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This study is examined the effects of modified epoxy (EP) coatings with various contents of reduced
graphene oxide (RGO) in oil and gas production environments with high-temperature and high-salinity
on the long-term service performance of N80 steel. The fracture surfaces of RGO-modified EP coatings
were characterized by scanning electron microscopy (SEM). The corrosion resistance of the coatings
after immersion in 10.0 wt% NaCl solution for 60 days at 50°C was characterized via electrochemical
impedance spectroscopy (EIS) and using potentiodynamic polarization curves. After immersion in the
10.0 wt% NacCl solution for 60 days, the EP composite coatings with 1.0 wt% RGO nanosheets still
showed improved strength and toughness compared with the EP coatings, with pores that were two to
three times smaller and two orders of magnitude less numerous than the neat EP coatings, which resulted
in excellent corrosion resistance.
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1. INTRODUCTION

Epoxy (EP) coatings have been widely used in the corrosion protection of tubing due to the
excellent adhesion properties, low shrinkage, low price, and outstanding chemical stability of epoxy [1-
6]. However, with the development of ultra-deep oil fields, the problem of tubing corrosion is more
severe due to the high-temperature and high-salinity exploitation environment [7,8]. In onshore oilfields
with high sodium chloride content of the formation brine, such as Pucheng oilfield, in which the Na*


http://www.electrochemsci.org/
mailto:fengchun003@cnpc.com.cn
mailto:caoyaqiong1992@163.com
mailto:zhulijuan1986@cnpc.com.cn
mailto:liuyaxu@cnpc.com.cn

Int. J. Electrochem. Sci., Vol. 15, 2020 8266

content is (8.5~14.5) x10* mg/L and the CI" content is (19.15~22.50) x10* mg/L [9], the corrosion of
N80 tubing is extremely severe [10,11]. In these high-temperature and high-salinity exploitation
environments, limitations of EP coatings are exposed: the high degree of crosslinking density renders
them brittle, thereby reducing their fracture toughness [12,13], and they exhibit poor resistance to crack
propagation [1]. Defects, such as pin holes, easily occur after curing [13]. Corrosive electrolytes, such
as small molecules, especially CI" in high-salinity and high-temperature environments, will penetrate
these cracks and pores to form corrosion products under the coatings. Therefore, the EP coatings can’t
provide long-term corrosion protection [14,15]. Fillers are typically added to improve the corrosion
resistance of EP coatings [16-21].

In recent years, graphene has attracted extensive attention due to its substantial potential in
improving the properties of resin-based materials and excellent physical properties. Graphene that is
well-dispersed in the voids of the coatings can improve the compactness of the coatings, and the lamellar
structure of graphene can effectively prevent the permeation of corrosive media, such as H.0O, O, and
CI, thereby resulting in excellent corrosion resistance of the graphene-modified coatings [19-22]. The
effects of graphene addition on the corrosion resistance of EP coatings in simulated seawater and normal
atmospheric temperature environments have been widely reported [23-29]. Feng [30] prepared B-CD-g-
GOl/epoxy coatings and found that composite coatings showed satisfactory corrosion resistance after 36
hours of immersion in 3.5 wt% NaCl solution at room temperature. In reference [31], 2.0 wt% 3-
aminopropyltrimethoxysilane (APTMS-GO) nanosheets were added into the EP coating, which was
subsequently immersed in 3.5 wt% NaCl solution at room temperature. The results demonstrate that the
coatings exhibited satisfactory corrosion resistance. However, the corrosion resistances of graphene-
modified EP coatings in high-salinity and high-temperature oil production environments are seldom
reported.

In our previous study [32], RGO-reinforced EP composite coatings were prepared on N80 steel.
These composite coatings showed improved adhesion, toughness, and corrosion resistance after
immersion in simulated oil and gas production environments with high-temperature and high-salinity at
80°C for 10 hours. The addition of 1.0 wt% RGO nanosheets effectively reduced the number and size of
the pores in the as-prepared EP composite coatings. However, quantitative expressions and variation
rules of the sizes of the pores in the EP composite coatings after corrosion testing with the contents of
RGO have not been defined, and the long-term service performances of RGO reinforced EP composite
coatings in oil and gas production environments remain unclear. The working temperature of most water
injection tubings is approximately 50°C. However, the corrosion resistances of RGO-modified EP
coatings in high-salinity and high-temperature oil production environments at 50°C for long times are
rarely reported.

Therefore, the corrosion resistance of RGO-modified EP coatings that are immersed in 10.0 wt%
NaCl solution for 60 days at 50°C was studied via EIS and potentiodynamic polarization curves in this
study. In addition, the morphology and microstructure of the RGO was analyzed via FTIR and TEM.
The fracture surfaces of RGO-modified EP coatings were characterized via SEM, and quantitative
expressions and variation rules for the sizes of pores in the EP composite coatings as functions of the
RGO content were defined.
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2. EXPERIMENTAL

2.1. Preparation of modified EP coatings

N80 tubing samples (200 mmx20 mmx3 mm) are selected as coating spraying substrates. The
specimens were polished with silicon carbide paper and cleaned in an ultrasonic cleaner. The cleaning
solution consisted of acetone and ethanol, and the steel substrates were reserved after drying. RGO was
mixed into an organic solvent (0.8 g/L), and the mixture was dispersed in an ultrasonic disperser. The
prepared dispersions were added into EP coatings (solid content of 61.0 wt%) for magnetic stirring, and
the stirring time was 15 min. The mixed slurries of RGO with various contents (0 wt%, 0.5 wt%, 1.0
wit%, 2.5 wt% and 4.0 wt%) were sprayed on the cleaned N80 tubing steel substrates, which were
subsequently dried at 55 °C for 15 hours. The thickness of the coatings was approximately 300 pum.

2.2. Characterization of RGO and RGO-modified EP coatings

The morphology and microstructure of the RGO was investigated via FTIR (WQF-520, Beijing,
China) and transmission electron microscopy (TEM, Tecnai G2 F20). The fracture surfaces of RGO-
modified EP coatings after liquid nitrogen embrittlement were characterized via SEM (Inspect F50, FEI).

2.3. Electrochemical anti-corrosion test

Potentiodynamic polarization curves were plotted and electrochemical impedance spectroscopy
(EIS) was conducted to evaluate the corrosion performance of coatings via potentiostat/galvanostat/ZRA
(CS-350H, Wuhan Corrtest Instruments Co. Ltd., China). The frequency range was 10° Hz to 102 Hz,
and the signal was a 10 mV sinusoidal wave. Tafel analysis was conducted to measure the corrosion
rates in the range of —0.25 V to 0.25 V (vs. OCP), and the scanning rate was 1 mV/s. A three-electrode
system was adopted: a platinum electrode was used as the counter electrode, a saturated calomel
electrode (SCE) was used as the reference electrode, and an N80 steel substrate with a coating was used
as the working electrode. The working electrode was immersed in 10.0 wt% NaCl solution at 50°C. The
impedance and polarization curves of the coatings were measured after 60 days of immersion. Then,
Tafel fitting of the potentiodynamic polarization curves and equivalent electrical circuit (EEC) fitting of
the EIS results were conducted using the ZSimpWin software.

3. RESULTS AND DISCUSSION

3.1. Characterization of RGO

FTIR spectra of GO and RGO are presented in Fig. 1. The characteristic absorption bands of GO
and RGO at 3447, 1741, 1625, 1200 and 1120 cm™ correspond to -OH, C=0, C=C, C-O and C-O-O,
respectively. For GO, many oxygen groups are distributed on the surface, and the carboxyl and carbonyl
groups are distributed on the edges of the sheets [33]. In contrast to the groups of GO, the C=0, C-O
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and C-0-O groups in RGO almost disappeared. Therefore, the RGO that is used in this study has a high
degree of graphitization.

180

175

170

165

160

155
150

145

-0H
c=0
c=C
c-0
C-0-0

140 4

135

Transmittance(arb.unit)

1304

125

120

115 4

110

105

T T T

T T
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers(cm™)

Figure 1. FTIR spectra for GO and RGO

The surface morphologies of RGO were identified via TEM. Fig. 2 presents a TEM image of
dispersed RGO. The color of the RGO sheets is lighter; hence, the dispersion is satisfactory and there
are no large aggregates. Due to the large surface energy of a single layer or several layers of RGO,
curling and folding occur at the edges of the RGO sheet [34]. The thermodynamic stability of the two-
dimensional structure is maintained by this curling and folding, which results in unique structural
characteristics.

Figure 2. TEM photograph of RGO
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3.1. Characterization of RGO-modified EP coatings

In our previous work, we found that the addition of 1.0 wt% RGO nanosheets effectively reduced
the numbers and sizes of the pores in the as-prepared EP composite coatings. To define the variation
rules of the sizes of the pores in the EP composite coatings after long-term service, brittle fracture
experiments of coatings with various RGO contents were conducted after immersing them at 50°C in
10.0 wt% NacCl solution for 60 days. The fracture surfaces of 0 wt%, 0.5 wt%,1.0 wt%, 2.5 wt%, and
4.0 wt% RGO-maodified EP coatings are shown in Fig. 3. The cross-sectional surface of the 0 wt% RGO-
modified EP coating shows a clean fracture surface, thereby implying a brittle fracture. However, in the
ductile fracture morphology in Fig. 3(b-e), tearing ridges can be readily observed from the RGO-
modified EP coatings, which show RGO that is warped without peeling off the resin matrix. Hence, the
interfacial adhesion between the RGO and the EP was strong, and RGO can improve the strength and
toughness of EP coatings. In the process of deformation, RGO, which is the stress concentration center,
can cause the resin matrix around it to yield and absorb a substantial amount of energy. The interface
between RGO and the EP is separated to form holes, which can passivate the cracks and prevent the
generation of destructive cracks. Moreover, the specific surface area of RGO is large, which increases
the contact area with the EP. If the material is under external force, it can produce more microcracks and
absorb a substantial amount of stress. However, as the RGO content was increased to 4.0 wt%, the tearing
ridge decreased significantly, which was likely due to the aggregation of the RGO nanosheets.

The pore sizes of the samples were randomly measured, and the top five sizes of pores for each
sample are listed in Tab. 1. According to Tab.1, the maximum pore size that was measured on the EP
coatings with 0 wt% is 1305 nm, with an average size of 826.5 nm. The addition of 0.5 wt% RGO caused
no significant change in the quantity or size of the pores (Fig. 3a and Fig. 3b). However, when the RGO
content was 1.0 wt%, the size of the pores decreased by two to three times and the quantity of the pores
decreased by two orders of magnitude in the coatings compared to the neat EP coatings (Fig.3c). When
the RGO contents were increased to 2.5 wt% and 4.0 wt%, the quantity and size of the pores increased
substantially, and the average size of the pores in these coatings even exceeds that in the neat EP coating.

If the coating is subjected to external stress, large pore defects will lead to poor stress transfer
and stress concentration, and corrosive media such as H20, Oz and CI” will enter the coating more easily
through the defects and reach the metal substrate surface, thereby forming severe corrosion, which will
eventually cause the coating to fall off easily. Many studies have shown that the number of pores in the
coating can be decreased by adding graphene into the EP. For example, nano oxide can be used to modify
GO and blend with EP to form composite materials, which can fill pores in the coating [35-38]. Zhang
[39] prepared a GO-modified EP coating, in which the GO modification effectively reduced the porosity
of the coating. However, these studies use graphene to fill the pores, to decrease the number of pores,
and the mechanism of graphene in the process of bubble generation is not discussed.
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Figure 3. SEM images of fractures in the EP coatings with (a) 0 wt%, (b) 0.5 wt%, (c) 1.0 wt%, (d) 2.5
wit%, and (e) 4.0 wt% RGO

In this study, a possible mechanism is proposed: When RGO is dispersed by ultrasonic waves,
the high temperature and high pressure of the generated bubbles through the cavitation of the rupture
process promotes the uniform dispersion of RGO in EP coatings. Therefore, when the content of RGO
is 0.5 wt%, many pores remain in the coatings. As the content of RGO increases, RGO will destroy large
bubbles, thereby resulting in small bubbles. This facilitates bubble overflow; hence, the number of pores
in the coatings will decrease. However, when the RGO content was increased to 2.5 wt% and 4.0 wt%,
aggregation of the RGO nanosheets occurred, which significantly lowered the bubble-breaking effect,
thereby resulting in the formation of pores of increased quantity and size in the coatings. Therefore, there
is a balance between the pore reduction that is induced by the bubble-breaking effect of RGO nanosheets
and the pores increase that is induced by the aggregation of the RGO nanosheets. This balance is realized
when the optimal amount of RGO has been added into the coatings. The bubble-breaking effect and the
mechanism of RGO will be investigated in our future work. Therefore, the addition of a suitable amount
of RGO not only increases the toughness but also decreases the quantity and size of the pores of these
coatings in high-temperature and high-salinity environments.
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Table 1. Pore size on the cross-sectional surfaces of coatings with various RGO contents

Content of RGO Pore size (nm) Average size (nm)
0 wt% 435.0 870.0 652.5 870.0 1305.0 826.5
0.5 wt% 431.0 431.0 862.0 1293.0 1115.0 826.4
1.0 wt% 652.5 261.0 211.0 196.0 356.0 335.3
2.5 wt% 862.0 1115.0 1115.0 1293.0 1293.0 1135.6
4.0 wt% 431.0 862.0 1293.0 1293.0 1293.0 1034.4

3.3 EIS analysis of RGO-modified EP coatings

EIS and potentiodynamic polarization curves were used to evaluate the corrosion performances
of EP coatings with various contents of RGO. Many electrochemical studies on the coating have been
conducted by immersing the coatings in 3.5% NaCl solution at room temperature in accordance with the
marine simulation environment [23]. For example, GO was introduced into a polypyrrole (PPY) matrix,
and PPY-GO composite coatings with various GO contents were electrodeposited in situ on 304 stainless
steel (SS) bipolar plates to protect them from corrosion in an aggressive working environment [40]. N.
N. Taheri [27] grafted GO particles onto zinc doped polyaniline (PANI), added it to the EP, and
immersed it in 3.5% NaCl solution for electrochemical testing. To more closely approximate the
conditions of the underground environment of onshore oil wells, prior to the test, the coatings were
immersed in 10.0 wt% NaCl solution at 50°C for 60 days, and the results are presented in Fig. 4. The
higher the impedance in the Nyquist plot, the better the anti-corrosion effect of the coatings. The addition
of RGO increases the radius of the capacitance; hence, the addition of RGO effectively enhances the
anticorrosion performance of the EP coating. The effect depends on the chemical stability of RGO. When
RGO is added to the EP coating, a retardant layer can be formed, which prevents direct contact between
the corrosive media and the substrate, and increases the tortuosity of the diffusion path. Moreover, the
RGO is a nanometer-scale material, which can be used to fill the curing defects of the EP coating.
Moreover, it is hydrophobic; hence, it can delay the pervasion of water and the corrosion. The TEM
image in Section 3.1 shows that there are many folds on the surface of RGO. When it is added to EP as
a filler, the folds on the surface can have a larger contact area with the EP, thereby making the diffusion
path of active media more tortuous and, thus, substantially improving the corrosion resistance of the
coating. Therefore, according to the Nyquist plots and Bode diagrams in Fig. 4, with the increase of the
RGO content, the radius of capacitance initially increases and subsequently decreases. The modified EP
coating with 1.0 wt% RGO shows excellent corrosion resistance, which is due to its high impedance and
large radius of capacitance. However, when the content of RGO is high, agglomeration occurs in the
coating, thereby resulting in many defects, such as pores in the EP coating, which provide channels for
the diffusion of corrosive media; thus, the anti-corrosion performance of the coating is decreased.
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Figure 4. (a) Nyquist plots, (b) locally enlarged Nyquist plots, and (c) Bode diagrams of the EP
composite coatings after immersion in 10.0 wt% NacCl solution at 50°C for 60 days

To further characterize the anti-corrosion effect of the coatings, the impedance data are analyzed
and fitted with the ZSimpWin simulation software. The equivalent circuit and the analysis results are
presented in Fig. 5 and Tab. 2. The electronic components Rs, C¢, Re, Rt and CPEq in the equivalent
circuit represent the electrolyte resistance, coating capacitance, coating resistance, charge transfer
resistance and double layer capacitance, respectively. C¢ represents the amount of corrosive media that
penetrate into the coating, Rc can be used to represent the number and area of the pores on the coating
surface, CPEq represents the failure area of the coating, and R represents the resistance value of the
charge transfer on the metal surface, which can directly reflect the corrosion rate of the interface between
the coating and N8O steel.
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Figure 5. Equivalent circuit of the sample
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Table 2. EIS analysis of electrochemical parameters of the coating samples after immersion in 10.0 wt%
NaCl solution for 60 days

Content of RGO 0 wt%o 0.5 wt% 1.0 wt% 2.5 wt% 4.0 wt%
Ret x10° Qecm? 0.11 2.81 10.16 1.02 0.18
Ccex1071% Facm™ 314.50 12.31 1.13 15.17 17.48
Rc x10° Q=cm? 1.11 28.09 101.60 10.18 1.79
CPEq x10° Frcm™ 2.64 21290.00 1.67 36.87 77.35

As summarized above, Rc (1.016x10" Q=cm?) and R (1.016x107 Q=cm?) attained their
maximum values and C¢ (1.127x101° Fxcm™) and CPEq (1.67x10° Fx=cm™) reached their minimum
values when the RGO content was up to 1.0 wt% in the modified EP coatings. Therefore, the optimal
addition of RGO is 1.0 wt%. The addition of a suitable amount of RGO can effectively improve the
corrosion resistance of EP coatings. However, with the increase of the amount of added RGO, the
severity of the defects in the coating increase due to agglomeration. Finally, the corrosion resistance of
the coating is decreased.

2.4 Tafel analysis of RGO-modified EP coatings

The potentiodynamic polarization curves are plotted in Fig. 6, and Tab. 3 lists the kinetic
parameters that were calculated from the potentiodynamic polarization curves, which include lcorr and
Ecorr. The corrosion current (lcorr) decreased significantly and the corrosion potential (Ecorr) exhibited a
positive shift when graphene was added. lcorr initially decreased and subsequently increased with the
increase of the RGO content, while Ecorr initially exhibited a positive shift and subsequently exhibited a
negative shift.

This is due to the small-size effect of RGO filling in the pores of the coating. The corrosive media
can not penetrate the pore paths that are blocked by RGO t via natural convection mass transfer to the
reaction area of the electrode interface corrosion. Due to the consumption of depolarization, the
concentrations of H20, Oz and CI" at the bottom of the pores can not be supplemented timely, thereby
resulting in a concentration difference with the corrosive media in the solution of the coating surface at
the top of the pore. Instead, Faradaic processes of the electrode reaction are controlled by the tangent
diffusion of the corrosive media. The electrochemical polarization of the corrosion system is gradually
weakened, and concentration polarization occurs.

Compared with neat EP coatings, the corrosion resistance of the coatings with RGO is
substantially improved. The modified EP coatings with 1.0 wt% RGO had the lowest corrosion current
density (9.5172x10° A/cm?), the highest corrosion potential (-0.15107 V), and the maximum
polarization resistance (6.04x10° Qs=cm?). Therefore, the optimal addition of RGO is 1.0 wt%, which is
in accordance with the results of EIS.
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Figure 6. Potentiodynamic polarization curves of the EP composite coatings after immersion in 10.0
wt% NaCl solution at 50°C for 60 days

Table 3. Electrochemical parameters that were obtained from potentiodynamic polarization curves via
Tafel extrapolation for the coated samples after immersion in 10.0 wt% NaCl solution for 60

days
Content of RGO 0 wt%o 0.5 wt% 1.0 wt% 2.5 wt% 4.0 wt%
lcorr (LA/cm?) 9.190 0.074 0.009 0.705 5.415
Ecorr (V) -0.501 -0.262 -0.151 -0.287 -0.325

3.5 Anti-corrosion mechanism

In this study, after immersion in 10.0 wt% NaCl solution for 60 days, the modified EP coatings
with 1.0 wt% RGO still showed superior corrosion resistance to that of the neat EP coatings. Researchers
proposed possible anti-corrosion mechanisms of graphene-modified coatings: (1) graphene can decrease
the coating porosity [30-32]; (2) graphene causes a barrier effect [30-32]; and (3) graphene can block
the cathodic reaction between the coating and the metal interface [41]. As described in the above
investigation, the addition of 1.0 wt% RGO nanosheets not only improved the strength and toughness of
the coatings but also effectively decreased the size of the pores by two to three times and decreased the
quantity of the pores by two orders of magnitude in the coatings compared to neat EP coatings.
Therefore, the added RGO nanosheets effectively block the penetration of the corrosive media via the
penetration effect and decrease the quantity and size of the pores in the coatings, which results in
excellent anticorrosion performance. However, with the increase of the RGO content, RGO nanosheets
will agglomerate, the balance between the pores reduction induced by the bubble-breaking effect of the
RGO nanosheets and the pore increase that is induced by the aggregation of the RGO nanosheets will
be broken, which will increase the severity of the defects in the EP coatings and decrease the corrosion
resistance of the coatings.
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4. CONCLUSIONS

(1) After immersion in 10.0 wt% NaCl solution at 50°C for 60 days, the EP composite coatings
with 1.0 wt% RGO nanosheets still showed improved strength and toughness, with pores that were two
to three times smaller and two orders of magnitude less numerous compared to the neat EP coatings.

(2) The modified EP coatings with 1.0 wt% RGO showed excellent corrosion resistance with
the lowest corrosion current density (9.5172x10° A/cm?), the highest corrosion potential (-0.15107 V)
and the maximum polarization resistance (6.04x10° Q=cm?) after immersion in the 10.0 wt% NaCl
solution for 60 days at 50°C.
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