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This study provides an enhanced corrosion resistance of epoxy resin (EP) by embedding fluorinated
graphene (FG) into the epoxy matrix. FG with different fluorine contents was obtained by reacting
nitrogen trifluoride (NFs) gas with GO and then incorporated into the EP matrix to fabricate the different

composites. Through a series of characterization methods, the chemical composition and

microstructures of FG were systematically analyzed, and its corrosion resistance was also studied.
Results revealed that F atoms were bonded to the GO surface to form C-F covalent bonds, and an FG
lamellar thickness less than 2 nm. The contact angle of the coatings increased with the incorporation of

Received 9th March 2021 FG, and the coating resistance of FG2/EP coating was 3 orders of magnitude more than that of the EP
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coating after immersion for 4080 h. Thus, the incorporation of FG into epoxy matrix significantly

DOI 10.1039/d1ra01870a enhanced its hydrophobic properties and barrier performance, which was beneficial to improving the
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1. Introduction

Fluorinated graphene (FG) is a novel graphene derivative
material. It is either partially fluorinated or completely fluori-
nated, and the fluorine atoms are supported on the surface of
the graphene to form a C-F covalent bond with the structural
transformation of C-C bonds from sp* to sp>.'® FG has attrac-
ted growing attention due to its unique nanostructure and
carbon fluorine bond. Some of its advantages are large surface
area, wide band gap, high stability, low surface energy and
hydrophobicity, in addition to its graphene-like two-
dimensional lamellar structure.*” These advantages set FG
apart for application as a new type of carbon material in thin
high performance dielectric materials,*** thermoelectric
devices,*" lubrication,”™ nano-composite materials,’®” and
even stem cell substrates.’® Despite all the successes on its
utilization in a wide range of industrial applications, scanty
reports exist on its research in the field of anticorrosion, espe-
cially organic coatings. This is therefore the motivation of this
study.
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long-term corrosion resistance of the coating.

Epoxy resins are one of the most widely applied materials in
anticorrosion coatings due to some of the excellent properties
they exhibit, such as chemical resistance, toughness, low
shrinkage on curing, good mechanical properties, corrosion
resistance, and their excellent adhesion to substrates.'®*
However, a pure epoxy resin usually contains holes and/or
defects due to curing shrinkages. These holes become points
of entry for corrosive species such as water, oxygen, and chlo-
ride ions, which ultimately disrupts the protection mechanism
and reduces the corrosion resistance of the material.** For this
reason, pigments are often used in epoxy resin coatings to
enhance the barrier performance and corrosion protective
property.”** Traditional pigments and fillers include red lead,**
chromate, titanium dioxide,>®>" silicon dioxide,**** iron
oxide**** and glass flakes.*® Nevertheless, traditional fillers are
limited in their applications due to their toxicity, environmental
hazards, and poor protection performance, etc.

Compared with traditional fillers, nanomaterials such as
graphene and graphene oxide (GO), have received great atten-
tion from researchers in recent years because of their small size
and large specific surface area, which play great roles in their
barrier effects.*”*® However, micro-galvanic corrosion between
graphene and metal matrixes is a common occurrence when
graphene is used as filler in organic coatings.*® Also, there are
limited research on GO nanosheets as filler materials because of
its poor compatibility with organic coatings which usually
results to severe agglomeration, eventually reducing the corro-
sion resistance of epoxy resins. In order to solve the problem of
dispersion, Stankovich et al. prepared modified GO through

© 2021 The Author(s). Published by the Royal Society of Chemistry
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isocyanate addition, and the obtained product was uniformly
dispersed in polar solvents.”” Ramezanzadeh et al. modified
graphene by using siloxane via sol-gel method, and the ob-
tained composites improved the corrosion protection of epoxy
coatings.” Zheng et al. synthesized a novel GO-poly(urea-
formaldehyde) (GUF) composites by anchoring a prepolymer
of urea-formaldehyde (UF) resin onto GO through in situ poly-
condensation. The GUF composites exhibit superior compati-
bility in epoxy resin, which can significantly improve the long-
term corrosion resistance of epoxy coatings.*” These studies
prove that there are great potentials for improving the corrosion
resistance of the epoxy resin coatings with the addition of the
modified GO.

FG is obtained from graphite or GO modified by fluorination,
which has excellent properties of lubrication, wear reduction and
superhydrophobic. Yang et al. prepared FG coating with excellent
superhydrophobic properties through pressing FG on the epoxy
surfaces.”® Min et al successfully fabricated polyimide/
fluorinated graphene oxide (PI/FGO) nanocomposites by simple
hydrothermal reaction. Wherein, the addition of FG significantly
enhanced the lubrication performance of pure PI, and its friction
coefficient and wear rate were reduced by 33.1% and 80.8%,
respectively.** These findings indicate that FG is an potential
material in the coating field. However, the formation process of
FG leads to a change in the hybrid orbital of graphene from sp* to
sp®, which might be causing FG with different microstructure
under different fluorine contents. The intrinsic diversity in the
surface morphology, composition and microstructure of FG with
different F content may result in quite different compatibility and
stability of the FG in the coating, and then lead to differences in
the corrosion resistance of the FG-modified coatings. Herein, the
difference between the composition and morphological structure
of FG with different fluorine content were systematically studied
in this paper. Simultaneously, the long-term corrosion resistance
and protection mechanism of FG with different fluorine content
modified epoxy coating were explored. The results of this
research would provide a theoretical basis for FG modified
coatings and new strategy to design novel long-term corrosion
resistant coatings.

2. Materials and experimental
methods
2.1 Materials

Natural graphite powder, dimethylbenzene, n-butyl alcohol,
potassium permanganate, sulfuric acid (H,SO,4, =95.0%) and
ethanol were purchased from Sinopharm Chemical Reagent
Co., Ltd (Shanghai, China). The epoxy resin (E-44) and poly-
amide curing agent (PA-651) were purchased from Nantong
Xingchen Synthetic Material Co., Ltd (Nantong, China). The
2024 aluminum alloy plate (4.36 Cu, 1.49 Mg, 0.46 Mn, 0.25 Fe,
0.14 Si and balance Al, in mass%) with a sample size of 50 mm
x 40 mm x 5 mm, was used as the substrate. Before applying
the coating on the substrate, the 2024 Al alloy was abraded with
SiC paper to remove rust, and degreased with ethanol. All other
materials were used without further purification.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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2.2 Synthesis of graphene oxide

Graphite flakes (GF) were oxidized to graphene oxide (GO) by
the improved Hummer's method.***® 1 ¢ of GF was added to
a mixed acid solution containing 90 ml H,SO, and 10 ml H;PO,
in a 500 ml three-neck flask, and maintained below 5 °C while
stirring. 6 g of KMnO, was slowly added to the solution while
maintaining the temperature for 1 h. The mixture was trans-
ferred to an oil bath to maintain a temperature of 50 £ 2 °C for
2 h. And 100 ml of deionized water was added slowly to the flask
and the temperature was raised to 85 °C for 1 h. Add 120 ml
deionized water and 15 ml H,0, (30%) to end the experiment,
and the solution was golden yellow. The suspension obtained
above was washed repeatedly with a mixture of HCI solution and
deionized water, and centrifuged at a speed of 5000 rpm for
10 min. Stop washing when pH reached 7, and the solution was
placed in glass beakers and vacuum dried for 12 h at 85 °C to
obtain GO.

2.3 Synthesis of fluorinated graphene

The preparation process of fluorinated graphene (FG) is shown
in Fig. 1. Firstly, 5 g of GO powder was placed in a reaction
furnace under a flowing nitrogen environment. The reaction
temperature was raised to 120 °C and maintained for 1 h. High
purity nitrogen trifluoride (NF;) gas was passed in, and the
temperature of the reaction furnace was adjusted to 400 °C, with
reaction times of 5 h, 10 h and 15 h. Noteworthy, NF; gas is
decomposed into free fluorine atoms at high temperatures and
these atoms react with GO to generate FG. Finally, the impure
FG powder was repeatedly washed with 10% hydrofluoric acid
solution and deionized water, and then centrifugally filtered to
neutrality and freeze-dried in vacuum to obtained pure FG
powder. The obtained FG prepared at different reaction times
were named FG1, FG2, and FG3 for convenience.

2.4 Preparation of the coatings

2.4.1 Epoxy resin coating. Firstly, 75 g of epoxy resin (EP)
was weighed such that the weight ratio of the EP to solvent was
10: 3, with the solvent comprising of a mixture of dime-
thylbenzene and n-butyl alcohol. The mixture was stirred to
dissolve the EP. Polyamide as curing agent (with EP to poly-
amide weight ratio of 2 : 1) was added to the resin mixture, and
mechanically stirred for 10 min to obtain a uniform mix.
Finally, the mixture was placed in a vacuum chamber at room
temperature for 20 min to remove air bubbles, and then applied
on the surface of pre-treated 2024 aluminum alloy panels by
using a coater to control the thickness of the coatings. The
specimens were subsequently cured in a drying oven at 40 °C for
24 h. The thickness of the dried coating was 100 £+ 10 um.

2.4.2 GO/EP coating and FG/EP coating. The GO and FG
were added separately to the epoxy resin as fillers, and the filler
concentration was 0.3% of the mass of the prepared EP. The
mixtures were stirred by grinding with sand mill at a rotational
speed of 1000 rpm for 120 min at 25 °C to obtain uniform GO/EP
and FG/EP slurries. The GO/EP and FG/EP coatings were
prepared using the same experimental procedures described for
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Fig. 1 The preparation process of fluorinated graphene.

the EP coating. The schematic diagram of the EP, GO/EP and
FG/EP coating preparation process is shown in Fig. 2.

2.5 Characterization and measurement

2.5.1 Characterization. The chemical composition of the
transition from graphite to FG was investigated by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250XI, Thermo
Fisher Scientific, USA). The chemical changes of the functional
groups during the conversion of graphite to FG was studied by
Fourier transform infrared (FT-IR, NICOLET 6700, Thermo,
USA) spectroscopy, while X-ray diffraction (XRD, D§ ADVANCE,
BRUKER, Germany) with Cu-Ka. radiation (A = 1.5406 A) was
used to study the crystal structures. The Raman spectroscopy of
graphite, GO and FG were obtained by Raman spectrometer
(DXR laser, USA). The morphologies of the GO and the three FG
composites, with their fracture surfaces were investigated by
scanning electron microscopy (SEM, S4800, Hitachi, Japan). The
thickness of the GO and the three FG composites were identi-
fied by atomic force microscope (AFM, E-Sweep, Japan), while
the dispersion of pigments was studied by sedimentation test
and cross-sectional microstructure analysis. The static contact
angle of the coatings was tested by contact angle meter
(JC2000D, China) using 3 upL deionized water at room

@® o
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temperature (25 °C). The contact angle of each sample surface
was measured at five different positions, and the mean values
were reported. The dispersion of FG in EP was characterized by
sedimentation test, the FG modified EP mixtures were added in
NEG glass and exposed to collimated incandescent light.

2.5.2 Electrochemical corrosion measurement. The corro-
sion protection properties of the coatings were studied by an
electrochemical workstation (Auto-lab, PGSTAT302, Switzer-
land) in 3.5 wt% NaCl solution in a conventional three-electrode
system. The coated metals were used as the working electrode,
platinum plate was used as the counter electrode, and saturated
calomel electrode (SCE) was used as the reference electrode.
Electrochemical impedance spectroscopy (EIS) measurements
were performed within the frequency range of 100 kHz to 10
mHz using a 20 mV amplitude sinusoidal voltage at the open
circuit potential (OCP), and the obtained EIS results were fitted
by ZsimpWin software.

Scanning Vibrating Electrode Technique (SVET) was used to
test the corrosion resistance of the coatings. The SVET
measurement was carried out in 3.5 wt% NaCl solution by
a VersaSCAN micro scanning electrochemical workstation
(AMETEK, USA). The coating thickness was about 40 pm. The
vertical current density was recorded on a lattice of 41 x 41
points over an area of 3 x 3 mm? (step size 75 um). The size of

. Curing agent
GO modified EP GO/EPsol —— ] GOV/EP coating
Stirred for 10 min Coating by coater
Grinding with sand mill at
1000 rmp for 120 min Cured
EpOXy resin Added graphene
(EP) oxide (GO)
Mixed, stirred [FP with dilution| Curing agent Pre-treated .
Ivent Stirred for 10 min EPsol Al substrat EP coating
solven Coating |Al SUDStrate | ,,¢q
. . Y coater
Dilution Added fluorinated :
solvent graphene (FG)
Grinding with sand mill at
1000 rmp for 120 min Cured
s Curing agent Coating by coater
FG modified EP [——————| FG/EPsol FG/EP coating
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Fig. 2 Schematic diagram of the EP, GO/EP and FG/EP coatings preparation process.
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the probe tip (platinum-iridium) was 10 um and the vibration
amplitude was 30 um with a frequency of 80 Hz. All the tests
were repeated at least three times to ensure the repeatability.

3. Results and discussion
3.1 Characterization of graphite, GO and three FG

The synthesized samples were analyzed by XPS to evaluate their
chemical states and elemental contents. Fig. 3(a) presents the
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survey scan spectra of all the samples, and the C 1s peak and O
1s peak of the GO sample is located at 284.8 eV and 533.05 eV,
respectively. In comparing the scans for GO and graphite,
a significant increase in oxygen atoms was observed, indicating
that the graphite was successfully oxidized. After the reaction
between GO and NF;, there were obvious additions of new
characteristic peaks at 688.5 eV and 833.5, 861.5 eV for the FG
samples. These correspond to F 1s and F Auger.”’
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Fig. 3 Full XPS spectra (a), high resolution C 1s spectra of graphite (b), GO (c), FG1 (d), FG2 (e), and FG3 (f).
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Table 1 XPS surface elemental analysis of graphite, GO and FG

Elemental content (at%)

Sample C1s O1s F1s 0/C (%) F/C (%)
Graphite 95.48 4.52 — 4.73 0

GO 71.05 28.95 — 40.75 0

FG1 69.92 10.37 19.71 14.83 28.19
FG2 67.49 3.49 29.01 5.17 42.98
FG3 50.66 1.06 48.28 2.09 95.30

The high resolution XPS C 1s region spectra of all the
samples are shown in Fig. 3(b-f) while their surface elemental
analyses are presented in Table 1. As shown in Fig. 3(b), the
deconvoluted C 1s peak of graphite showed peak binding
energies of 284.83, 286.24, 288.28, 289.5, and 291.31 eV, corre-
sponding to C-C, C-O, C=0, O-C=0 and m-m* bonds,
respectively. However, after improved Hummer's method, the C
1s spectrum of GO was fitted into five peaks centered at about
284.74, 286.90, 288.30, 289.7, and 292.65 eV, corresponding to
the C-C, C-0, C=0, O-C=0 and m-1* bonds, respectively.*>*
By comparing Fig. 3(b) and (c), with the increase in oxygen
content, the intensity of the C-C peak caused by the sp* carbon
bond in the graphite gradually decreased, while the intensity of
the peaks for the oxygen-containing functional groups (such as
hydroxyl, carboxyl and carbonyl) obviously increased.”® Table 1
reveals that the oxygen content increased by 28.95 at%. After
fluorination reaction, Fig. 3(d) reveals the addition of two bonds
at 288.93 and 292.10 eV, corresponding to C-F and -CF,
bonds.*”* Similarly, Fig. 3(e) displays the deconvoluted C 1s
peak of FG2 showing peak binding energies at 289.68 and
291.67 eV, representing C-F and -CF, bonds. Furthermore, the
deconvoluted C 1s peak of FG3 showed peak binding energies at
290.18 and 292.05 eV, representing C-F and -CF, bonds, as
shown in Fig. 3(f). Comparing the C 1s spectra of GO and the
three FG samples, the oxygen-containing functional groups
gradually depleted, leading to the formation of new bonds
which were subsequently strengthened, indicating that the
depletion was as a result of the reactions between NF; and the
oxygen-containing functional group on the surface of GO. At the
end of the reaction, Table 1 shows that the content of F atom
increased to 48.28 at%.

As shown in Table 1, the atomic ratio of fluorine to carbon (F/
C) quantified by XPS were calculated to be 28.19%, 42.98% and
95.30% for FG1, FG2 and FG3, respectively. The ratio increased
from 0% to 95.30% because NF; was decomposed into free
fluorine atoms and reacted with the oxygen-containing groups.
The results show the successful preparation of FG with different
fluorine contents, achieved by effective control of the reaction
time of the reactants (GO and NFj;). The increasing fluorine to
carbon ratio with reaction time was also a notable observation.

In order to further analyze the formation of the different
types of functional groups in FG. The samples were analyzed by
FT-IR and the results are shown in Fig. 4. From the Fig. 4, the
GO curve exhibited characteristic peaks at 3436, 1733, 1642 and
1051 cm™ ', which are attributed to the stretching vibrations of
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Fig. 4 FT-IR spectra of graphite, GO, FG1, FG2, and FG3.

O-H, C=0 in COOH, C=C and C-O-C in Uron rings, respec-
tively.*>*¢ Compared with graphite, the appearance of the C=0
group in GO proves the loading of oxygen-containing functional
groups on the graphite surface by the improved Hummer's
method. This provides more possibilities for the fluorination
reaction between NF; and graphite in contrast to the direct
reaction. A new peak corresponding to the stretching vibration
of C-F covalent bond at 1225 cm™ ' and asymmetric stretching
vibrations of CF, groups at 1328 cm™ ' appeared after the reac-
tion of GO and NF;.*° The results demonstrate that F atoms were
successfully grafted on the surface of GO by their reactions with
the carboxyl groups. Meanwhile, the functional groups varied
with the different reaction times of NF;, the peak intensity of
the C-F covalent bond became stronger as the content of fluo-
rine increased. The FT-IR results further indicate that FG was
successfully produced by NF; reaction, and these are consistent
with the XPS results.

Raman spectroscopy is commonly used to characterise
variations in the degree of defects in graphene materials.* As
shown in Fig. 5, graphite, GO, FG1 and FG2 samples exhibit
characteristic diffraction peaks at both the D band (1360 cm ™)
and the G band (1580 cm™"). However, there is no obvious D
and G peak in FG3. This may be due to the high fluorine content
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In:l“=(|.‘)
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Fig. 5 Raman spectra of graphite, GO, FG1, and FG2.
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that caused the sp® hybrid orbital change and a highly distorted
graphite lattice.” The G band is due to the sp” of C vibrating in-
plane and the D band represents the defective vibrational band
of the graphene sample. The extent of the defect in the sample
is characterized by the intensity ratio (Ip : Ig) of the D band to
the G band.*** The Iy, : I ratio of GO is 0.9 and higher than that
of graphite at 0.277, due to the presence of oxygen atoms
breaking the order of graphite. However, the I, : I ratio of FG is
higher than that of GO, and it increased with the increase of
fluorine content. This result shows that the presence of fluorine
atoms extremely affects the orderliness of graphite materials.
The effect of the modifications by fluorination on the inter-
layer distance during the preparation of FG was studied by XRD
analysis and the results are presented in Fig. 6. Graphite
exhibited a typical (002) peak at 26.44° with a d-spacing of
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Fig.7 SEM images of GO (al), FG1 (bl), FG2 (c1), and FG3 (d1). AFM images of GO (a2 and a3), FG1 (b2 and b3), FG2 (c2 and c3), and FG3 (d2 and

d3).
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Fig. 8 Visual illustration of sheets dispersed in resin at different times (a) GO/EP, (b) FG1/EP, (c) FG2/EP, and (d) FG3/EP.

0.339 nm. Through the improved Hummer's method, GO peak
value shifted to 10.59° with a corresponding d-spacing of
0.835 nm. The results indicate that abundant oxygen atoms
were inserted into the interlayer space, yielding a completely
oxidized graphite.>

Although having different fluorine contents, the same char-
acteristic peaks of (001), (002) and (100) were observed for all
the FG samples (Fig. 6). By the Bragg equation, the 26 and d-
spacing of FG1, FG2 and FG3 were 13.78°, 13.06° and 12.95°,
and 0.642 nm, 0.677 nm and 0.683 nm, respectively. The novel
peak could be indexed as the (001) reflection in a hexagonal
system particular for compounds exhibiting very high F levels.>
Although, the decrease of the peak intensity at 10.59° indicates
that the crystallites arranged with (001) orientation were
disordered by fluorination under excess fluorine gas, this
phenomenon is caused by chemical reactions between GO and
NF;. Notably, the d-spacing calculated for GO and FG decreased

from 0.835 nm to approximately 0.683 nm. The results further
proves the successful modification of GO, and illustrates the
strong interaction between GO and NF;. The very weak and
broad peak around 26.44° could be assigned to the (002)
reflection, confirming the existence of sp> C in FG and the
sample was poorly ordered. The peak around 41.95° could be
assigned to the (100) reflection associated with the C-C in-plane
length in the reticular system.>

The surface morphology of GO and FG nanosheets dispersed
in ethanol were observed by SEM and AFM. Fig. 7 illustrates the
SEM images showing the morphologies and microstructures of
GO and the three FG samples. Fig. 7(al) reveals that the ex-
pected smooth surface area of the GO sheet is large and
complete, together with obvious wrinkles and overlaps. This
observations are connected to the sp® carbons and formation of
oxygen-containing functional groups in the basal planes, as well

Fig. 9 SEM images of the cross-sectional microstructures of (a) GO/EP, (b) FG1/EP, (c) FG2/EP, and (d) FG3/EP.
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as the various GO structural defects.>>*® Moreover, the thickness
of GO was about 1.398 nm as shown in Fig. 7(a2 and a3).

Fig. 7(b1, c1 and d1) shows that the three FG sheet materials
were obviously loose and uniformly dispersed, and had
different degrees of agglomeration and surface wrinkles
compared with GO. Low surface energy of C-F bond existed on
the surface or between the layers of FG, leading to obvious
overlaps of the FG nanosheets. As the content of fluorine
increased up to 48.28%, the agglomeration of FG resultantly
increased. Meanwhile, Fig. 7(b3, ¢3 and d3) also shows that the
thickness of the three FG nanosheets were 1.428 nm, 1.531 nm,
and 1.807 nm, respectively. These observations are consistent
with those from XPS, FT-IR, and XRD which authenticated the
modification of GO and the formation of FG with different
fluorine contents having two-dimensional structures like GO.
However, due to the different fluorine contents in the FG
samples, there are expected differences between the GO and
GO-modified epoxy coatings. Therefore, the next focus will be
on the effect of different fluorine contents in FG on the
performance of epoxy resin coatings.

3.2 Characterization of FG/EP composites

Sedimentation test and SEM cross-sectional microstructure
analysis were employed to determine the compatibility and
stability of pigments in the epoxy resin solution. This was done
to access the compatibility of the FG sheets in epoxy resin. The
required sample volume in transparent glass vials was 10 ml.
Fig. 8 shows the digital photos of FG powders dispersed in the
epoxy resin solution taken through light transmission. After
sand milling for 120 minutes, the GO and FG fillers were evenly
dispersed in the epoxy resin as shown in Fig. 8. Consequently,
Fig. 8(a) shows observed sedimentation up to 72 h. The bottom
of the sedimentation flask changed from yellow to black in the
GOJEP resin solution, indicating that sedimentation occurred.
For observation up to 3000 h, FG1 and FG2 did not show any
obvious settlement in epoxy resin as shown in Fig. 8(b and c).
The results indicate that FG nanosheets can be uniformly
dispersed and has good compatibility and stability in epoxy
resin. However, Fig. 8(d) shows that FG3 was poorly dispersed in
epoxy resin, with the observation of a slight yellow-brown
precipitate at 1320 h. With the extension of the test time, the
amount of precipitation significantly increased and the color
became darker. On the whole, the compatibility and stability of
FG in epoxy resin is better than that of GO. With increased
degree of fluorination, FG with high fluorine content exhibited
ease of agglomeration and sedimentation in the epoxy resin,
thereby compromising the corrosion protection properties of
the coating.

Fig. 9 presents the cross-sectional microstructure charac-
teristics of GO/EP and the three FG/EP coatings after brittle
fracture. From Fig. 9(a), there were obvious agglomerations and
a large number of cracks in the GO/EP coating, which indicates
that GO was not well dispersed in the EP coating. However, the
cross-sectional microstructure of the FG1/EP coating reveals
a uniform and smooth plane, as shown in Fig. 9(b). No cracks
were found on the coating surface and the surface between EP

© 2021 The Author(s). Published by the Royal Society of Chemistry
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coating and pigment filler. This result signifies that FG1 was
excellently dispersed in the epoxy coating. Similarly, no cracks
were found in the cross-sectional structure of the FG2/EP
coating as displayed in Fig. 9(c). Conversely, the cross-
sectional microstructure of FG3/EP coating showed cracks and
obvious agglomerations of fillers, as shown in Fig. 9(d).
Combining the results of the sedimentation test and the SEM
image of the coating cross-section, it is clear that the compati-
bilities of FG1 and FG2 nanosheets in epoxy resin are better
than those of GO and FG3 nanosheets. These results further
indicates that the better compatibilities of FG1 and FG2 may be
beneficial to their contributions in the long-term corrosion
resistance of the epoxy coatings, while the poor compatibilities
of GO and FG3 may be disadvantageous.

The contact angle of a coating surface is an important index
to evaluate the wettability of the coating.”” Fig. 10 displays the
contact angle (), work of adhesion (WA), and surface free
energy (7vsy) results of EP, GO/EP, and the three FG coatings. The
results for WA and v, were calculated by Young's and Neumann
equations.*®

The contact angle of the epoxy coating was about 76.7°, while
the contact angle of GO/EP and FG/EP coatings were larger than
EP coating owing to the doping of GO and FG with different
fluorine contents. It is worth noting that the contact angle of the
FG/EP coatings (102.88°, 106.45° and 120.2° corresponding to
FG1, FG2, and FG3, respectively) were significantly higher than
that of the GO/EP coating (82.8°). These results indicate that FG
can improve the hydrophobicity of EP coating as it also
exhibited low values of WA and v,. All of these can reduce the
droplets left on the coating surface, reduce the possibility of
wetting, enhance the barrier ability of the coating to liquids,
and indirectly improve the corrosion resistance of the coating.

3.3 Corrosion protection properties of FG/EP coatings

The effect of the addition of GO and FG nanosheets on the
barrier and corrosion protection properties of EP coating was
discussed and compared using OCP and EIS. The samples were
immersed in 3.5 wt% NaCl solution and tested at different
immersion times. As shown in Fig. 11, the OCP values for the
various coatings decreased with immersion time. At the initial
stage of immersion, the OCP values dropped sharply to the
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e SurfW 4100
n- 30

2
T
Ysy (mJ/ mz)
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=
T

o
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T
I
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0
EP GO/EP FGI1/EP FG2/EP FG3/EP

Fig. 10 Plots of the contact angle (d), work of adhesion (WA), and
surface free energy (ys,) of EP, GO/EP, and three FG coatings.
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Fig. 11 OCP values of EP, GO/EP and the three FG/EP coatings after
different immersion durations in 3.5 wt% NaCl solution.

lowest point. The shift of the OCP to negative directions indi-
cates the increased risk of diffusion of water and corrosive
species into the interface between the coating and metal.
However, FG/EP coatings exhibited the more positive OCP
values than EP and GO/EP coatings, indicating that FG nano-
sheets can provide excellent barrier performances in EP coating
and minimize the risk of corrosion compared with the GO/EP
coatings.

According to previous research reports, the impedance
modulus at low frequency (|Z|.01 11.) is an important parameter to
characterize the corrosion resistance of coating.>*** Fig. 12 shows
the |Z|.01 . of EP, GO/EP and FG/EP coatings immersed in
3.5 wt% NacCl solution at different durations. At the initial stage
of immersion, the |Z| 01 u. Of all the samples decreased. The EP
and GO/EP coatings had a |Z|o o1 11, value of 4.96 x 10'° Q cm?
and 7.89 x 10"° Q cm?, respectively. After 240 h immersion, the
|Z|o.01 2 value of the EP coating increased significantly and
fluctuated at about 7.09 x 10" Q cm” to 5.72 x 10® Q cm” at
1920 h immersion. Also, the |Z| o1 1, value for the GO/EP coating
increased from 1.29 x 10° Q cm?® for 240 h immersion and
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Fig. 12 Evolutions of |Z|po1n. Of the EP, GO/EP and three FG/EP
coatings after different immersion duration in 3.5 wt% NaCl solution.
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stabilized at 4.69 x 10° Q cm? for 1920 h immersion. Therefore,
the GO nanosheet has the potential to improve the corrosion
resistance of the EP coating to a certain extent. However, the
|Z]0.01 1z values of the three FG/EP coatings were 2 orders of
magnitude higher than that of the EP coating. The |Z]¢.01 51, value
of FG2/EP coating stabilized at 8.57 x 10’ Q ecm”to 7.27 x 10'°Q
cm? after 4080 h immersion. The values for FG1/EP and FG3/EP
coatings were similarly as stable as that of the FG2/EP coating.
These results further confirm that the FG/EP coatings provide
stronger corrosion protections than the EP and GO/EP coatings,
thus impeding electrolyte diffusion towards the Al substrate.

Fig. 13 illustrates the Bode and Nyquist plots of EP, GO/EP
and the FG/EP coatings immersed in 3.5 wt% NacCl solution
for 0.5 h, 240 h, 960 h, 1920 h, and 4080 h. According to Fig. 13(a
and b), the Bode and Nyquist plots of all the coatings exhibited
one time constants for the early immersion period. The circuit
diagram (model A) for the fitting of experimental data at this
stage is shown in Fig. 14. The diagram suggests that at this stage
the corrosive species penetrated into the coating but did not
reach the coating/metal interface.”® Moreover, the low-
frequency impedance modulus (|Z]o.011,) of all the coating
samples exceeded 7.6 x 10'® Q cm?, except for EP with 4.96 x
10'° Q@ cm?. The exact values were 7.89 x 10'%, 1.06 x 10!, 8.57
x 10*°, and 7.62 x 10'° Q cm?® for GO/EP, FG1/EP, FG2/EP, and
FG3/EP coatings, respectively. The absolute impedance of the
FG1/EP, FG2/EP, and FG3/EP coatings were independent of the
frequency and involved a phase angle approaching 90° within
a frequency range of 10-10° Hz. The three FG/EP coatings
showed higher |Z|y.01 1, values than EP sample. Among of all the
coating samples, only FG2/EP coating attained absolute
impedance close to 80° at a frequency of 0.01 Hz (Fig. 13(a)).
Nonetheless, they all displayed good barrier properties at the
initial immersion period. After immersion for 240 h, the
|Zlo.01 11z Of the EP coating dropped to 7.09 x 10’ Q cm?, whereas
its phase angle approached 80° within a frequency range of 10>~
10° Hz, which was 10° lower than that recorded at 0.01 Hz, as
shown in Fig. 13(c). It can be observed from Fig. 13(d) that a new
low frequency diffusion field appeared around the EP coating,
which led to the inclusion of the Warburg impedance element
(W) to the equivalent circuit (Fig. 14 model C). These results
reveal that the electrolytes penetrated or diffused through the
micro-pores and defects into the EP and GO/EP coatings, and
the diffusion effects of the coating or coating/substrate interface
dominated the corrosion attack at low frequency.®> The same
observation was seen for the plot of the GO/EP coating.
However, the |Z|o.01 i, values for FG1/EP, FG2/EP, and FG3/EP
coatings decreased to 7.91 x 10'°, 7.03 x 10" and 6.15 x 10"°
Q cm?, respectively.

As the immersion time increased to 960 h, the [Z|o.01 1z
values and phase angle exhibited an upward trend (Fig. 13e and
f). At this stage, corrosion products were formed due to the
increased diffusion of the electrolytes within the coating and/or
the coating/substrate interface, and the accumulation of the
corrosion products blocked the holes and defects. For GO/EP
coating, corrosion-induced acceleration of charge transfer
resistance occurred at the interface between the metal substrate
and the coating (Fig. 13e and f), especially with the second time

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Impedance plots of EP and three FG/EP coatings immersed in 3.5 wt% NaCl solution for (a and b) 0.5 h, (c and d) 240 h, (e and f) 960 h, (g

and h) 1920 h, and (i and j) 4080 h.

constant at the low-frequency phase becoming obvious, so the
model B equivalent circuit in Fig. 14 was still applied. After
immersion for 1920 h (Fig. 13g and h), the |Z|, 01 1, values of the

© 2021 The Author(s). Published by the Royal Society of Chemistry

three FG/EP coatings were significantly higher than that of EP
and GO/EP coatings. FG2/EP coating had the highest value (7.76
x 10" Q cm?) of all the coatings, which is more than one order
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Fig.14 The equivalent electrical circuits used for the fitting of EIS data.

and two orders of magnitude to that of the GO/EP and EP
coatings, respectively. As the immersion time increased to
4080 h, Fig. 13(i and j) reveals that the results of the three FG/EP
coatings remained relatively unchanged. In general, the FG
nanosheets obviously enhanced the corrosion protection
performance of the EP coating. Notably, the FG2/EP coating
provided the best corrosion protection compared to the other
FG/EP coatings.

The equivalent electrical circuits in Fig. 14 were used to fit
the EIS data.®*®® From the Fig. 14, model A is composed of
solution resistance (R;), coating capacitance (Q.), and coating
resistance (R ). In addition to the aforementioned parameters,
model B and C have the double layer capacitance (Qq), the
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charge transfer resistance (R.), and the Warburg impedance
element (W). The Nyquist plots of all the samples at the initial
immersion exhibited a purely capacitive loop (Fig. 13(b)). Thus,
model A was used to fit the process. As the immersion time
progressed, the corrosive species penetrated the EP, GO/EP,
FG1/EP and FG3/EP coatings into the coating/substrate inter-
face, and the processes were fitted with equivalent circuit model
B or C, as were required.

In order to further understand the barrier effect of GO and
FG nanosheets in epoxy resin, the fitting circuits parameters
R., R, and Q. were separately discussed.®* Generally, R. is
used to represent the barrier and shielding effect of coatings
on corrosive media. R. decreasing with immersion time was
due to the penetration of corrosive species through the coating
micropores or defects. Fig. 15(a) displays the R, values of EP,
GO/EP, and the three FG/EP coating samples at different
immersion times. The R, value of the EP coating sharply
decreased from 4.58 x 10"° Q em” to 5.70 x 10’ Q cm” within
240 h immersion. After 240 h immersion, the value increased
slightly and finally stabilized at 1.66 x 10® Q em? after 1920 h.
Similarly, the R, value of the GO/EP coating sharply decreased
from 3.06 x 10" Q em® to 1.13 x 10° Q cm? within 240 h
immersion. This may be due to the poor dispersion of GO in
the epoxy matrix and the formation of cracks in the EP coating
as shown in Fig. 9(a), and thus sharply decreasing the coating
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Fig. 15 Plots of the coating resistance R. (a), charge transfer resistances R (b), and coating capacitance Q. (c), as functions of the immersion
time for EP, GO/EP and the three FG/EP coatings after different immersion durations in 3.5 wt% NaCl solution.
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resistance. After 240 h immersion, the R, value increased
slightly, due to the formation of corrosion products and the
slow diffusion effects, and finally stabilizing at 1.68 x 10% Q
cm? after 1920 h. As the fluorine content increased, the R.
value of the FG/EP coating increased and then decreased.
When the fluorine content in FG was 29.01%, FG2/EP coating
had the largest R, value, and the barrier effect of the coating
was prominent within 4080 h immersion. The R. values of
FG1/EP coating decreased from 3.13 x 10" Q cm?® to
3.43 x 10® Q cm” while that of FG3/EP coating decreased from
4.02 x 10" Q em?® to 3.54 x 10”7 Q cm?® within 552 h immer-
sion. After 552 h immersion, the R, value fluctuated between
3.09 x 10® Q cm? and 2.60 x 107 Q cm?. In addition, the R.
value of FG2/EP coating decreased from 5.8 x 10" Q cm” to
2.76 x 10" Q cm? after 4080 h immersion. The results imply
that the FG2/EP coating exhibited an excellent physical barrier
effect and restrained the penetration of corrosive species,
which was as a result of its high compatibility in epoxy resin,
as well as its hydrophobicity (Fig. 9(c) and 10).

R, is usually measured at the interface between the coating
and metal substrate, which is related to the degree of electron
transfer across the metal surface, and it is inversely propor-
tional to the corrosion rate of the metal.®>* This means that the
larger the R value, the more difficult it is for the metal to
corrode, and vice versa. Fig. 15(b) shows the variation of R
value with the immersion time for EP, GO/EP, and the three FG/
EP coatings. The R value of the EP coating dramatically
decreased from 3.44 x 10"° Q cm? to 8.47 x 10° Q ecm? within
240 h immersion. This was the least R.; value recorded for this
study. After 240 h immersion, the R, value increased slightly
and finally stabilized at 8.68 x 10” Q cm? for 1920 h immersion.
Likewise, The R, value of the GO/EP coating considerably
decreased from 3.40 x 10'° Q cm® to 4.40 x 10° Q cm® within
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240 h of immersion, and the value increased slightly with
increase in immersion time before stabilizing at 3.80 x 10° Q
cm? for the 1920 h immersion. However, the R, values of FG1/
EP and FG3/EP coatings did not emerge until 552 h immersion.
The values of the coatings gradually increased from 6.83 x 10*°
to 2.68 x 10'" Q ecm? and 4.25 x 10" to 8.42 x 10" Q cm?
within 4080 h immersion. This was due to the hydrophobic
properties of the FG/EP coatings, which is better than those of
the EP and GO/EP coatings as shown in Fig. 10. It is therefore
became difficult for the electrolytes to penetrate the FG/EP
coatings and diffuse to the coating/substrate interface within
552 h immersion, thereby accounting for the absence of R.. As
the immersion time progressed, the corrosion tendency of FG1/
EP and FG3/EP coatings began to emerge, and the internal
defects of the coating began to dominate the corrosion process.
Notably, the R.; of the FG2/EP coating did not emerge within
4080 h immersion. The electrolytes could not permeate through
the coating because of its excellent hydrophobic performance
and the homogeneous nature of FG2 in EP matrix.

The Q. value is generally considered an important parameter
in the determination of water absorption and water resistance
of coatings.®* Water absorption of organic coatings reveals their
protective properties as water on coating/metal interface may
cause loss of adhesion and blistering. Fig. 15(c) shows the Q.
values of EP, GO/EP, and the three FG/EP coatings at different
immersion times. These Q. curves can be roughly divided into
two stages, one is the water absorption and accumulation in the
coatings caused by the penetration of the solution into the
coatings at early immersion, while the second stage is the
saturation state of the water absorption in the coatings.® The Q.
value of the EP coating increased from 2.59 x 10 '° to 3.78 x
10 '° F em ™2 within 240 h immersion. After 240 h immersion,
the Q. value slightly decreased and stabilized at 3.70 x 10 '° F

Corrosion products

and blisters

(@)

Corrosion products

Fig. 16 Digital photographs taken at the end of the electrochemical impedance test showing corrosion effects on (a) EP, (b) GO/EP, (c) FG1/EP,

(d) FG2/EP, and (e) FG3/EP coatings immersed in 3.5 wt% NaCl solution.
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Fig. 17 SVET maps of the current density for the defected surface of (a) EP, (b) GO/EP, (c) FG1/EP, (d) FG2/EP, and (e) FG3/EP coatings after
different immersion durations in 3.5 wt% NaCl solution.

em ™ for 1920 h immersion. Meanwhile, the Q. value of GO/EP  at 2.62 x 10 '° F cm™? corresponding to the immersion at
coating increased from 1.28 x 107'% to 2.59 x 107'° F em™> 1920 h. However, the Q. values of the three FG/EP coatings had
within 240 h. After immersion for 240 h, the Q. value stabilized much lower values than those of the EP and GO/EP coatings,
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indicating that FG/EP adsorbed less water or exhibited excellent
water resistance. Notably, the Q. value of FG2/EP increased from
3.27 x 10" t0 4.25 x 10~ " F em™? within 4080 h immersion.
This is because the low surface energy of FG possibly endowed
the FG/EP coating with hydrophobic characteristics, hence
reducing the possibility of solution penetration, and inhibiting
the transport of corrosive species into the EP coating, thus
effectively preventing the metal from corrosion. The results
further prove that the 29.01% FG nanosheets provided the best
corrosion performance.

After the electrochemical impedance test, all the coating
samples were photographed to estimate corrosion impacts on
them, and the images are presented in Fig. 16. After 1920 h
immersion, many corrosion products and blisters appeared on
the EP coating (Fig. 16(a)). Simultaneously, some corrosion
pittings were observed on the GO/EP coating (Fig. 16(b)).
Comparatively, slight localized corrosion and blisters were
observed on the FG1/EP and FG3/EP coatings after immersion
for 4080 h as shown in Fig. 16(c and e). In contrast, Fig. 16(d)
indicated that the FG2/EP coating surface showed no obvious
corrosion effect. The results indicate that the FG nanosheets
significantly improved the corrosion resistance of EP coating.
Meanwhile, the FG2/EP coating with a fluorine content of
29.01% exhibited a long-term corrosion resistance effect due to
its excellent hydrophobic characteristics and physical barrier
performance in epoxy resin.

SVET was used to measure the potential signal changes
around the coating surface (3 x 3 mm? areas), and the signals
were converted to current density by applying Ohm's law.*® The
current density was used to evaluate the local electrochemical
corrosion degree of the metal substrate under the coating.
Fig. 17 shows the current density distribution maps of coated Al
alloys immersed in a 3.5 wt% NaCl solution. Usually, high
anodic current densities are displayed in red, while low anodic
current densities are displayed in blue.

It is obvious that the EP coating (Fig. 17(a)) exhibited the
largest red portion. This translated to its very high anodic
current density which was 0.575 mA cm ™2 after 1 h immersion,
and it decreased to 0.427 mA cm ™ after 12 h immersion. This
may be explained by the penetration of corrosive species (in this
case, chloride and oxygen) from the test solution (3.5 wt% NaCl
solution) through the coating and reaching the metal surface,
reacting with the surface to form corrosion products, which is
expected to block the micropores and defects, and obstructing
further transport of corrosive species to the metal surface.
Ultimately, this would decrease the corrosion current density
and reduce the rate of corrosion. For this reason, there was no
obvious difference between the maps of EP coating immersed
for 12 h to that immersed for 24 h. Fig. 17(b) shows that the
corrosion current density of the GO/EP coating was lower than
that of the EP coating. It reached 0.408 mA cm > after 1 h
immersion, and slightly decreased to 0.399 mA cm™ > when the
immersion time increased to 12 h. The results signify that the
GO/EP coating was slightly corroded with few buildups of
corrosion products on the surface as the GO nanosheets delayed
the infiltration process of the corrosive species. Compared with
the EP coating, the FG/EP coatings exhibited excellent corrosion

© 2021 The Author(s). Published by the Royal Society of Chemistry
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resistances, with the FG2/EP coating having the highest value as
shown in Fig. 17(c, d and e). At the initial immersion stage, the
corrosion current densities of FG1/EP, FG2/EP and FG3/EP were
0.241, 0.223 and 0.427 mA cm™ 2, respectively. The values after
24 h immersion were 0.251, 0.223 and 0.408 mA cm 2, respec-
tively. The experimental results showed that FG/EP exhibited
better corrosion resistance than EP and GO/EP coatings. The
results further illustrates that the barrier effect of FG was better
than that of GO in the EP coating. However, excessive fluori-
nation reduced the corrosion protection of FG/EP, which is
attributed to the poor dispersion of FG3 leading to the forma-
tion of cracks in the EP coating. The SVET results generally
reflect the same observations with the EIS measurements.

3.4 Protection mechanism of coatings

Based on the above results, the protection mechanism diagrams
of the different coatings are proposed and presented in Fig. 18.
The EP coating being hydrophilic in nature has a great ease to
form micropores during its curing process. It is therefore more
likely to allow the penetration of oxygen, water molecules, and
ionic species through it and onto the coating/substrate inter-
face, increasing the risk of metal corrosion and compromising
the long-term protection of the metal. The GO/EP coating has
a more improved corrosion protection compared to the EP
coating. This is due to the observed “maze” effect of GO nano-
sheet structures in the epoxy matrix, slowing down the rapid
penetration of oxygen, water molecules and ionic species to
considerable extents. With extended immersion time, the GO/
EP coating proved unreliable in the corrosion protection of
the substrate. However, the FG/EP coatings exhibited the best
prospects for long-term corrosion resistance compared with the
EP and GO/EP coatings. Notably, the FG2/EP coating manifested
the most excellent long-term corrosion resistance performance
compared with the other FG/EP coatings. The enhancement of
corrosion protection performance can be attributed to the
following factors: (1) FG2 had a tremendous dispersivity and an
exceptional compatibility in the epoxy matrix, which greatly
reduced the micropores and/or defects in the EP coating, thus
improving its integrity. (2) The low surface energy of FG
improved the hydrophobicity of the FG/EP coating, which pre-
vented the transportation of the corrosion medium through the
coating and to the metal surface, thereby reducing the possi-
bility of substrate corrosion. (3) The lamellar structure of FG can
further impede the penetration of corrosive species through the
coating. An obstruction to the penetration paths of corrosive

(2) (b) (©)

0 o la 0 o la 0 o la
3.5% NaCl 2 3.5% NaCl = %
5% NaC of 5% NaCl o 3.5% NaCl o
a a 3
@ @ @@ @@
-, co . rc
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Fig. 18 Corrosion protection mechanism of (a) EP, (b) GO/EP and (c)
FG/EP coatings.
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solutions greatly extends the time for corrosion impact on the
metal substrate, thereby improving their physical barrier
effects. The dual influence of hydrophobicity and barrier effect
accounts for the long-term protective effect of FG2/EP coating
on metals.

4. Conclusions

In summary, FG with different fluorine contents were produced
by time-controlled chemical reaction of GO with NF; gas, and
the products were incorporated into EP matrix to fabricate the
composites. The chemical composition and microstructures of
the FG samples were systematically analyzed, and their corro-
sion resistance studied. The results showed that FG was
successfully fabricated, and its lamellar thickness was less than
2 nm. Meanwhile, the incorporation of FG into the epoxy matrix
significantly enhanced its hydrophobicity and corrosion resis-
tance performance. However, with increased fluorine content,
the corrosion resistance of FG/EP coating increased and then
decreased. This is attributed to the extremely low surface energy
of FG with high fluorine contents, which caused ease of
agglomeration and poor dispersivity in the epoxy resin, ulti-
mately leading to cracks in the epoxy coating. These internal
cracks in the coatings are believed to have accelerated the
penetration of corrosive species, and encouraging the attack on
metals. Furthermore, the barrier effects and anti-corrosion
properties of FG2 (having a fluorine content of 29.01%) in EP
coating were significantly superior to those of other FG/EP
coatings. The R. of the FG2/EP coating was 3 orders of magni-
tude more than that of the EP coating, and the SVET results also
showed that its current density was less than 2 times that of the
EP coating. Therefore, of all the studied composites, FG2
offered the optimal corrosion protection in EP coating.
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