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The corrosion resistance of an epoxy resin-based coat, reinforced with 0.1 and 0.5 wt% of reduced
graphene oxide (rGO), applied to AISI 1020 carbon steel was subjected to immersion tests on a
3.0 wt% NaCl solution saturated with CO, in a pressurized cell with 70 bar at 40 °C for 528 hours.
The coating was accessed via pull-off testing, and scanning electron microscopy (SEM) was used
to analyze porosity and thickness. Optical Microscopy (OM) assessed the condition of the metallic
surface. Adding rGO generated greater corrosion protection and improved the structural integrity of
the coating for the conditions studied. With 0.1 wt% rGO, there was a pore refinement, and with 0.5
wt%, pore density was drastically reduced. The addition of rGO did not influence the coating Shore
D hardness coating. Post-corrosion test results indicated that porosity and solution permeation were
related, and the anchorage of the coating to the substrate was not affected.
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1. Introduction

The protection of metals and alloys is a widely studied
topic' and is very important for all industry sectors”.
The coating method is the most used among the anticorrosive
methods applied in industrial processes®”.

Polymers are the most commonly used in anticorrosive
coatings because they have satisfactory thermal stability,
humidity resistance, and good anti-corrosion properties®’.
However, polymeric coatings, when used in environments
containing chloride ions’ or in CO,, don’t prevent moisture
penetration, allowing corrosion to occur on the metallic
substrate'”.

Consequently, polymer-based microcomposites were
developed, such as epoxy paints with glass flakes!' and
monolithic composites, which emerged as an alternative to
overcome the limitations of conventional polymeric coatings
(additives with filler and /or pigments). Microcomposites
demonstrate better resistance to wear, oxidation at elevated
temperatures, and corrosion resistance'>!*, even in
severe corrosion environments. However, polymer-based
microcomposites still have significant limitations when
used for a long time, having their lifespan reduced when
exposed to natural weathering such as salts, rain, wind, high
temperatures, and ultraviolet rays, which can cause loss of
color and shine in addition to thickness reduction due to
the wear of the polymeric base!*!”. Two other significant
negative characteristics this type of coating presents are

*e-mail: premmerick@gmail.com

the amount and size of pores and micro-cracks. In the
long term, these characteristics will offer low resistance
to water penetration or corrosive solutions at the metal/
coating interface'®'". On the other hand, nanocomposites
have appeared as an alternative to overcome existing micro
and monolithic composites’ limitations. Several elements
have been used as nanofillers to form nanocomposites with
superior anticorrosive properties to conventional coatings
and microcomposites. The addition of montmorillonite clay
in a polymeric base forms an organic nanocomposite®, the
addition of TiO, resin nanofillers in epoxy-based resin'’,
the incorporation of ZnO nanoparticles in a melamine-
alkyd resin base?' and the addition of Si nanoparticles
in epoxy based resin®, Fe,O,, AI**, Zn (PO,),, Zn, SiO,
and various mineral fillers such as quartz'4, are some
examples. Zhou et al.” studied the corrosion resistance of
coatings by adding percentages of 1.0, 3.0, and 5.0 wt% of
montmorillonite clay (Mnt) nanoparticles in epoxy resin.
A metallic substrate was painted and immersed in a solution
of 3.0 wt% NacCl for 20 and 120 days, not being informed
of the temperature and pressure of the tests. he percentage
of 1.0 wt% of Mnt showed the lowest porosity, indicating
better barrier properties to the electrolyte when compared
to those without Mnt and with 3.0 and 5.0 wt% of Mnt.
They obtained positive results regarding the inhibition of
penetration of H,0, O,, and CO,, where these corrosive agents
showed less development of defects, such as microvoids,
bubbles, and cracks in the coating, which damage the
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physical-chemical and mechanical properties of the system.
On the other hand, a study by Rzaij et al.?® presented the
anticorrosive performance of a composite coating formed
by epoxy resin with additives with 0.1, 0.3, and 0.5 wt%
of nanoparticles of SiO,. The coated carbon steel substrates
were immersed in a solution containing 3.5 wt% NaCl and
5.0% by volume of H,SO,, subjected to a temperature of
25 °C and a pressure of 1 atmosphere. The results revealed
that the anticorrosive action of the coating consisted of
epoxy-nano SiO, expanded with increasing concentrations
of nanosilica. The results also showed a low corrosion rate
0f2.51 x 10* mm/year. The corrosion protection efficiency
was approximately 99.77%, and the corrosion rate reduction
was 63 times when compared to a substrate coated only
with epoxy resin. Additionally, Xu et al.?” analyzed the
anticorrosive coatings composed of water-base epoxy
resin immersed in a 10 wt% NaCl solution saturated with
CO, at 25 °C and atmospheric pressure for 96 hours.
The results showed that the water absorption by the epoxy-
graphene coating decreased significantly with the increase
in graphene addition.

The composite prevented the diffusion of water, providing
durable and adequate corrosion protection to the metallic
substrate. The epoxy-graphene coating with 0.25 wt% of
graphene provided an efficiency of 99.96% compared to the
coating without nanoparticle addition. Zhu et al.?® studied
the anticorrosive efficiency of a composite coating made of
epoxy resin containing additions 0f 0.2, 0.5, 0.7, and 1.0 wt%
of graphene oxide (GO). N80 steel metallic substrates
protected with these composites were immersed in a solution
of 3.5 wt% NaCl with a total pressure of 20 MPa and a
partial pressure of CO, of 5 MPa at 120 °C for 60, 120, and
240 hours. The coating containing 0.7 wt% of graphene oxide
(GO) was the best evaluated for corrosion resistance due to
maximized impermeability and inhibiting the electrolyte’s
percolation through the coat. The corrosion resistance of
the coating with 0.7 wt% of GO was improved by 89.3%
compared to the coating without graphene. Therefore,
epoxy-graphene-based nanocomposites stand out in more
recent anticorrosion applications, demanding more studies
in more severe conditions and long-term tests.

A study by Sun et al.”? on a composite epoxy novolac
(EN) system about the influence of water on the high-pressure
carbon dioxide resistance of composite coatings indicated
that high-pressure CO, gas can penetrate the substrate surface
through pores of the resin. Therefore, CO, diffusion occurs
along the interconnection of the pores. They suggested that a
suitable volume fraction of particle addition can optimize the
pore structure and inhibit the penetration of corrosive ions.

Previous studies reported corrosion tests in a saline-only
or saline environment with CO, performed at a pressure
of only 1 atmosphere and 25 °C (room temperature)*3%-36,
This work aimed to evaluate the corrosion resistance of a
composite coating formed by adding percentages of rGO
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nanoparticles in a polymer-based matrix immersed in a saline
environment, saturated with CO, at 41 °C and a pressure of
70 bar. The objective is to obtain an anticorrosive coating
that presents high efficiency, overcoming the properties of
the additive coatings with microcomposites and monolithic
composites and avoiding the limitations presented by them.

2. Experimental Section/Methods

2.1. Nanocomposites fabrication and properties

The polymer coating deposited on the metal substrate
was an epoxy of commercial origin. The resin was provided
without solids, i.e., no fillers or pigments. This commercial
epoxy was formed by component A, which consisted of
bisphenol F with 1,3-benzenedimethanamine and phenol-
formaldehyde and component B, which consisted of a
polyamine-based curing agent. The graphene used in this
work was chemically synthesized by oxidation and reduction
of the commercial graphite Micrograf 99503UJ. Graphite
oxide was obtained by chemical exfoliation of graphite
using the method employed by Hummers, using 2.3 g of
graphite, 2.5 g of NaNO,, 115 mL of H,SO, (98%), 15 g of
KMnO, and 110 mL of H,0, (50%)"°. Graphene reduction
was achieved by the direct action of ultraviolet radiation
(OSRAM-Ultravitalux 300W lamp) for 5 hours indoors,
resulting in a liquid and reduced graphene oxide sample
(called in this work as rOGL). Graphene characterization
data has been published elsewhere!®.

The composites were synthesized by adding component B
to component A in a proportion of 1:5 in volume, respectively.
For example, if the volume of component A is 10 mL, the
proportional volume of component B should be 2 mL.
The neat epoxy sample was identified as COAT. Also, two
more conditions were studied in this work by adding rOGL to
aneat epoxy matrix. The contents of graphene were 0.1 and
0.5 wt.%, and the samples were classified as COAT0.10GL
and COATO0.50GL, respectively. AISI 1020 steel was used
as a metallic substrate to measure the coating efficiency in
the corrosion tests. AISI 1020 steel was chosen because
it is not only low-alloy carbon steel but also available in
significant volumes and commonly used to manufacture
various items for the industrial area. This steel meets the
usual mechanical, structural, and cost requirements. However,
it has low performance in terms of corrosion. The standard
chemical composition of AISI 1020 steel is shown in Table 1.

The metallic coupons were machined from a drawn flat
bar with dimensions of 15 mm in length, 40 mm in width,
and 3 mm in thickness (Figure 1).

2.2. Preparation of saline solution for corrosion
tests

A saline solution of 3 wt% NaCl was prepared in 1000 mL
of distilled water and controlled with 0.4 mL of hydrochloric

Table 1. Chemical composition of the 1020 steel used for the experiments (wt%).

C Mn

0.18-0.23 0.30 - 0.60

0.04

0.05 Bal.
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acid to reach pH 5. Next, it was unaired within the vessels by
bubbling with nitrogen for 1 hour and saturated for 2 hours
with CO, bubbled into the solution.

2.3. CO2 corrosion test

The CO, corrosion tests were carried out in a closed
system, as shown in Figure 2. This system has two gas
lines, N, and CO,, made of stainless steel. The pressure

vessels were manufactured in AISI 316L steel, meeting a
maximum design pressure of 200 bar. For the corrosion
test, 2L of a saline solution with a concentration with a
concentration of 3 wt.% NaCl was prepared and placed
inside the pressure vessels with a unit volume of 910 mL.
All pressure vessels were solution-filled to completion,
and the pressure within the vessels was kept at 70 bar
throughout the test. For each test condition, three coated
samples: COAT, COAT0.10GL, and COAT0.50GL, were
placed inside these vessels. The coated coupons were
arranged on a rod. The arrangement was installed inside
each pressure vessel, closed, and the entire system was
unaired, including the saline solution (Figure 2).

Next, the pressure vessels were placed inside a thermostatic
bath (Figure 3), set at 41 °C.

After 5 hours, thermal equilibrium was obtained between
the thermostatic bath and the saline solution. At the end of
the 528 hours test, the thermostatic bath was turned off,
and the system was gradually depressurized and opened.
The removed coated coupons were immediately dried by
hot air and placed in a vacuum desiccator.

Figure 2. (a) Stainless steel pressure vessel containing saline solution with a concentration of 3 wt% of NaCl, (b) Internal arrangement
of pressure vessel lid: (1) CO, input, (2) N, input, (3) Well to thermocouple, (4) Rod in peek support of coupons and (c) Thermostatic
bath with display at 41 °C and pressure vessels connected to the CO, and N, injection system.
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Figure 3. Schematic drawing of the N, and CO, lines and layout of the connection arrangements in the pressure vessels used for the

corrosion tests.

The coating/metal substrate anchorage appearance was
characterized using SEM, Cambridge Instruments brand,
model: CamScan 3200LV, SEI 20.00 kV, Mag: 1000 x WD
scale: 20 pm.

The adhesion resistance (pull-off test) was carried out
following ASTM D4541-17%. In this test, an anchoring pin
(dolly) is placed perpendicular to the coating surface using
glue, followed by an applied force to the adhered pin until
detachment. The nature of the failure is qualified based on the
percentage of adhesive or cohesive failures in the interfaces
and layers involved, according to the standard classification.

3. Results and Discussion

3.1. Adherence, bubbles formation and resin
pores density

Roughness is essential for the performance and lifespan
of coatings applied to a metallic surface®®**. Roughness and
surface cleanliness are crucial since the adhesion quality of a
coating occurs through three bond types: physical, chemical,
or mechanical bonds*. Physical and chemical bonds can occur
due to molecular groups in the resin’s chemical structures.
These groups will interact with reactive elements or sites on
the metallic surface. The samples used in this work follow
the technical standards of Petrobras N-2913 Rev.B*' and
Petrobras N-9*2. According to the obtained images (Figure 4),
it is possible to observe that the graphene addition did not
interfere with the adhesion properties of the coating. Adhesion
to the metallic substrate can be expressed by a satisfactory
rupture tension, with an average value of 7.36 MPa in the
Pull-Off test for the studied conditions and the coupon’s
dimensions. Regardless of the purpose of the coating, it is
essential to maintain the anchorage integrity of the system
(coating/metallic substrate). It was observed that there was
good anchoring by the resin to the substrate (Figure 4).
The images have been pre-processed and enhanced with

ImageJ Version 1.51p software. For COAT, COAT0.10GL,
and COAT0.50GL, the coating covers the substrate surface
even on irregularities resulting from grinding.

The coating acts as a physical barrier between the
substrate and the environment. Therefore, impermeability
is a fundamental characteristic. When bubbles are formed
within the coating, its impermeability is reduced, and
consequently, anticorrosive function. Also, there is a possibility
of failure concerning the adhesion between the coating and
substrate!”. Air bubbles may also have their origin during
the mechanical agitation of the resin/catalyst mixture when
these air bubbles are trapped due to the viscosity of the
coating®. The manufacturer’s resin manual used in this study
informs that after the addition of the addition of the cure
agent during the mix procedures, there will be a tendency
to form small bubbles on the surface layer of the resin.
The appearance of bubbles and/or pores can be due to the
high viscosity and thixotropy of the product!®, inadequate
solvent addition, speedy catalyst evaporation, temperature,
and air encapsulation. Some or all of these listed causes can
occur during mixing and preparation or even during the fast
drying of the surface coating. Solvents are volatile organic
compounds that solubilize the resins, and it is necessary to
impart viscosity to the coating. However, it can cause the
inception of bubbles and/or pores that turn out to be points
of fragility, which may cause early failure of the coating
after evaporation'’. The curing process in the polymer
matrix causes shrinkage of the applied layer of coating,
usually around 3-5%, leading to cohesion in the material
and fewer pores formed*’ since particle addition as fillers
interferes with this process. In the present case, the filler is
anon-modified graphene oxide particle. It features minimal
compatibility with the polymer matrix, and the particles tend
to segregate within the matrix. Consequently, it generates
a coating with a bulk uneven filler distribution. Some areas
will be rich in particles, while others will be poorer**.
As previously shown, the particle-poorer regions feature
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Figure 4. Cross-section SEM images: Thickness measurement: a) COAT, b) COAT0.10GL and ¢) COAT0.50GL and anchoring coating
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Figure 5. a-c) Scheme showing the interaction between the graphene nanoparticles and trapped air and the development of pores in the
resin matrix. c-d) Scheme showing the interaction and segregation between the pores to minimize the system energy, increasing the pores’

size and decreasing their volume fraction.

greater crosslinking density. Therefore, the material cure
becomes irregular throughout the matrix, promoting shrinkage
in areas with great crosslinking density, different from those
rich in particles®. It was observed (Figure 5) that the increase
in the material’s particle content increased the pores’ size.

The greater the filler content, the more significant the
segregation and air-trapped regions within the matrix,
causing an increase in the size of pores and a decrease in
their volume fraction (Figure 6).

3.2. Coating performance

Shore D hardness measurements were carried out
before and after corrosion tests, according to ISO 7619,
ISO 868%, ASTM D2240-15% and JIS K6253°7 Shore D
Durometer equipment (Digimess TH210) was used within
the range from 0 to 100, with 0.1 resolution and +1 accuracy.
The coating without the addition of COAT was used as a
reference. Table 2 shows the obtained results for all conditions
studied. Although the numbers showed minimal variation, it
was considered to be within the test uncertainty and taken

Table 2. Coating hardness shore D.
Hardness Shore D

Coating Before Corrosion Test ~ After Corrosion Test

COAT 75.85 77.10
COAT 0.10GL 72.95 78.10
COAT0.50GL 78.00 74. 90

into account that the graphene addition had no influence on
the Shore D hardness.

Blistering (Figure 7) stands out among the various
degradation mechanisms of polymeric films, which consist
of forming nodules under the film due to the entrapment of
a fluid and/or gas'”*®. The blistering observed in this study
can have its origins in two mechanisms: osmotic blistering,
where water-soluble electrolytes, such as chlorides, reaching
the metal/coating interface cause corrosion underneath the
coating®, that is, the pressure on the outer side of the coating,
being more significant than that on the inner side, accelerates
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Figure 6. SEM images for porosity density analysis (n of pores x area), considering the comparison of porosity density by area, average
pore area and percentage of porous area concerning the total area. Always considering two areas for each condition studied: COAT (a),

COATO0.10GL (b) and COAT0.50GL (c).

the passage of moisture through the coating film, causing
osmotic blistering and thus corrosion. Another probable
mechanism could be volume expansion due to swelling.
And since organic coatings can absorb H,0(g), this leads to
swelling of the film, which can be localized, thus initiating
blistering at the metal/coating interface®. The high porosity
in COAT and COAT0.10GL allowed the solution to permeate
through the coating for the stipulated test time of 528 h.
However, the test time needed to be increased to enable pit
formation on the substrate. In the case of COAT0.50GL,
where a significant reduction in porosity was observed,
solution permeation was also reduced through the coating,
preventing bubbles and blistering regardless of the 70 bar
pressure. These results indicate that the studied coating may
resist high-pressure and chloride solutions once its porosity
density is lowered. After the coatings were removed, reddish
spots on the surface of the metallic substrates could be
observed, which indicates the presence of iron carbonate
(Figure 7c, g, and j, which was easily removed by alcohol.

Graphene addition and distribution will interfere with the
mechanical properties of the polymer. As mentioned before,
there will be particle-poorer regions with greater crosslinking
density. According to the literature® and previous tests®, it

can be suggested that these regions are less flexible and,
therefore, less susceptible to the percolation of the electrolyte.
While the areas with a higher density of particles are more
flexible and prone to percolation of the electrolyte®.

The greater the volume of particles in the system, the
longer it takes to oxidize all of them. As the particles oxidize,
they also reduce the efficiency of the coating. The bond
structure of the resin (polymer) and the graphene system is
broken. It is important to point out that although these data
were collected under different pressure and temperature
conditions, the phenomenon’s trend remains the same.

Previous electrochemical evaluations'® showed that
coatings with 0.5 wt.% graphene oxide in the epoxy matrix
had inferior performance compared to coatings with 0.1 wt.%
in the first hours of the electrochemical evaluation. The sample
with a higher volume fraction of graphene oxide (0.5 wt%)
showed lower resistivity. However, after an extended
period, the sample with 0.1 wt% graphene oxide showed
very low resistivity, even less than the sample with pristine
epoxy. It was previously demonstrated* hat, once particles
are better dispersed throughout the matrix in the case of a
lower amount of graphene oxide, at first, the coating feature
excellent barrier properties and is more evenly spread. But with
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Figure 7. Coupons macro appearance at pre-tests, after test and after coating removal.

extended exposure to the electrolyte, this coating tends to
show more significant swelling. The coating with 0.5 wt%
has poorer barrier properties initially but withstands long
periods of exposure to the electrolyte. The greater amount
of non-compatibilized filler within the polymer matrix
promotes the formation of clusters, which restrain polymer
chain mobility. In the present work, similar behavior has been
observed. The sample with a greater amount of graphene
oxide showed less porosity (Figure 6), limiting the swelling
of the protective coating as seen in the macro image of the
samples (Figure 7).

The blistering and porosity observed can have their
origins in two mechanisms: osmotic blistering, where water-
soluble electrolytes, such as chlorides, reaching the metal/
coating interface cause corrosion underneath the coating;
that is, the pressure on the outer side of the coating (70 bar),
being more significant than that on the inner side, accelerates

the passage of moisture through the coating film, causing
osmotic blistering and thus corrosion. Another probable
mechanism could be volume expansion due to swelling,
which depends on time and the graphene density added to
the epoxy base coat.

Considering the above mechanisms and the obtained
results, the coating with 0.5 wt% initially has poorer barrier
properties but withstands long periods of exposure to the
electrolyte. In comparison, the coating with 0.1 wt% showed
poor performance after lengthy exposure to the electrolyte.

4. Conclusions

The evaluation of the corrosion resistance of an epoxy
resin-based coat, reinforced with 0.1 and 0.5 wt% of reduced
graphene oxide (rGO), applied to AISI 1020 carbon steel
through immersion tests in an aqueous solution with 3.0 wt%
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NaCl saturated with CO,, in a pressurized cell at 70 bar at
40 °C for 528 hours, showed blistering and porosity. Also,
the increase in the material’s particle content increased the
pores’ size. The greater the filler amount, the more significant
the segregation and air-trapped regions within the matrix,
causing an increase in the size of pores and a decrease in
their volume fraction.
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