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Abstract. Epoxy-Graphene (E/G) nanocomposites with different loading of graphene were prepared via in situ prepolymerization and evaluated as protective coating for Stainless Steel 304 (SS304). The prepolymer composites were spin coated on
SS304 substrates and thermally cured. Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM)
were utilized to examine the dispersion of graphene in the epoxy matrix. Epoxy and E/G nanocomposites were characterized
using X-ray diffraction (XRD) and Fourier Transform Infrared (FTIR) techniques and the thermal behavior of the prepared
coatings is analyzed using Thermogravimetric analysis (TGA) and Differential scanning calorimetry (DSC). The corrosion
protection properties of the prepared coatings were evaluated using Electrochemical Impedance Spectroscopy (EIS) and
Cyclic Voltammetry (CV) measurements. In addition to corrosion mitigation properties, the long-term adhesion performance
of the coatings was evaluated by measuring the adhesion of the coatings to the SS304 substrate after 60 days of exposure to
3.5 wt% NaCl medium. The effects of graphene loading on the impact resistance, flexibility, and UV stability of the coating
are analyzed and discussed. SEM was utilized to evaluate post adhesion and UV stability results. The results indicate that
very low graphene loading up to 0.5 wt % significantly enhances the corrosion protection, UV stability, and impact resistance
of epoxy coatings.
Keywords: nanocomposites, graphene, corrosion, coatings, adhesion

1. Introduction
Damage due to corrosion is one of the most common
causes of metal component failures. The lack of mitigation protocols or methods of such electrochemical
reactions may result in serious losses in both economy and industry. Although, total elimination of the
corrosion process is not possible, there are different
techniques that are utilized in various fields such as
marine equipment, pipelines and construction in
order to attenuate the intensity and severity of corrosion. Anodic or cathodic protection [1], corrosion
inhibitors [2] and protective coatings [3] are examples of these techniques. Nevertheless, an increasing

number of research studies have been devoted to develop more robust techniques to extend the life cycle
of metals in various environments. An effective example of such technique is the use of nanocomposites, hydrophobic and organic-inorganic hybrid materials as anti-corrosion coatings in various corrosive
environments [4–7].
Stainless steel already has remarkable corrosion resistance and is expected to perform satisfactorily in
different environments. However, stainless steel is
susceptible to pitting corrosion in chloride ions rich
environments such as the marine atmospheric environment. Pitting corrosion is a galvanic corrosion
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process where localized active areas are formed as a
result of localized inclusions or breakdown of the
protective passive film of chromium oxide. The presence of corrosion agents such as chloride, water and
oxygen initiates localized dissolution that penetrates
through the metal thickness. This penetration may
not be detected until severe damages has occurred
and therefore pitting corrosion is considered insidious and more difficult to detect, evaluate and mitigate compared to other more uniform corrosions.
Therefore, additional means of corrosion protection
are required to boost the life cycle of stainless steel
substrates in chloride ions rich environment. Polymer based composites are perfect examples of protective coatings that can enhance various properties
of the coated metal substrates including but not limited to corrosion resistance. A number of polymeric
matrices have already been evaluated for corrosion
protection purposes; however, the lack of interface
adhesion foils the use of most of these polymeric
matrices as anticorrosion coatings [8, 9]. Epoxy is
an environmental friendly polymeric matrix that combines various remarkable properties such as exceptional thermal stability and low thermal expansion
coefficient. These desirable properties in addition to
the noble interface adhesion of epoxy with various
metal substrates trigger the investigation of epoxy as
an anticorrosion coating on SS304 substrates.
The properties of the polymer matrix can be further
enhanced by the incorporation of nanofillers. Clay
and carbon nanotubes are examples of nanofillers that
are incorporated in epoxy matrix to enhance the remarkable properties. However, the lower density, high
surface area, and the very high aspect ratio attracted
much attention to graphene [10] as a candidate for
enhancing the corrosion protection property of epoxy.
Graphene nanosheets, graphene nanoplatelets and
functionalized graphene are different forms of
graphene that have been utilized as fillers in various
polymeric matrices to enhance their mechanical, thermal, dielectric, gas barrier, and corrosion resistance
properties [11–22]. The incorporation of graphene
into the epoxy matrix is expected to prolong the pathway corrosive agents follow to reach the metal substrate. This graphene barrier effect is expected to limit
the diffusion of ions and water molecules and consequently extends the life cycle of the coated substrates. To the best of our knowledge, there is no study

that investigates the application of epoxy/graphene
composites as anticorrosion coating for stainless
steel Type 304.
In this study, E/G nanocomposites are developed and
used as protective coating for stainless steel. The corrosion protection property of the E/G nanocomposite
is evaluated by conducting electrochemical and
weight loss measurements in 3.5 wt% Sodium Chloride aqueous solution. The study also examines the
effect of graphene loading on the adhesion, impact
resistance and flexibility of E/G composite coatings.
Furthermore, the long-term performance of the protective coatings is also examined by conducting the
adhesion test after exposing the coated substrates to
the 3.5 wt % NaCl solution for 60 days. In addition,
the influences of the incorporation of graphene on
the thermal behavior as well as UV resistance of
epoxy are evaluated.

2. Experimental
2.1. Materials
Polished SS304 sheet 99.9% purity (3254K91, McMASTER-CARR, Ohio, USA) was used as substrates., Bisphenol A diglycidyl ether (D3415,
BADGE, Sigma Aldrich, Ontario, Canada) and Poly
(propylene glycol) bis(2-aminopropyl ether) (406651,
B230, Sigma Aldrich, Ontario, Canada) were used as
received. Graphene nanosheets (GN1P0005, ACS
Material, Massachusetts, USA) were synthesized by
thermal exfoliation/reduction of graphite oxide, which
was prepared using the modified Hummer method
and it has a surface area of 400–1000 m2/g and electrical resistivity of ≤0.3 Ω·cm, as per the supplier
specifications.

2.2. Composite preparation, coating, and
curing
E/G composites with graphene loading of 0.1 wt%
(E/G0.1), 0.5 wt% (E/G0.5) and 1 wt% (E/G1) were
prepared using in situ polymerization approach. The
prepolymer\graphene mixture was then spin coated
on SS304 substrate before thermal curing. Figure 1,
schematically depicts the overall composite preparation, coating and curing process.
As an example, to prepare E/G nanocomposite with
0.1 wt% graphene via situ prepolymerization,
graphene (2.1 mg) was dispersed in 0.5 g curing agent
(hardener) B230 by stirring and bath sonication
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at 0.24°/min scan rate and 0.02° step size using
MiniFlex 600 (Rigaku, Beijing, China).

Figure 1. Schematic description of the process for the synthesis of E/G composites using in situ polymerization

(FS30H, Fisher Scientific, Ontario, Canada) for an
hour each. BADGE (1.5 g) was added to the graphene
suspension and the mixture was stirred for 1 h followed by sonication for an additional hour. The mixture was homogenized (125, Fisher Scientific, Ontario, Canada) for 30 min, sonicated for 5 min and
spin coated (SC 100, Smart Coater, Missouri, USA)
at 400 RPM for 1 min on a clean SS304 substrate.
The composite was cured at 50 °C for 4 h to obtain
124±2 µm thick E/G0.1 coated SS304 substrate. The
same procedure was followed to prepare (E/G0.5) and
(E/G1) using 10.1 and 20.3 mg of graphene, respectively.

2.3. Composite characterization
The dispersion of graphene in the epoxy matrix was
examined using TEM (Philips CM-10 TEM, Geneva, Switzerland). Samples for the TEM study were
prepared by scraping the E/G coating with a sharp
knife and the collected E/G composite was dispersed
in methanol for 5 min. The sample was then fished
using TEM copper grid and allowed to dry under
vacuum at room temperature. FTIR (Tensor 27,
Bruker, Massachusetts, USA) was used to acquire
spectra of epoxy and E/G composites at room temperature. XRD diffraction patterns of epoxy and E/G
composites are recorded in the range of 2θ = 3 to 90°

2.4. Adhesion test
The interfacial adhesion between the coating and the
SS304 substrate was measured according to the
ASTM-D3359 standard using an adhesion tape kit
(PA-2000, Paul N. Gardner Company Inc., Florida,
USA) with standard blade (11-teeth with teeth spacing of 1 mm). The Interface adhesion was evaluated
before and after exposing the coating to the 3.5 wt%
NaCl solution for 60 days in order to examine the
long-term durability of the coatings. Post-adhesion
tests results were captured using SEM (Zeiss LEO
1550, New York, USA). SEM samples were placed
on carbon tape attached to the SEM holder and the
sample was further coated with gold via sputtering
for 120 s.
2.5. Gravimetric analysis
The weight loss measurements were conducted in
500 mL glass beaker placed in a temperature controlled water bath. Coated and uncoated SS304 substrates were weighted, placed in Teflon holders with
1 cm2 exposed surface area and immersed in a
3.5 wt% NaCl solution for 60 days at 25 °C. At the
end of the exposure period, the samples were removed and washed with double distilled water before a fine brush was used to strip off the corrosion
products. The samples were cleaned again by bath
sonication in a double distilled water for 10 min to
ensure the removal of corrosion residues, dried and
weighted. All mass loss measurements were carried
out in triplicate and the mean weight and the standard deviation are reported.
2.6. Electrochemical measurements
Electrochemical measurements were conducted at
25 °C in a double-jacketed 1 L corrosion cell covered
with a drilled Teflon plate to allow electrodes immersion. A three electrode configuration was used to
conduct the measurements, where a Silver/Silver
Chloride (Ag/AgCl) electrode was used as the reference electrode (RE), two graphite rods as the auxiliary electrodes (AE) and a 1 cm2 coated/uncoated
SS304 substrate as the working electrode (WE). The
WE was washed with acetone and double distilled
water, dried and then installed in the sample holder
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before conducting the tests. 1 L temperature controlled 3.5 wt% NaCl solution was used as the electrolyte. EC-Lab software (Bio-Logic) and VSP-300
workstation (Uniscan instruments Ltd., Claix, France)
were used to conduct all electrochemical measurements, where each measurement was repeated three
times in order to confirm the reproducibility of the
collected raw data.
The potential of the WE was allowed to stabilize for
30 min before conducting the EIS followed by the
potentiodynamic measurements. The EIS measurements were conducted at frequency range from
200 kHz to 100 mHz to generate Bode and Nyquist
plots. Furthermore, an equivalent circuit was used to
fit the raw impedance data and EC-Lab software was
used to evaluate the different components of the
equivalent circuits. The potentiodynamic measurements were conducted by scanning the potential of
the WE from –500 to 500 mV at a rate of 20 mV/min
to produce the Tafel plots. These plots were used to
extract the corrosion current (Icorr) using EC-Lab
software by extrapolating the linear portion of the
anodic and the cathodic curves.

2.7. Thermal behavior and UV degradation
The thermal stability of the nanocomposite coatings
was evaluated using thermal gravimetric analysis
(TGA) (TA instruments, Q500, Ontario, Canada) in
the temperature range 25–800 °C, while the glass
transition temperature was observed using differential scanning calorimetry (DSC) (TA instruments,
Q2000, Ontario, Canada) in the temperature range
25–200 °C at 10 °C/min heating rate.
The Resistance of the prepared Epoxy and E/G coatings to UV degradation was assessed using an accelerated weathering tester (QUV, Q-LAB, Florida,
USA) according to ASTM-D4587 standard. Testing
specimens were continuously exposed to repeated
UV cycle at 60±2.5 °C for 8 hours, followed by a condensation cycle at 50±2.5 °C for 4 hours over 30 days
followed by SEM examination of the surface morphology of the epoxy and E/G coatings.
2.8. Flexibility and impact resistance
Two different types of tests were carried out to illustrate the influences of graphene loading on the room
temperature flexibility and impact resistance of the
coatings. In the bending test, the coated substrate was

bent over a conical shaped mandrel (MN-301003,
Paul N. Gardner Company Inc., Florida, USA) with
a diameter ranges from 3.1 to 38 mm to assess the
flexibility of the coatings. The test was repeated three
times and the mean diameter at which the coatings
cracked were reported.
Impact resistance was performed to evaluate the resistance of the prepared coatings to rapid deformation by a falling weight. The test was conducted
using a universal impact tester (IM-172RF, Paul N.
Gardner Company Inc., Florida, USA) with combined 0.5 inch ball and 2 lb weight indenter according to ASTM D2794 standard. The combined weight
and indenter were raised 1 inch in the testing tube
and released to drop on the coated substrate and the
falling weight test was repeated with 1 inch increments in height until a crack in the coating was observed. The height at which the coating cracks was
recorded and the test was repeated slightly above,
slightly below and at the recorded height five times
each according to the ASTM standard. The elevation
at which the coating cracks in all five trials is reported as the impact resistance limit of the coating to
rapid deformation.

3. Results and discussion
3.1. Characterization of the E/G composites
The dispersion of graphene in the polymeric matrix
for E/G0.1 and E/G0.5 composites was examined using
SEM and TEM as shown in Figure 2. The TEM images, clearly illustrate the influence of graphene loading on the degree of dispersion, where graphene is
well dispersed as indicated by thin sheets in the E/G0.1
coating, while thick stack of graphene sheets were
observed in E/G0.5 coating. SEM images, depicts wide
degrees of dispersion in both E/G0.1 and E/G0.5 composites.
FTIR was utilized to characterize both epoxy and
E/G composites as depicted in Figure 3. Different
characteristic peaks are identified, such as the peaks
at 1508 and 1609 cm–1 (C–C skeletal stretching),
915 cm–1 (epoxide ring) and 3380 cm–1 (–OH stretching), which confirms the curing of the epoxy resin.
Comparing the epoxy spectrum to the E/G composite spectra revealed that there were no clear dissimilar absorption peaks indicating no chemical linkages
between graphene and the epoxy function groups.
Epoxy and E/G composites were also characterized
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Figure 2. SEM and TEM images for graphene dispersion in (a) E/G0.5 and (b) E/G0.1

using XRD and the diffraction spectrum are depicted
in Figure 4. All XRD patterns show broadly amorphous peak appearing around 2θ value between 10
and 30°, which ascribed to the homogeneously amorphous of epoxy. Moreover, the observed XRD patterns indicate that the degree of crystallinity of epoxy
is retained after incorporation of graphene.

Figure 3. FTIR spectra of neat epoxy and E/G composites

Figure 4. XRD patterns of neat epoxy and E/G composites

3.2. Adhesion test
Interface adhesion between the metal substrate and
the coating is a significant property that needs to be
examined before the coating can be considered protective. Poor interface adhesion may result in the formation of voids between the metal substrate and the
coating, where corrosive agents may accumulate and
accelerate the corrosion process. Therefore, decent
interface adhesion is always desired. The adhesion
of E/G coatings to the SS304 substrates were examined and evaluated according to ASTM D3359 adhesion tape standard test. The test was performed on
E/G0.1 and E/G0.5 coatings before and after 60 days
of exposure to the 3.5 wt% NaCl solution. The post
adhesion test results are presented in Figure 5, where
no peelings were observed in any of the coatings and
all coatings received 5B rating (0% peeling) according to the ASTM standard.
Moreover, it was interesting to observe the shortcoming of increasing the load of graphene beyond
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Figure 5. SEM images of post-adhesion tests of (1) E/G0.1 and (2) E/G0.5 coated SS304 substrates (a) before and (b) after
60 days of exposure to the corrosive medium

Figure 6. SEM image of (a) post-adhesion test and (b) cross section view of E/G1 coated SS304 substrate

the percolation loading. The disadvantage of increasing the graphene loading is clearly depicted in Figure 6a, where poor interface adhesion between the
E/G1 coating and SS304 substrate was observed and
the coating receives 0B rate (more than 65% peeling)
according to the ASTM standard. The observed undesirable influence of the load of graphene on the interface adhesion can be attributed to accumulation
of graphene at the interface, which attenuates the
contact area between epoxy resin and SS304 substrate as depicted in Figure 6b, where clear gaps can
be observed between E/G1 and the SS304 substrate.

3.3. Weight loss
Weight loss measurements for coated/uncoated SS304
substrate were reported after 60 days of immersion
in the 3.5 wt% NaCl solution at 25 °C. These measurements were used to calculate the corrosion rate
(Rcorr) and the protection efficiency (PEF) of the different coatings using Equtions (1) and (2):
Rcorr =

W0 - W
A$t

R
PEF !%$ = U1 - Rcorr
% Z $ 100
corr
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Table 1. Weight loss measurements for bare SS304, epoxy,
E/G0.1 and E/G0.5 coated SS304 in a 3.5 wt% NaCl
solution
Sample
SS304
Epoxy
E/G0.1
E/G0.5

W0
[mg]
93.1
107.0
115.9
122.9

W
Rcorr
Rcorr, STD
[mg] [mg·cm–2·d–1] [mg·cm–2·d–1]
66.9
0.440
0.009
101.6
0.090
0.011
113.5
0.040
0.008
122.0
0.015
0.005

PEF
[%]
–
79.5
90.9
96.6

where A is the exposed surface area (1 cm2), W0 and
W are the weight [mg] before and after exposure, respectively, t is the immersion time (60 days), Rcorr
and R°corr are the corrosion rate of coated and bare
SS304 substrates, respectively. Furthermore, standard deviation of Rcorr (Rcorr, STD) was computed and
reported in Table 1 using triplicate weight loss measurements for each sample.
The data reported in Table 1 illustrate that coating
SS304 with epoxy may prolong the life cycle of the
metal substrate as indicated by the decrease in the corrosion rate. Furthermore, the results demonstrate that
the corrosion rate is attenuated and the protection efficiency of epoxy is enhanced by the incorporation of
graphene. Moreover, the low values of Rcorr, STD
demonstrate the excellent reproducibility of the results.

3.4. Electrochemical impedance
measurements
EIS is a widely used technique to investigate electrochemical activity on metal substrates. Here, EIS is
utilized to examine the corrosion behavior of bare
and coated SS304 substrates. In EIS, an alternating
current (AC) is forced through a circuit that may contain insulators, resistors and capacitors or combinations of items resulting in a complex output resistance
known as impedance. In corrosion studies, the AC is
fed to the system over a range of frequency and the
complex output at different frequencies are reported
as the impedance of the WE. Furthermore, impedance
can be modelled using an equivalent circuit that contain a specific combination of different elements such
as resistors and capacitors.
The impedance behavior of bare and coated SS304
substrates is measured in temperature controlled
3.5 wt% NaCl electrolyte using the EC-Lab software
after allowing the potential of the WE to stabilize for
30 min. The EC-Lab software was also used to model

Figure 7. Equivalent circuits used to model the electrochemical impedance data

and fit the raw impedance data using equivalent circuits with specific combinations as shown in Figure 7. In the equivalent circuits, Rs and Rch represent
electrolyte and charge transfer resistances, respectively, while C is a double layer capacitor. The magnitudes of the various elements in the equivalent circuit and the frequency of the AC signal (ω) were
utilized to fit raw impedance data using Equation (3):
Z = Z l + jZ m =
2 $C$~
Rch
Rch
+
= Rs
j
2
2
1 + R Rch $ C $ ~ W
1 + R Rch $ C $ ~ W

(3)

Figure 8, depicts Nyquist plots for bare and coated
SS304 substrate, where real and imaginary parts of
the impedance are presented. The Nyquist plot clearly represents the corrosion protection by the epoxy
coating as demonstrated by the increase in the size
of the impedance semi-circleindicating annenhancementt in corrosion mitigation and slower corrosion
rate for the epoxy coated sample compared to the
bare SS304. Nevertheless, this corrosion protection
enhancement is further improved by incorporating
graphene in the epoxy matrix, where the real resistivity value at the high frequency end has increased

Figure 8. Nyquist plots for bare SS304 (inset), epoxy, E/G0.1
and E/G0.5 coated SS304 substrates
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from 1.0·106 Ω·cm2 for the epoxy coated sample to
3.8·106 Ω·cm2 for E/G0.1 coated sample and
7.8·106 Ω·cm2 for E/G0.5 coated sample.
In addition to the qualitative analysis, the computed
values of the different elements of the equivalent circuits shown in Figure 7 can be used to evaluate the
corrosion protection properties of the different coatings. It should be noted that the unique combinations
of elements in the presented circuits resulted in the
best fitting of raw impedance data. Table 2, represents the values of the various elements in the equivalent circuits and the repeatability of triplicate measurements is illustrated by the small values of Rch, STD.
The results clearly illustrate the ability of the epoxy
coating to protect the SS304 substrate from corroTable 2. Electrochemical corrosion parameters obtained
from equivalent circuit for EIS raw measurements
for bare SS304, epoxy, E/G0.1 and E/G0.5 coated
SS304 in 3.5 wt% NaCl solution
Sample
SS304
Epoxy
E/G0.1
E/G0.5

RS
[Ω·cm2]
18.5
18.0
18.2
18.1

C
[F]
8.5·10–6
1.4·10–10
3.9·10–11
3.9·10–11

Rch
[Ω·cm2]
450.5
8.7·105
3.63·106
7.55·106

Rch, STD
[Ω·cm2]
10
190
380
260

sion as indicated by the increase in the charge transfer resistance. Moreover, the results illustrate the advantages of incorporating graphene as implied by the
significant increase in the charge transfer resistance
for E/G0.1 and E/G0.5.
Bode plots are another representation of the corrosion protection ability of the coating. Figure 9a, depicts the Bode plots, where the real part of impedance
(Zreal) is plotted versus frequency, while Figure 9b
depicts the phase plots. Corrosion resistance can also
be represented by the Zreal values at the lowest recorded frequencies. From Figure 9a, logZreal at the lowest
frequencies for bare, epoxy, E/G0.1 and E/G0.5 coated
SS304 are 2.7, 6.0, 6.6 and 6.9 Ω·cm2, respectively.
EIS results illustrate that epoxy coatings may mitigate the corrosion process on SS304 substrate and
prolong the life cycle of the metal. However, the incorporation of graphene would further enhance such
a protection characteristic of the epoxy and the degree of enhancement depends on graphene loading.
This variation in protection efficiencies can be attributed to the noble barrier property of graphene
[16], which attenuate the corrosion rate by prolonging the tortuosity pathway for the corrosive agents
to reach the SS304 substrate.

Figure 9. (a) Bode and (b) phase plots for bare SS304, epoxy, E/G0.1 and E/G0.5 coated SS304 substrates
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3.5. Potentiodynamic measurements
Cyclic Voltammetry is a widely utilized technique to
characterize electrochemical behavior of metal substrates and coatings. In this study, a three-electrode
configuration was used to conduct cyclic voltammetry tests on bare and coated SS304 substrates. The
raw data were recorded using the EC-Lab software
and all measurements were obtained in 3.5 wt% NaCl
solution at 25 °C. Furthermore, the potential of the
testing sample was allowed to stabilize for 30 min
before conducting any experiment. Even though the
potential of the working electrode was scanned from
–500 to 500 mV, only the areas where the electrode
shifted from the anodic to cathodic behavior, which
is known as the Tafel plots, were presented as shown
in Figure 10. Important parameters such as Ecorr and
Icorr were extracted from the Tafel plots. Furthermore,
the extracted Ecorr and Icorr from triplicates measurement for each sample were utilized to demonstrate
the reproducibility of the results by analysis of the
standard deviation of Ecorr (Ecorr, STD) and Icorr
(Icorr, STD), which are reported in Table 3.
These extracted parameters can be used to compute
the polarization resistances (Rp) of the protective
coatings using Equation (4), which is known as the
Stern-Geary equation:

Figure 10. Tafel plots for bare SS304, epoxy, E/G0.1 and
E/G0.5 coated SS304 substrates

Rp =

ba $ bc
$I
2.303 R ba + bc W corr

(4)

where ba/bc are the anodic/cathodic Tafel slops
(dE/dlogI), respectively, and extrapolating the linear
portion of these curves determines Icorr at the intersection. Finally, Icorr values can be used to evaluate
the protection efficiencies of the different coatings
using Equation (5):
I
PEF !%$ = U1 - Icorr
% Z $ 100
corr

(5)

where I°corr and Icorr are corrosion currents of bare and
coated SS304, respectively. The variations in corrosion and computed parameters (Ecorr, Icorr, Rp), which
are reported in Table 3 may explain the influences of
the various protective coatings on the electrochemical behavior of the SS304 substrate. In general, a positive shift in Ecorr, Rp and PEF plus a drop in Icorr, represents an enhancement in corrosion mitigation.
The abilities of E/G coatings in mitigating corrosion
on SS304 substrates were confirmed by the results
presented in Figure 10 and Table 3. These results
demonstrate that the corrosion protection performance of epoxy coatings can be significantly enhanced
by the incorporation of graphene as illustrated by the
positive shifts in the Ecorr, Rp and PEF and the attenuation of the Icorr. Furthermore, it was interesting to
observe that the level of enhancement in PEF of E/G
can be positively influenced by increasing the
graphene loading as illustrated in Figure 10 and
Table 3, which is in agreement with the results obtained from the gravimetric method. This enhancement in corrosion mitigation properties of E/G coatings can again be attributed to the barrier property
of graphene, which prolong the pathway that corrosive agents follow to reach the metal substrate.

3.6. Thermal behavior and UV degradation
The incorporation of graphene in polymeric matrix
has influenced the thermal stability of the resin. This

Table 3. Electrochemical corrosion parameters obtained from cyclic voltammetry measurements for bare SS304, epoxy,
E/G0.1 and E/G0.5 coated SS304 in a 3.5 wt% NaCl solution
Sample
SS304
Epoxy
E/G0.1
E/G0.5

Ecorr
[mV vs Ag/AgCl]
–113.5
–69.4
–65.0
–27.7

Ecorr, STD
[V vs Ag/AgCl]
0.009
0.060
0.010
0.007

Icorr
[µA/cm2]
2.40
0.46
0.06
8.7·10–3
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Icorr, STD
[µA/cm2]
0.002
0.010
0.009
0.005

ba

bc

48.2
87.0
82.3
61.4

55.3
88.2
74.0
54.5

RP
[Ω·cm2]
4.6
41.3
282.0
1441.0

PEF
[%]
–
80.8
97.5
99.6
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Figure 11. DSC thermograms of epoxy and E/G coatings.
The three arrow on each curve represent, from
left to right, the onset, mid, and end point of the
Tg transition.

can be observed as an upward shift in the glass transition temperature (Tg) as depicted in Figure 11. The
increase in Tg has been reported for other graphene
polymer nanocomposites and is attributed to the
strong interface between the filler and polymer matrix, which restricts the polymer chains’ mobility [23].
Moreover, incorporation of graphene increases the
thermal stability of the epoxy composite as observed
by the increase in onset degradation temperature
(Tonset), which is the temperature where 5% weight
loss is observed as depicted in Figure 12, inset has
increased from 352.8°C for the neat epoxy to 358.5
and 358.8°C for E/G0.1 and E/G0.5, respectively, confirming the strong interactions between graphene
and epoxy polymer possibility through the amine
groups on the polymer chains and the epoxy/hydroxyl groups on the reduced graphene surface.

Epoxy polymers are known to degrade when exposed
to UV radiation [24]. Therefore, the surface morphology of the prepared coatings were observed after
30 days of exposure to UV and condensation cycles
using SEM and results are depicted in Figure 13.
Sever damages can be observed on the epoxy surface,
where the damages were manifested in forms of
micro-cracks and pits as illustrated in Figure 13a.
Surface cracking was also observed on E/G0.1 coating
as depicted in Figure 13b; however, no evidence of
pitting was observed. The capacity of graphene in enhancing the durability of the epoxy coating is well
illustrated in Figure 13c, where increasing the load
of graphene to 0.5%, E/G0.5, leads to prevention of
pitting as well as significant reduction in the number
of observed micro-cracks due to the enhanced UV
stability induced by graphene [25].

3.7. Flexibility and impact resistance
Mechanical properties such as elasticity and impact
resistance in addition to adhesion and corrosion mitigation are important characteristics of polymer coatings. The bending and the impact resistance tests were
conducted on epoxy and E/G composites coatings in
order to evaluate the impact of graphene on the flexibility and impact resistance. Figure 14 shows the
bending and impact resistance results for different
coatings, where the main bending diameters and the
elevations at which the coating fails for five times
are reported. These results illustrate that incorporation of graphene reduces the flexibility of the epoxy
coating and the degree of reduction increases with
graphene loading, which is attributed to the increase
in stiffness. In contrast, the addition of graphene enhances the impact resistance of epoxy and here too,
the degree of enhancement is proportional to the
graphene loading. The observed effects of graphene
on the bending and the impact resistance are attributed to the increase in stiffness and toughness of the
epoxy composite with graphene loading, which was
also reported [26–29], which enhances the resistance
to sudden deformation and reduces the elasticity of
the epoxy coating.

4. Conclusions

Figure 12. TGA thermograms of epoxy and E/G composites

Epoxy/graphene composites were prepared using
situ prepolymerization approach, spin coated and thermally cured on SS304 substrates. We demonstrated
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Figure 13. SEM images of post-UV degradation tests of (a) epoxy (b) E/G0.1 and (c) E/G0.5 coated SS304 substrates after
30 days of exposure to UV and condensation cycles

Figure 14. Bending and impact resistance test results for
epoxy, E/G0.1 and E/G0.5 coatings on SS304.

that the corrosion protection ability of the epoxy is
significantly enhanced by incorporation of graphene
due to the barrier property of graphene, which shields
the corrosive agents from reaching the SS304 substrate. Morover, incorporation of graphene enhances
the mechanical properties and impact the thermal
properties as well as the adhesion of the epoxy composite to the SS304 substrate. Graphene loading and
the degree of dispersion have significant impact on
the thermal, and mechanical properties as well as adhesion to the SS304 substrate, the corrosion protection characeteristics and UV stability. Indeed, it is
interesting to observe that increasing graphene loading in the epoxy matrix beyond an optimum loading
of 0.5 wt% may attenuate the interface adhesion between coating and the SS304 substrate due to aggre-
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gation of graphene and reduction of the interface
area.
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