on the slide and then dried in 105°Coven for constant weight.

Table 1
Mass ratio of raw materials for preparing GOEPE and GOEPC.

Mass ratio of GOEPE Mass ratio of GOEPC

Sample EPE GO (wt Sample EPE DETA GO (wt
number ®) %) number g (€3] %)

1 30 0 1 30 15 0

2 30 0.025 2 30 15 0.1

3 30 0.05 3 30 15 0.2

4 30 0.075 4 30 15 0.74

5 30 0.1

6 30 0.2

7 30 0.74
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photographs were taken using a 500x polarizing microscope (d,e,f of
Fig. 2). By observation and analysis, it indicated that GO in GOEPE wet
film were distributed in WEP evenly. With the increase of GO concen-
tration, the color of GOEPE wet film also became darker. In GOEPE dry
film, GO were tiled and dispersed in water-based epoxy organic film.
With the increase of GO concentration, the area covered by GO in WEP
gradually increased (d, e, f of Fig. 2). When 0.74 wt% GO was added, GO
is not evenly distributed in WEP and stacked.

This phenomenon can be well illustrates the proper concentration of
GO well dispersed in the WEP. This is due to the presence of hydrophilic
functional groups such as carboxyl, carbonyl, hydroxyl and epoxy
groups on the edges and surfaces of GO sheets. So that it can dissolve in
water and form a transparent uniform liquid. As a water-based coating,
WEP also has a large number of epoxy groups, which is ‘similar phase
solubility” with GO, is conducive to the uniform dispersion of GO in
WEP. The dispersion of GO in water-based epoxy resin is a key factor to
improve the corrosion resistance of composite coatings. Which also
proves the correctness of the previous theoretical hypothesis that a few
GO can be dispersed in WEP. At the same time, the problem of graphene
agglomeration in the coating system is solved and the densification of
the coating is improved.

3.2. Mechanism of in-situ crosslinking reaction of GO&WEP resin to
construct anticorrosive coating

In order to explore the mechanism of GO&WEP in situ crosslinking
reactionto construct water-based heavy corrosion coating, polarizing
microscope, XRD, FTIR and SEM were used to analyze the experiment.

The GOEPC coating film was obtained by adding diethylenetriamine
to GOPEPE with different concentrations and curing at room tempera-
ture on the glass slide. The GOEPC was observed and photographed
using a 500x polarizing microscope. As can be seen from Fig. 3, the
surface of pure EPC without GO self-drying film at room temperature is
full of bumps, which are uneven and not smooth (Fig. 3a). On the surface
of GOEPC added with 0.1 wt% GO, the peripheral epoxy film with GO
spreads and sinks, while the peripheral epoxy film without GO rises and
floats. This is a phenomenon caused by the low concentration of GO,
which is not enough to spread throughout the film (Fig. 3b). The GOEPC
coating with 0.2 wt% GO has a smooth surface, and the GO sheets are
laid flat in the water-based epoxy resin film, and the distribution is
relatively uniform. (Fig. 3c). The surface of.

GOEPC coating with 0.74 wt% GO was tiled and stacked with GO,
which was higher than that of water-based epoxy resin, resulting in
rough surface of the coating, indicating that high concentration of GO
was not conducive to smooth and compact coating(Fig. 3d). Whilee, f, g
and h in Fig. 3 are microscopic morphology maps of GOEPC with
different GO contents taken by SEM. After comparison, it can be found
that the microscopic topography of GOEPC with 0.1 wt% GO is similar to
that of pure EPC, and the particles are very loose and have obvious
pores. However, when the amount of GO is added to 0.2 wt%, the
microscopic morphology is obviously changed, the surrounding surface
is more flat, the middle particle is more compact, and the encapsulation
is good. However, when the amount of GO increased to 0.74.

wt%, it was found that the high concentration of GO would cause the
phenomenon of GO stacking in WEP, resulting in rough coating. Fig. 3
proves that GO has strong surface activity in the water-based epoxy resin
system, which can not only be better dispersed in WEP, but also better
participate in crosslinking reaction, so as to make the coating more
compact. But higher concentration of GO is not always better.

The XRD patterns of GO, EPC and GOEPC are shown in Fig. 4a. The
GO obtained by Hummers reaction has a strong diffraction peak near 26
of 12.6°, which is the characteristic diffraction peak of GO. This in-
dicates that the crystal form of graphite has changed and a new crystal
structure has been formed. According to Bragg’s equation (2dsinf = n4),
the layer spacing of GO is about 0.7 nm, more than double that of
graphite. This is due to the formation of hydroxyl, carboxyl, epoxy and
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Fig. 1. Preparation of graphene oxide & water-based epoxy composite coating.

Fig. 2. 500X microscopic images of GOEPE dry and wet films with different GO contents, a. GOEPE wet films of 0.1 wt% GO. b. GOEPE wet films of 0.2 wt% GO. c.
GOEPE wet films of 0.74 wt% GO. d. GOEPE dry film of 0.1 wt% GO. e. GOEPE dry film of 0.2 wt% GO. f. GOEPE dry film of 0.74 wt% GO.

other oxygen-containing groups in the oxidation process, which in-
creases the GO layer spacing. There is no obvious diffraction peak in the
XRD pattern of pure EPC after curing. However, the XRD pattern of
GOEPC after curing shows that a diffraction peak appears near 20 of
about 18°. However, the intensity of the diffraction peak weakens and
becomes wider, and the characteristic diffraction peak of GO disappears.

This indicates that the diffraction peak is a new structure of GO and
WERP after the crosslinking reaction of diethylenetriamine. According to
Bragg equation, the layer spacing of the new structure can be calculated

to be about 0.49 nm, which is much smaller than that of GO. This is due
to the acylation reaction between the carboxyl group of GO and dieth-
ylenetriamine and the addition crosslinking reaction between the epoxy
group and diethylenetriamine.

Fig. 4b shows the infrared spectra of EPE, EPC, GO, GOEPE and
GOEPC. From the infrared spectra of EPE, it can be observed that the
absorption peak at about 2900 cm ™ is the stretching vibration peak of
C-H in water-based epoxy resin. Around 914 cm™! is the characteristic
peak of the epoxy group in aqueous ring resin. As can be seen from the
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Fig. 3. 500X polarizing microscope and SEM images of GOEPC. a. Polarizing microscope view of EPC with 0% GO. b.Polarizing microscope view of GOEPC with 0.1
wt% GO. c. Polarizing microscope view of GOEPC with 0.2 wt% GO. d. Polarizing microscope view of GOEPC with 0.74 wt% GO. e. SEM image of EPC with 0%GO. f.
SEM image of GOEPC with 0.1 wt% GO. g. SEM image of GOEPC with 0.2 wt% GO. h. SEM image of GOEPC with 0.74 wt% GO.

EPC in Fig. 4b, the characteristic peak of the epoxy group at 914 cm ™
disappears after curing of the water-based epoxy resin, which proves
that the addition curing reaction between the water-based epoxy resin
and diethylenetriamine leads to the ring-opening of the epoxy group in
the original water-based epoxy resin (Z.J. Li et al., 2022; X.L. Liu et al.,
2015). Meanwhile, the N-H absorption band corresponding to 3420 cm-
1 should be the contribution of the N-H functional group that DETA
participated in the crosslinking reaction. From the infrared spectrum of
GO, GO has a broad absorption peak near 3430 cm ™!, which is due to the
stretching vibration peak of O-H in GO. The absorption peak at 1722
em ™! is the stretching vibration peak of C = O of the carboxyl group
(—~COOH) on GO dry film. This peak also indicates that the GO dry film
can not be completely dried after drying, but still contains water mol-
ecules, which is in line with the characteristics of GO. Moreover, the
residual water molecules also have an impact on the absorption peak of
3430 cm™L. The strong absorption peak at 1272 cm ™ is the vibration
absorption peak of C-O-C in GO. The peak near 1109 cm ™! is the char-
acteristic peak of the epoxy group of GO (W. Zhu et al., 2020; J.G. Kohl

etal., 2017; X.M. Zhu et al., 2019). This indicates that both water-based
epoxy resin and GO have the same epoxy-group functional group and
have ‘similar phase solubility’, so GO can be dispersed better in water-
based epoxy emulsion. Compared with the infrared spectrum of
GOEPC and GOEPE, the absorption peak of the epoxy group at 914 cm ™!
disappeared, which confirmed the addition curing reaction between
epoxy group ring-opening and diethylenetriamine. In addition, the ab-
sorption peak of the carboxyl group also disappeared, indicating that the
carboxyl group and the amino group of diethylenetriamine underwent
amidation reaction. It can be further demonstrated that GO and water-
based epoxy resins can copolymerize with organic polyamines at the
same time to realize in-situ construction of anticorrosive film.

Fig. 5 shows SEM images of pure water-based epoxy coating (EPC-X
(X = 1,2)), GO dry film, and GO and water-based epoxy composite
coating (GOEPC-X(X = 1,2,3,4)). From Fig. 5a, fracture cracks of EPC
coating are parallel and relatively regular (as showed by the yellow line
in the Fig. 5a), which are typical epoxy resin uneven polymerization
process left wide gaps between the polymer aggregates. From the
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Fig. 4. a. XRD patterns of pure water-based epoxy resin coating, graphene oxide and graphene oxide and water-based epoxy resin composite coating. b. Infrared
spectrograms of water-based epoxy resin emulsion, water-based epoxy resin coating, graphene oxide, graphene oxide and water-based epoxy resin composite
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Fig. 5. SEM images of pure water-based epoxy resin coating, GO dry film, and GO and water-based epoxy composite coating, a. EPC-1, b. EPC-2, c. GO, d. GOEPC-1,

e. GOEPC-2, f. GOEPC-3, g. GOEPC-4.

observation of the micro-surface of EPC coating in Fig. 5b, it is found
that there are pores on the surface. This is caused by the evaporation of
solvent water in the process of curing and film formation of EPC coating,
which makes pores appear in the coating and reduces its ability to hinder
corrosive substances. Fig. 5d shows SEM morphology of GOEPC com-
posite coating constructed by in-situ crosslinking reaction of 0.06 g
graphene oxide, 30 g water-based epoxy resin and 15 g diethylenetri-
amine under the same conditions. In the GOEPC composite coating, GO
is basically evenly sandwiched between the epoxy resin polymer, and
the GO lamellae is adhered to each other by the reaction with organic
polyamine crosslinking agent to form a continuous phase (as showed in
the yellow line in Fig. 5d). At the same time, it can be seen from the local
magnification of the composite coating (Fig. 5f yellow circle) that GO
and epoxy resin are connected together by crosslinking reaction with

DETA at the same time, which makes up for the pore defects caused by
the volatilization of WEP water and makes the composite coating more
dense. As shown in Fig. Se, the GO modified water-based epoxy com-
posite coating has a morphology similar to that of the GO dry film shown
in Fig. 5S¢, that is, the GO thin as a wing. This shows that GO does play a
supporting role in the composite coating, and it also shows that GO has a
good dispersion in WEP, forming a continuous film and significantly
improving the compactness (Fig. 5g). The advantages of GO and epoxy
resin are superposition, which makes up for the disadvantages of pure
epoxy resin film forming alone, thus improving the heavy corrosion
resistance of composite coating and making the composite coating more
ductile. The GO was mixed evenly in water-based epoxy resin, and the
diethylenetriamine crosslinking agent was added to cross-link and cure.
The GO&WEP resin was crosslinked in-situ on tinplate plate and glass
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plate to construct an anti-corrosion coating. The construction mecha-
nism of the anticorrosive coating can be revealed by the above polar-
izing microscope, XRD, FTIR and SEM characterization methods as
follows mechanism diagram of GO&WEP and diethylenetriamine in-situ
crosslinking reaction to construct anti-corrosion coating (Fig. 6). As an
important derivative of graphene, GO has different amounts of hydroxyl,
carboxyl and epoxy functional groups at different sites (as shown in
Fig. 6a). In construction of the heavy anticorrosion coating, dieth-
ylenetriamine acts as an organic polyamine crosslinking agent to acylate
the carboxyl group on GO. At the same time, diethylenetriamine will
make the epoxy group of GO and water-based epoxy resin ring open, and
further addition reaction occurs(Z.N. Yu, 1996; J. Zhou et al., 2019). In
this way, GO can be crosslinked with water-based epoxy resin at the
same time to form a continuous phase, which improves the shading of
the coating, and thus improves its physical properties and heavy
corrosion resistance. Fig. 6b shows the schematic diagram of the addi-
tion and curing of pure water-based epoxy resin molecules and dieth-
ylenetriamine molecules. The distribution of the solidified molecules is
disorderly, resulting in pores on the surface of the solidified film, which
is not dense enough. Fig. 6¢ is a diagram of the GO/epoxy in-situ
crosslinked water-based resin heavy anticorrosive coating. In this
coating construction process, the acylation reaction, its chemical reac-
tion formula is shown in Fig. 7a, and addition reaction between GO and
diethylenetriamine (shown in Fig. 7b) formed a larger molecular weight
and continuous phase anticorrosive film. The corrosion resistance of the
coating was further improved.

3.3. Effect of GO content on physical properties of WEP anticorrosive
coating

3.3.1. Thermal conducting property

Fig. 8 shows the thermal conductivity of GOEPC composite coatings
with different GO contents. The thermal conductivity of pure water-
borne epoxy resin coating is 0.086 W-m~!-K~!. With the increase of GO
content, on the whole, the thermal conductivity of GOEPC is getting
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larger and better. This is made possible by the fact that GO itself has very
good thermal conductivity. When GO content is 0.025 wt%, the thermal
conductivity is 0.108 W/(m-K), which increases by 25.6 % compared
with pure water-based epoxy resin coating. When the GO content is 0.2
wt%, the thermal conductivity is 0.160 W/(m-K), the thermal conduc-
tivity increases by 86.0 %. Continue to increase the content of GO
thermal conductivity is still increasing, but the growth rate becomes
slow. This indicates that the thermal conductivity of the composite
coating is better under the crosslinking reaction of GO and water-based
epoxy resin with diethylenetriamine within a certain range. However,
with the increasing GO content in the composite coating, the cross-
linking reaction in the composite coating have reached saturation, so the
thermal conductivity increases slowly. At the same time, too much GO is
easy to cause agglomeration, which will affect the dispersion degree of
GO in WEP.

3.3.2. Hardness properties of coating film

Fig. 9 shows the pencil hardness grades of GOEPC composite coatings
with different GO contents. The hardness of pure WEP coatings is 2B, but
after adding 0.025 wt% GO, the hardness is increased by two grades
directly to HB. Thus, GO plays a role in the composite coating, which
also proves that GO and WEP cross-link with diethylenetriamine,
resulting in higher hardness of the composite coating. More GO is added,
the stiffness still increases, but the degree of increase decreases. This
phenomenon is because the organic polyamine cross-linking agent
added each time is quantitative, so the added GO cannot be all cross-link
reaction with diethylenetriamine. Therefore, it can be proved that the
cross-linking effect of GO and diethylenetriamine has a great influence
on the hardness of the composite coating.

3.3.3. Coating adhesive force properties

It can be seen from Fig. 10 the bar chart that the adhesive force of
pure water-based epoxy resin is level 2, but the adhesive force is also
level 2 when the amount of GO added is 0.025 wt%. This happens
because the amount of GO added is small, and it is difficult to form a
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Fig. 6. Mechanism diagram of GO&WEP and diethylenetriamine in-situ crosslinking reaction to construct anti-corrosion coating.
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Fig. 7. A. Cross-linking reaction between GO and organic polyamine cross-linking agent, b. Reaction equation of addition curing reaction between waterborne epoxy
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Fig. 10. Coating adhesive force properties of GOEPC with different GO contents.

complete film after the reaction with diethylenetriamine. With the
addition of GO concentration increased to 0.05 wt%, the hydroxyl group
on its molecular structure and the nitrogen atom on the membrane
molecular structure will adsorb to the metal in the form of chemical
bonds, thus improving the adhesion of the anti-corrosion film, so the
adhesion rises to level 1. The adhesion of the coating formed by GO
cross-linking with diethylenetriamine is obviously better than that of the
pure waterborne epoxy resin coating.

3.3.4. Test for resistance to neutral salt spray, salt water and kerosene
According to salt spray test ( 5% sodium chloride solution, the test
water temperature is 30°C, the solution pH value is 6 ~ 7), GOEPC
composite coatings with different GO contents are shown in Fig. 11 after
7 days in the salt spray chamber. In the neutral salt spray resistance test,
it was found that the pure EPC coating changed from colorless and
transparent to white (Table 1), which was caused by the re-absorption of
water in the dry film of the coating. But the addition of GO greatly
prevented this the re-absorption of water phenomenon. Although the
rust in Fig. 11 is due to the spread of corrosion products caused by the
absence of coating on the back and side edges of the steel plate. The
results of salt spray resistance test show that the composite coating
formed by the crosslinking of GO, water-based epoxy resin and dieth-
ylenetriamine has good physical barrier effect, which greatly improves
the corrosion resistance. Therefore, the composite coating formed by the
crosslinking reaction of GO, water-based epoxy resin and diethylene-
triamine is more suitable for the direction of heavy corrosion protection.
The Table 2 also showed bulging and shedding phenomena of sam-
ples with different GO concentrations were immersed in 3 % saline and

0.075%

kerosene after four month. it was found that part of samples with 0.025
wt% and 0.050 wt% GO in saline did not bubble and fall off, the part
exposed to saline began to bubble and shed. However, parts of the pure
waterborne epoxy coating in the salt water began to bubble and peel off,
and rust spots were seen forming on the tinplate under the coating. This
indicates that the composite coating constructed by the crosslinking
reaction of GO and waterborne epoxy resin with diethylenetriamine is
more compact and has better shielding effect. Each group of samples in
kerosene, has been soaked for more than four months, are intact. This
indicates that the amount of GO added below 0.74 % has no effect on the
kerosene resistance of the coating.

3.3.5. Effect of GO content on electrochemical impedance of coating

For coatings containing 0 %, 0.1 %, 0.2 %, 0.4 % (mass concentra-
tion) GO, their electrochemical impedance spectra were tested using the
three-electrode method, as shown in Fig. 12.

It can be seen from Fig. 12a that the Nyquist diagram is obviously a
capacitive reactance arc when GO is not added (0 %), and that 0.1 %,
0.2 %, and 0.4 % of GO are all diffusion lines, and the real part
impedance of 0.4 % coating is lower than that of other coatings. As can
be seen from the bode figure in Fig. 12b, the low-frequency starting
impedances |Z|¢. o1 of the coatings with 0 %, 0.1 %, 0.2 %, and 0.4 %GO
added are 2.85 x 10°Q.cm?, 5.65 x 10°Q-cm?, 6.25 x 10°Q-cm?, and
8.77 x 10°Q.cm?, respectively. The bode diagrams shows that the
impedance modulus in the low frequency region of the coating with 0 %
GO is significantly higher than that of the coatings with GO, while the
impedance modulus of coatings with 0.1 % and 0.2 % GO is higher than
coating with 0 % GO in the high frequency region. In addition, the |Z|¢ 01

A week ater

Jaje yeamy

Fig. 11. Variation of GOEPC neutral salt spray with different GO contents after 7 days.
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Table 2
Corrosion parameters of GOEPC with different GO contents.
GO addition 0.000 0.025 0.050 0.075 0.100 0.120 0.200 0.740
concentration wt% wt% wt% wt% wit% wt% wt% wt%
Salt spray resistance (7 No bulging, color from No bulging, slightly No bulging, slightly No No No No No bulging,
days) colorless to white white color white color bulging bulging bulging bulging dark color
Saline resistance (four bulging Small bulging Small bulging No No No No bulging
months) bulging bulging bulging bulging
Kerosene resistance No bulging No bulging No bulging No No No No No bulging
(four months) bulging bulging bulging bulging
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Fig. 12. Electrochemical impedance spectra of aqueous epoxy coatings with different GO mass concentrations. (a) Nyquist diagram, (b) bode diagram.

of the coating with 0.4 % GO is 102 orders of magnitude lower than that
of other coatings with GO content. This is because the impedance in the
low frequency region is mainly determined by the resistance of the
coating, the impedance in the high frequency region is determined by
the capacitive reactance of the coating, and the high conductivity of GO
reduces the resistance value of the coating. However, when the coating
with 0.1 %-0.2 % GO is added, the composite coating after the cross-
linking reaction of GO and water-based epoxy resin with organic poly-
amine crosslinker is more dense, the shielding effect is better, and the
blocking ability of salt water erosion is improved than that without GO
coating. When GO is added in excess, the excess GO is stacked and
aggregated in the coating, which will reduce the density of the coating.
This result is consistent with the results of other coating application
performance tests.

4. Conclusion

In this paper, the dispersion of GO aqueous solution in WEP and the
changes of structure and physical properties of in-situ coatings con-
structed by adding different contents of GO were studied and reveal the
reaction mechanism of crosslinking reaction of GO&water-based epoxy
resin and diethylenetriamine to construct anti-corrosion coatings.
Comparing the molecular structure of the GO and WEP by polarizing
microscope, SEM, FTIR, XRD. Proved GO has the same oxygen-
containing functional groups with waterborne epoxy resin, which is‘si-
milar miscibility’. Therefore, a few GO in waterborne epoxy resin with
good dispersion. Characterization test of the coating application per-
formance were by the thermal conductivity tester, pencil hardness
tester, adhesion tester, salt spray corrosion test chamber, salt water
resistance test, kerosene resistance test and EIS. The results showed that
dilute concentration of GO aqueous solution could be uniformly
dispersed within WEP emulsion. Oxygen functional groups on molecu-
lars structure of GO&WEP crosslinked with diethylenetriamine forming
a continuous phase film which improved the density of the coating. The
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coatings prepared by adding the optimum mass ratio of 0.1-0.2 % GO to
WEP have the best physical properties and anti-corrosion properties.
When the GO content is 0.2 wt%, the thermal conductivity increases by
86.0 %. After added 0.025 wt% GO, the coating hardness is increased by
two grades directly from 2B to HB. With the addition of GO concen-
tration increased to 0.05 wt%, the adhesion rises from 2 to level 1. The
composite coating formed by the crosslinking of GO, water-based epoxy
resin and diethylenetriamine has good physical barrier effect, which
greatly prevented the re-absorption of water phenomenon and improves
the corrosion resistance. When the GO content exceeds 0.05 %, the
coating will not bubble off after 4 months of salt water immersion
experiment. The amount of GO added below 0.74 % has no effect on the
kerosene resistance of the coating.The addition of GO will improve the
conductivity of the WEP coating and the shielding against corrosive
media. This study provide a new method and theoretical basis for the
preparation of graphene anti-corrosion coating.
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