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Abstract To expand the applications of graphene
which has so far been limited by the expensive nature
of single-layer graphene, the effects of varying per-
centages of low-cost functionalized multilayer gra-
phene nanosheets in siloxane-modified organic
coatings were studied. The hydrophobic organic silox-
ane—acrylic resin was prepared by solution polymer-
ization of acrylic monomers, and the graphene
nanosheets were functionalized using fluorosilane.
The coatings were sprayed on the LY12 aluminum
substrate, and the wettability, anticorrosion, conduc-
tive, and accelerated weathering behaviors were com-
prehensively examined. It is shown that the increasing
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addition of functionalized graphene nanosheets in-
creases the water contact angle and the surface
conductivity. At 5% graphene loading, coating—sub-
strate adhesion remains almost unchanged, while the
electrochemical impedance parameters revealed good
anticorrosion performance up to 10% loading. The
surface measurements and Fourier transform infrared
spectroscopy (FTIR) results confirmed the photostabi-
lization ability of graphene loading in acrylic coatings
during the accelerated weathering test. Also, the
mechanical properties of the coatings were not dam-
aged during the exposure, and pitting corrosion sites
were observed only on the 20% graphene-filled coat-
ings after 1000 h of exposure. These integrated anal-
yses of mechanical properties and environmental
accelerated tests are beneficial to engineering applica-
tions of graphene coatings.

Keywords Nanocomposites, Graphene, Aluminum,
Organic coatings, Superhydrophobic, Anticorrosion

Introduction

In contrast to bulk materials, nanoparticles and nano-
materials are known to possess a high surface to
volume ratio which impacts several interesting func-
tionalities on the subsequent behavior of these mate-
rials." Therefore, nanomaterials have recently attracted
extensive investigation as alternative materials for
various engineering %pflications which include
nanocomposite coatings.”  Nanocomposite coating is
reportedly one of the fastest growing areas of nan-
otechnology research. These coatings are comprised of
a host material with another material homogeneously
embedded in it, having a characteristic length scale of
nanometric range. They exhibit unique physical,
mechanical, and functional properties and are also
known to possess hardness values greater than that
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obtained with the rule of a mixture.’ Before embed-
ding into the host matrix, nanometer materials are
often passed through surface modification processes.’
For the past few decades, nanoclay (e.g., montmoril-
lonite), metallic nanoparticles, and carbon nanotubes
are the most common nanofillers usually used in
nanocomposite materials.”"'> However, the biodegrad-
ability and flexibility of montmorillonite can be com-
promised because it is a stiff inor% nic platelet filler;
hence, its application is limited.”"® Also, metallic
nanoparticles often pose a challenge of integration
into the pollymer matrices because they are not readily
dispersed.”™ Carbon nanotubes are seen as one of the
most attractive promising nanofillers due to their high
aspect ratio, low density, and outstanding mechanical
properties.'>'” However, too much clustering resulting
in poor dispersion, high cost, and low interfacial
interactions with the polymeric matrices are among
the most critical problems limiting the applications of
carbon nanotubes in nanocomposite systems.
Nowadays, graphene has occupied the center of
research in nanocomposite materials since its discov-
ery. Recent research has shown that it is more
advantageous to use graphene; hence, it is more likely
to be used as an alternative to carbon nanotubes in the
polymer matrix, as it gives enhanced mechanical
properties to the composite. This can be attributed to
the planar structure and the aspect ratio provided
during the loading process, which allows better stress
distribution within the matrix. Also, researchers have
revealed that the addition of a small fraction of the
graphene component significantly improves the
mechanical performance of the polymer matrix and
impacts some extraordinary reinforcing and functional
properties as well.”'> Graphene is known to consist of
a two-dimensional structure sheet with excellent prop-
erties'® which include a high specific surface area,'’
high mechanical strength,”’ good conductivity,*'**
biocompatibility,” electrochemical and thermal prop-
erties.”® These properties have made it a potential
candidate material in various field applications such as
nanocomposites, batteries, nanoelectronics, sensors,
supercapacitors, biomedicals, and hydrogen storage.”’
Several studies have examined the effect of gra-
phene components on nanocomposite coatings which
include monolayer graphene-coated copper by Ming
et al.”® po%ystyrene/graphene-based nanocomposite b
Yu et al., ” PMMA /graphene,*® and epoxy/graphene.”
Bohm suggested that the hydrophobic nature of
pristine graphene makes it an excellent barrier to
oxygen, water, and other corrosive agents. He also
suggests that the electrical conductivity of graphene
offers an alternative route to electrons generated at the
anodic sites on the onset of corrosion, therefore,
preventing them from reaching the cathodic sites
resulting in an incomplete corrosion process.”” Chang
et al.’' confirmed the dispersion of graphene na-
nosheets in an epoxy matrix can reduce the oxygen
diffusion pathway, thereby preventing the corrosion
process. Raman et al.’*> have proven that there is a
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reduction in the corrosion rate of CVD-grown gra-
phene on copper as a result of decreases in both anodic
and cathodic current densities. Furthermore, studies
have shown that graphene-based materials possess
properties like anticorrosion, UV absorption, elasticity,
and ultrahigh surface area which made them promising
materials for antioxidant purposes.**~° Mahdavian
et al. treated graphene oxide with an ultraviolet
absorber and added it into polyurethane (PU) coating
before exposing it to an accelerated weathering test.
Their studies showed that the treated graphene oxide
coating offered three times more weathering stability
when compared to blank PU coating.*

Interestingly, one of the most important uses of
acrylic polymers is in the area of surface coatings. This
is largely due to their inherent optical clarity, good
mechanical properties, chemical stability, and surface
adhesion. They are also known to possess very high
photostability, much higher than polyolefins.>’~** In
this work, we varied the percentages of the function-
alized low-cost seven-layer graphene nanosheets of
2.3 nm thickness in the silane-modified acrylic resin
and evaluated their effects on the wettability and
anticorrosion properties of the coatings. Furthermore,
we analyzed the impact of the functionalized graphene
on the accelerated weathering behaviors of the coat-
ings.

Experimental
Materials

Siloxane—acrylic resin (synthesized in our labora-
tory),” and heptadecafluoro-1,1,22-tetradecyl tri-
ethoxysilane (fluorosilane) were purchased from Ark
(Fogang) Chemical Material Co. Ltd., China. The
graphene nanosheets were purchased from Ningbo
Morsh Technology Co. Ltd., China. The graphene
nanosheets were functionalized as reported by Uzoma
et al.,”” and the modification mechanism is represented
in Fig. 1.

Coatings preparation

Before applying the coating, the LY 12 substrates were
polished with 600 grit sandpapers using a Unipol-820
Precision Metallographical Lapping/Polishing Machine
to obtain an even rough surface, cleaned with distilled
water and ethanol, and then dried under hot air. To
obtain a nanopaste, the functionalized graphene
nanosheet was dispersed in methyl isobutyl ketone
(MIBK) for 30 min using a JY92-IIDN ultrasonic
homogenizer. Various amount of the nanopaste was
added into the organic siloxane-acrylic resin and
stirred at the speed of 1000 rpm for 10 min. Thereafter,
N3390 hardener was added to the mixture and stirred
again for another 10 min. The air spray coating process
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Fig. 1: The surface modification mechanism of the graphene nanosheets using a wet process

was used to apply the coat on the substrate at the
pressure of 0.6-0.8 MPa. DeFelsko PosiTector 6000
coating thickness gauge was used to measure the
thickness of the coating, the results were recorded after
measuring different parts of each sample, and the
thickness was maintained at 40 + 5 pm. Five different
samples were prepared and labeled GO (control sam-
ple), G5, G10, G15, and G20. G5 signifies that the
amount of pure graphene nanosheets in the final solid
film is 5% by weight, likewise G10 and so on.

Apparatus and measurement
Characterization methods

The functionalized graphene nanosheet size and shape
were determined using a JEOL TEM-2100F transmis-
sion electron microscope. The operating voltage was
set at 200 kV and an emission current of 205 pA. The
graphene nanosheet was dispersed in MIBK solvent
and, thereafter, placed on a copper filter and allowed
to dry for 24 h before carrying out the TEM test.

The elemental composition of the functionalized
graphene was determined using Escalab 250 Thermo
Fisher XPS system with 150-W Al Ka radiation at
1486.6 eV; the Cls 284.6 was used as a standard while
determining the core-level spectra of the constituents’
elements. The Raman spectra were obtained using
LabRAM HRS800 (Horiba Jobin—Yvon, France). The
FTIR analysis of the coatings was done using Nicolet
Magan-IR560 infrared spectrophotometer within the
wavelength range of 400-4000 cm .

The surface morphologies of the samples and their
elemental constituents were analyzed using scanning
electron microscope/energy-dispersive x-ray spec-
troscopy model FEI/Philips XL-30 type field emission
ESEM. Before the SEM/EDS test, a 10 nm thick layer
of Au was sputtered onto the samples. Atomic force
microscopy (AFM Picoplus 2500) was employed to
evaluate the roughness of the coatings.

The water contact angle of the coatings was deter-
mined using a JC2000D2 contact angle goniometer.
A 10 pL droplet of deionized water at room temper-
ature was used, several drops were applied at different
spots on the surface, and the average value was taken.

Corrosion protection measurements and surface
resistivity tests

Princeton Applied Research Potentiostat/Galvanostat
model 273A and Signal Recovery model 5210 lock-in
amplifier were employed to evaluate the electrochem-
ical impedance spectroscopy (EIS). A threefold elec-
trode system cell was used: The coated samples were
the working electrode with 12.56 cm? exposed areas,
while platinum plate electrode and saturated calomel
electrode (SCE) as a counter electrode and reference
electrode, respectively. The samples were immersed in
a 3.5% NaCl solution at atmospheric temperature. The
EIS data were obtained at open circuit potential with
20 mV sinusoidal AC perturbation over 100 kHz to 10
mHz frequency range. The various impedance data
were analyzed using ZSimpWin 3.10 software devel-
oped by Princeton Applied Research. Multiple mea-
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surements were carried out to ensure data repro-
ducibility.

The surface resistivities of the coatings were deter-
mined with an ACL 800 megohmmeter at 20°C and
26.3% relative humidity. The measurements are
according to DIN EN 100 015/1 and ASTM D257
standards.

Accelerated weathering and physical property
measurements

Accelerated weathering test was carried out using a
QUV/spray accelerated weathering test chamber pro-
duced by Q-Lab Corporation USA. The chamber is
equipped with UVA-340 fluorescent lamps (0.89 W
m “ at 340 nm). The exposure cycles were kept at 8 h
UV irradiation (60°C temperature) followed by 4 h
condensation (50°C temperature). All the samples
were exposed for 1000 h of combined irradiation and
condensation cycles. Also, the gloss values were
measured using BYK micro-gloss 60°.

Positest pull-off adhesion tester (Model AT-M) was
employed to record the pull-off wet adhesion strength.
An adhesive was used to attach the dollies perpendic-
ular to the surface of the samples. The testing appa-
ratus was attached to the dolly and positioned to apply
tension perpendicular to the test surface; the force was
steadily increased until the dolly was pulled off. The
adhesion strength was taken to be the stress required to
detach the dolly from the substrate. Average results
were taken for each sample from multiple tests.

The crosscut dry adhesion test was carried out
according to ASTM D 3002 and ASTM D 3359
standard, the impact test was done using SAC-GB/T
1732-93 standard.

Results and discussion

XPS survey of the functionalized graphene
nanosheets

XPS technique was employed to characterize and
identify the constituents’ elements in the functional-
ized graphene nanosheets. Figure 2a shows that the
XPS survey spectrum consists of Si 2p, C 1s, O 1s, and
F 1s peaks which represent the elemental compositions
present in the functionalized graphene. The atomic
percentages of Si 2p, C 1s, O 1s, and F 1s from the
survey scan are 1.23%, 76.76%, 3.72%, and 18.29%,
respectively. Figures 2b-2e reveal the core-level spec-
trum of the functionalized graphene. The core-level Si
2p spectrum shows the binding energy peak at
103.1 eV which is attributed to SiO,.*” The core-level
C 1s peaks were deconvoluted to effectively reveal the
functionalities; the peak at 284.6 eV corresponds to the
graphitic C-C, while the 291.8 eV peak is due to the
CF,~CF,.*'*** The binding energy peak at 532.9 eV
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shown by the core-level O 1s spectrum corresponds to
the Si—O-Si bond which marks the characteristics of
silane coupling.*? Also, the core-level F 1s spectrum
revealed binding energy of 689.2 eV, and this can be
attributed to the CF,—CF,.** The presence of these
functionalities at their respective signature peaks
confirmed the successful functionalization of the
graphene nanosheets.

Raman spectroscopy, TEM, and wettability
analysis of the functionalized graphene nanosheets

The Raman spectra were recorded ranging from 500 to
3000 cm ™' as shown in Fig. 3a. The D, G, and 2D
bands for the unfunctionalized graphene nanosheets
were obtained at 1333, 1586, and 2682 cm ™!, respec-
tively, while for the functionalized graphene na-
nosheets, the D, G, and 2D bands were obtained at
1338, 1583, and 2682 cm ', respectively. The D bands
indicate the breathing mode of sp” carbon atoms, the G
bands represent the phonon mode in-plane vibration of
sp® carbon atoms, and 2D bands show the stacking
order.* Also, the D/G intensity ratio (Ip/Ig) is used as
an index to determine the graphene defects, and the
2D/G intensity ratio (Irp/lg) is used to qualify the
number of stacked graphene layers. The Ip/Ig ratios of
the unfunctionalized and functionalized graphene
nanosheets are 0.47 and 0.17, respectively. Therefore,
it shows that the structural defects on the graphene
nanosheets were reduced during the modification
process. The I,p/Ig of both graphene samples is 0.03,
proving that the graphene is a multilayer graphene
structure because the I,p/Ig ratios of < 1, 1-2, and 2-3
represent the multilayer, bilayer, and monolayer
graphene, respectively.**4°

Furthermore, the TEM image (Fig. 3b) revealed
that the functionalized graphene nanosheets have
spherical shapes with an average diameter of 33 nm.
Figure 3c shows that the water droplets on the powders
maintained their spherical shape and can easily roll on
a slight tilt; the water contact angle on the modified
powder is 151° which confirms the superhydrophobic

property.

Surface wettability analysis

Acrylic resins have been reported to be hydrophilic with
contact angles less than 90° *"**; however, the synthe-
sized resin is hydrophobic with a 94° water contact angle
as a result of the presence of the low surface energy
silane group. From the wettability measurement, we
observed that increasing graphene nanosheet loading
increases the water contact angles. The values obtained
from GO to G20 are 94°, 95.8°, 101.3°, 132°, and 152°,
respectively. It can be seen that the increased presence
of the superhydrophobic graphene in the coatings
decreased the inherent surface polarity and the coatings’
attraction to water.*>> Figure S1 (supplementary mate-
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Fig. 2: XPS survey spectra of the modified graphene nanosheets: (a) wide-scan survey spectrum for all the elements. High-
energy resolution spectra for (b) silica, (c) carbon, (d) oxygen, (e) fluorine signals

rials) shows the elemental compositions of the coating  element due to the absence of fluorosilane-functional-
surface as dictated by energy-dispersive x-ray spec- ized graphene nanosheets; however, the presence of the
troscopy (EDX). GO showed no presence of fluorine  fluorine element is observed in the other samples.
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Fig. 3: (a) UV-Vis spectra; (b) TEM image of the modified graphene nanosheets. (The inserts are the images of the water

droplets on the powder)

From the wettability results, we observed a rapid
increase at G15 and also at G20 where the samples’
surface becomes superhydrophobic. The 10 pL. water
droplets stick to the surface of the hydrophobic
coatings and will not slide when disturbed; however,
on the superhydrophobic surface (G20), the water
droplets have a sliding angle of 9°. The trapped air
inside the textured surface of the superhydrophobic
coating due to the nano-roughness factor is known to
minimize the area of contact between the water droplet
and the solid surface.’®' There are noticeable
increases in roughness on the samples surfaces from
GO0 to G20, as shown in the SEM and AFM images in
Figs. 4 and 5, where R, is the average roughness.
Hence, from G15 to G20, there is a transition from the

Wenzel state to the Cassie—Baxter state. The Wenzel
model is a complete wetting state where the water
droplets are known to fully cover the microstructure of
a textured surface; therefore, the surface exhibits
relatively high adhesion.’®> In the Cassie state, the
water droplet is supported by the air pockets trapped
inside textured surfaces to avoid droplet adhesion; the
droplets only make contact with the peaks of the
roughness elements.

EIS measurements

Electrochemical impedance spectroscopy (EIS) has
been successfully used to examine corrosion protection

Fig. 4: SEM images of the coated samples (the inserts are the images of water droplets on the coatings)
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Fig. 5: AFM images revealing the surface roughness of the G0—-G20 samples

of organic coatings because it gives a complete view of
the coating degradatlon rate and the extent to which
water and corrosive ions penetrate coatings.”*>°
Therefore, EIS was employed to evaluate the anticor-
rosion capabilities of the coatings, and the data
obtained were presented in Bode modulus and phase
angle plots as a function of immersion time as shown in
Figs. 6 and 7, respectively. Five equivalent electrical
circuits (EECs) in Fig. 8 were used to appropriately
analyze the various impedance data.

The electrical circuits in Fig. 8 include the elec-
trolyte/solution resistance (Rs), constant phase ele-
ments (CPE) signifying the coating capacitance (Q.),
the coating resistance to the passage of electrolytes
also known as the pores resistance (R,), the constant
phase elements representing the double layer capaci-
tance between the metal surface/electrolyte solution
(Qca)) and the charge transfer resistance across the
metal surface (R.). Other additional components in
the EEC include the Warburg finite diffusion impe-
dance element (W), the inductance (L) which repre-
sents deposition of the passive layer, the diffusion
capacitive component (Qgir) and the diffusion resis-
tance (Rgifr), the salt film capacitance (Qy;), and the salt
film resistance (Rg)

In the first 30 min of immersion, both the Bode
modulus and phase angle plots of sample GO in Figs. 6

and 7 exhibited a one-time constant capacitive loop;
however, the equivalent electrical circuit in Fig. 8a
approximately fits the plots when the dispersive num-
ber n is one (n = 1), indicating that Q. exhibited purel
capacitive behavior due to coating water absorption.”
The EEC used showed that partial electrochemical
reaction has been initiated at the metal/coating inter-
face but not largely pronounced at these systems,
thereby causing overlapping of time relaxation of
coating impedance and the impedance of the electro-
chemical reaction at the metal/coatmg interface.”’
But as the immersion time increases, the time constants
of impedance spectra begin to show three-time con-
stants as revealed in the phase angle spectra which
could be related to the large accumulation of corrosion
products at the metal/coatlng 1nterface The initial
high-frequency maximum at 10°-10° Hz shows the
capacitance of the coatmg, while the intermediate
frequencies (10~ '-10%) are assigned to the capamtance
of the aluminum oxide layer, and the corrosion process
on the substrate is shown at the low-frequency time
constant at 1072 The Bode modulus plot revealed a
circular arc w1th a large radius; however, the radius
decreased as the immersion time increased, signifying a
reduced coating resistance and an increased capaci-
tance due to water absorption. From 4 to 48 h of
immersion, the EEC model in Figs. 8b and 8c exhibit-
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Fig. 6: Bode spectra showing the evolution of the impedance modulus against frequency with immersion time for the

different coatings

ing three-time constants with Qg and Rgier compo-
nents was adopted to fit the data. This takes into
account the barrier performance against the diffusion
of corrosion products from the metal surface toward
the coating; in this case, the diffusion process may
become the controlling factor in the Faradaic pro-
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cesses. However, this diffusion behavior at both 4 and
24 h is not the ideal Warburg impedance since the
value of n is not 0.5 (thatis n # 0.5), whereas at 48 h
the diffusion process behaves like an ideal Warburg
impedance.”’
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There is always a deposition of salts film on the

sion

showed four-time

constants indicating the

surface LY12 alloy whenever it is exposed to NaCl
solution for a long period. This is as a result of the
movement of Cl™ into the coatings/substrate inter-
face.’’”” The GO spectra from 120 to 240 h of immer-

formation of corrosion products on the substrate;
therefore, the EEC model in Fig. 8e is used to fit the
120-h and 240-h EIS spectra to account for the Qs and
Ry
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There is an improvement in the corrosion perfor-
mance at 5% graphene loading; however, at higher
loads of graphene, the corrosion performance was
significantly affected. Figure 7 shows that although
there is an increase in the radius of the capacitive loop
at 30 min immersion for G5, the radius decreased as
the loading of graphene nanosheets increased. This can
be attributed to among other things the less compact
nature of the coatings as the graphene nanosheets
loading increased which allowed aggressive elec-
trolytes to penetrate the coating initiating the chemical
reaction at the substrate/coating interface. The EEC
model in Fig. 8a is adopted to fit the impedance spectra
of G5 from 30 min to 120 h of immersion, while Fig. Se
approximately fits the spectra at 240 h of immersion,
and also Fig. 8a—8e is adopted to fit the spectra of G10,
G15, and G20 at different immersion times. For the
superhydrophobic coating (G20), the phase angle plots
in Fig. 7 show the presence of an inductive loop in the
low-frequency range at the initial immersion time.
Experimental reports have ascribed the low-frequency
inductive loop to the layer stabilization by corrosion
products of the corrosion reaction at the sub-
strate/coating interface.®” Besides, it is observed that
the inductive loop disappeared as the time of immer-
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sion increased, indicating that the corrosion reaction
was reduced by the formation of oxide films.

Findings have shown that the impedance modulus
obtained at low-frequency |Zlyo; is an appropriate
measure for describing the corrosion protection of
coatings, because the low-frequency range of the
impedance explains the corrosion processes occurring
at the substrate/coating interface, while the high-
frequency range reveals information about the coat-
ings.>*®! Hence, the impedance values at low-fre-
quency |Zly o, of our various coatings samples can be
read from the Bode modulus plots in Fig. 6. It is shown
that GO has an impedance value of 2.11 x 10° Q cm? at
30 min of immersion but steadily decreased to
4.54 x 10° Q cm? after 240 h; this indicates the pene-
tration of water and corrosive ions into the coating to
the substrate/coating interface. G5 which is the highest
performing coating has an initial value of 9.26 x 10’
Q cm?, but it exhibited an insignificant decrease to
5.40 x 10° Q cm? after 240 h of immersion. This proves
that the coating G5 has good barrier protection to
water and ion penetration, and can be attributed to the
effect of the functionalized graphene present in the
coating. The values of G10, G15, and G20 at 30 min of
immersion are 5.60 x 10° Q cm?, 2.5 x 10* Q cm?,
2.14 x 10* Q cm?, respectively. However, after 240 h
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of immersion, the values of G10 and G15 decreased to
2.85 x 10° Q cm? and 4.15 x 10°> Q cm?, respectively,
while G20 experienced an increase to 6.43 x 10° Q cm?
after 240 h.

The charge transfer resistance (R.), the coating
resistance (R,), and the coating capacitance (C.) as
determined by the EIS fitting results were plotted as a
function of immersion time, as shown in Fig. 9. The
plots in Fig. 9a for R, showed a general trend of
decrease in values after 240 h of immersion. Except for
G10 that showed an initial increase before a gradual
decrease with immersion time, other samples showed a
sharp decrease in R, followed by a gradual decrease as
immersion time increases. Furthermore, for R, values
(Fig. 9b), there is a general trend of negligible change
in values as immersion time progresses, except for G5
which showed a sharp decrease initially and then
followed by a gradual decrease. Previous studies have
shown that there is the presence of pores and micro-
holes in organic coatings which act as pathways for
electrolyte diffusion.’” Therefore, this decrease in

values as observed in both R and R, can be ascribed
to the presence of pores formation and degradation of
the coatings as thegl interact with the corrosive
electrolyte solution.”> The gradual decrease later
observed is a result of the formation of protective
oxide which minimized the electrolyte penetration.
Also, the higher R, and R values obtained in GO and
G5 indicate that the compactness of the coatings
enhanced the protective barrier performance.®?

The coating capacitance C. relates to water pene-
tration into the coatings®>®*; in Fig. 9c, the plot of GO
showed an increase in the water uptake of the coatings.
Researchers have proven that water penetration into
coatings is a diffusion control process that includes the
initial stage and the saturation stage. Interestingly, the
introduction of the functionalized graphene into the
coatings significantly affected the water uptake of the
coatings thereby deviating from the diffusion control
process at the initial stage of immersion; this is shown
by the decrease in water uptake as the time of
immersion increased. This, therefore, dictates that the
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Fig. 9: Evolution of charge transfer resistance (a), pores resistance (b), and coatings capacitance (c) with immersion time
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low energy materials present on the surface of the
coatings minimized the surface affinity to water there-
by reducing water penetration into the coatings.

Surface resistivity test

The surface resistivities of the coatings were measured,
and the results obtained are>2 x 10" Qcm ™,
7.88 x 10" Qcm ™2 145 x 10* Qem 2, 1.48 x 10
Qecm 2 < 10° Qem 2 for GO, G5, G10, G15, and
G20, respectively. GO sample is an insulating surface
because of its high surface resistivity value which is
greater than 10" Q cm ™2 above which materials are
considered to be insulators (ESD—electrostatic dis-
charge association), and as the percentage graphene
loading increases, the surface resistivity decreases,
hence, increasing the conductivity of the coatings’
surfaces. Other samples are categorized as conducting
surfaces because their surface resistivity values are well
below 10° Q cm ™2, below which materials are consid-
ered electrical conductors. From the literature, gra-
phene has been successfully used to prepare conductive
nanocomposites® and also used to im_Prove electrical
conductivities of organic coatings.®*®” To achieve a
high electrical conductivity of composites, the distance
between conducting particles should be reduced;
hence, the increase in graphene contents increased
the conductivity.®®

Wet adhesion strength

The wet adhesion strength is also known as the pull-off
strength, and it is used to determine the greatest
perpendicular force that a surface area of the coating
can withstand before separating from the substrate.
The results obtained reveal the compatibility of the
coating’s constituents and the substrate. The wet
adhesion strength values for GO, G5, G10, G15, and
G20 are 6.30, 6.05, 5.43, 4.51, and 3.85 MPa, respec-
tively. The results show that at 5% loading, there is a
negligible decrease in the adhesion strength; however,
a significant decrease in the surface adhesion was
observed at higher loadings. This is because, as various
studies have shown, nanomaterials tend to cluster
under high loading conditions due to high surface ratio,
n—n bonding, and strong van der Waals forces. As a
result, there is usually a failure to translate their
excellent physical properties to the coating mixture,
hence, the poor adhesion strength.®” Also, by observing
the dollies and the substrate, GO, G5, and G10 showed
adhesive failure mode, whereas G15 and G20 revealed
cohesive failure mode, as shown in Figure S2. In the
coating composition as confirmed by the SEM results
in Fig. 4, at lower percentage loading (5 wt% and 10
wt%), there is a complete envelope effect whereby the
acrylic resin completely enclosed the graphene thereby
making substrate adhesion resin dependent resulting in
higher adhesion strength. However, as graphene load-

800

ing increased, the flaky shape features on the coated
surfaces become increasingly significant thereby
decreasing the resin’s envelope effect. This shifts the
substrate adhesion to graphene dependent, which
results in lower adhesion strength. Furthermore, the
presence of low surface energy material in the coatings
reduced the coatings—substrate attraction resulting in
low adhesion strength.

Accelerated weathering test

The influences of artificial sunlight (UV irradiation)
and water condensation on the gloss, surface morphol-
ogy, chemical structures, corrosion protection, wetta-
bility, and physical properties of the samples were
examined via the accelerated weathering test. Gloss
reduction is a common occurrence in the weathering of
topcoats, and it can be a direct pointer to weathering
degradation. This is because, at the onset of weathering
degradation, polymeric chain scissions occur resulting
in low molecular weight chains and water-soluble
molecules. This gives rise to a certain degree of
roughness on the coating’s surface leading to light
scattering and gloss reduction.®® The initial gloss units
for all the samples are 91.6, 14.5, 2.4, 0.6, and 0.5 for
GO, G5, G10, G15, and G20, respectively. This
indicates that the increasing addition of the function-
alized graphene decreases the gloss units of the coating
as a result of the black color of the graphene and the
increase in the surface roughness. After 1000 h of
accelerated weathering test, the gloss units become
76.9, 12.8, 1.1, 0.4, and 0.4 for GO, G5, G10, G15, and
G20, respectively. The emphasis is on GO and G5 since
G10-G20 samples have near-zero gloss values. The
decrease in the gloss unit of the GO sample can be
attributed to the increase in the surface roughness of
the sample as observed in the AFM measurements in
Fig. 10. As earlier discussed, it shows that there is the
onset of weathering degradation process resulting in
polymeric chain scissions in G0. For proper compar-
ison, GO and G5 samples with initial gloss units above
10 are considered. and, hence, improved stability of
graphene-filled coatings when weathering tests are
observed in G5 which revealed minimal reduction in
gloss unit after 1000 h of exposure.

In addition, FTIR spectroscopy was used to accu-
rately analyze the effect of the accelerated weathering
on the chemical structures of the coatings. Generally,
photooxidation of acrylic polymers often results in
chain scission on the ester group with the formation of
the gaseous product and extensive crosslinking reac-
tions through macroradical recombination.”’ Figure 11
shows the difference in the normalized FTIR spectra of
the various coatings before and after the accelerated
weathering test. The spectra revealed the significant
changes in the carbonyl (C=0) species frequencies in
the range of 16001800 cm ' and the hydroxyl (OH)
groups in the range of 3200-3600 cm '.This is in
agreement with the various literature that confirmed
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that the main changes in UV irradiation of acrylic  chains which react with oxygen to form new carbonyl
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and always occur in the photodegradation of all
aliphatic polymers. It can also be attributed to the
formation of acid groups due to photolysis of ketones.
Furthermore, the broadened OH group is a result of
the formation of carboxylic OH, alcohols, and perox-
ides.>”’° Besides, after the 1000 h of exposure, other
bands appeared at 1303-1497 and 2823-3000 cm '
particularly on the GO and G5 plots. The increase in
the band is attributed to the deformation of the
symmetric and asymmetric aliphatic C-H groups. To
better understand the changes in the chemical struc-
ture, the normalized values of the carbonyl and
hydroxyl linkages are plotted in Fig. 12. The peak at
2331-2354 cm™ ! was taken as the reference peak (a
peak that has an identical intensity for all the coatings
before and after the weathering test). The under-peak
areas of the carbonyl and hydroxyl linkages were
divided by the under-peak area of the reference
peak.”! Figure 12 reveals a significant increase in the
C=0 and OH index of the GO samples after 1000 h of
the weathering test. It shows ~ 255% and ~ 163%
increase in the C = O and OH groups, respectively.
However, the graphene-filled coatings experience min-
imal changes when compared with the GO samples.
Interestingly, the G5 sample shows a reduction in the
under-peak areas for both the C=0O and OH groups.
The decrease in OH value is probably due to the
influence of the low surface energy material which
inhibits water penetration into the coating. Therefore,
fewer hydrolysis processes are shown to have occurred
in the sample since water absorption is low. These
findings indicate that there is inhibition of macrorad-
ical recombination in the graphene coatings, thus,
impacting good photostabilization property. This is
also in agreement with other research findings.*

The SEM and the water contact angle images after
the weathering tests are shown in Figure S2. The
images reveal reduced roughness on the surfaces of
G15 and G20 when compared to Fig. 4. Besides, sites
of pitting corrosion are observed on the G15 and G20
surfaces, as shown in Figure S3. Also, a decrease in the
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water contact angle was observed in all the samples
after the exposure, the resultant water contact angle
values are 60°, 70°, 95°, 109°, and 96° for GO, G5, G10,
G15, and G20, respectively. The decrease in the water
contact angle can be explained from a comparison of
the SEM and AFM results before and after the
weathering tests (Figs. 4, 5, 10, and S2). It suggests
that the surface topographies of G15 and G20 are less
developed after the weathering tests. This indicates
that graphene protrusions which are initially present on
the surfaces have been eroded, resulting in a significant
decrease in the average roughness values after the
weathering test. Also, the reduction in the water
contact angle of GO-G10 samples can be attributed
to the polymeric chain-breaking that results in the
formation of water-soluble molecules, hence, increas-
ing the coating’s affinity for water.

Furthermore, to evaluate the effect of the graphene
loading on the mechanical properties of the modified
coatings before and after the accelerated weathering
tests, the pull-off strength, crosscut dry adhesion, and
impact tests were assessed. The pull-off strength values
of the coatings after the weathering tests are 1.1, 2.1,
1.6, 1.4, and 1.1 MPa for GO-G20, respectively. Also,
the GO, G5, and G10 showed adhesive failure mode,
and G15 and G20 gave cohesive failure mode (Fig-
ure S5). The decrease in the pull-off strength for GO
can be attributed to the polymer chain degradation, as
earlier discussed. Furthermore, the erosion of the
surface roughness on the samples as seen in the AFM
results could also lead to moisture migration into the
coating—substrate interface thereby reducing the pull-
off strength. The crosscut dry adhesion evaluates the
resistance of the coatings to detaching from the
substrate, while the impact test measures the ability
of the coatings to resist cracking when struck with a
load. The various pictures presented in Fig. 13 reveal
that the dry adhesion integrity of the GO, G5, and G10
samples was not significantly affected by the addition
of graphene nanosheets before and after the weather-
ing test. The images show a minimal detachment of
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Fig. 12: (a) Carbonyl index, (b) hydroxyl index of the normalized FTIR plots of the coatings after the accelerated weathering

test
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Fig. 13: Micrographic images of the crosscut and impact tests before and after QUV accelerated weathering test

small flakes at the intersection of the cuts maintaining
the adhesion properties at ASTM class 4B for all the
samples. However, the G15 and G20 samples de-
creased from class 4B to 3B indicating that flakes along
the edges and the intersection of the cuts were
detached. Besides, there is no impact failure from the
images in Fig. 13 signifying that the coatings are not
brittle.

Conclusion

The effects of varying percentages of fluorosilane-
functionalized graphene nanosheets in siloxane—acrylic
resin were investigated. The wettability results showed
that an increase in the addition of the functionalized
graphene increases the hydrophobic property such that
at 20% loading, the coating was found to be superhy-
drophobic with a contact angle of 151.5° and a sliding

angle of 9°. The SEM and AFM results revealed a large
increase in the surface roughness as the graphene
loadings increased. The anticorrosion parameters
proved that at lower loadings the coating can serve as
a good corrosion protection barrier, and the EIS
investigations revealed that 5% graphene loading gave
the highest barrier performance and lowest degrada-
tion. Furthermore, the introduction of graphene into
the coatings changes the surface resistivity from
insulating to conducting surface. The wet adhesion
strength remains unaffected at 5% loading; however, it
decreases as the percentage graphene increases. The
accelerated weathering test confirmed the stability of
the functionalized graphene nanosheets when exposed
to UV irradiation; it shows that the addition of
graphene can block macroradical recombination and
prevents the coating from photodegradation. Although
there is a decrease in the pull-off strength after
exposure, the mechanical integrities (crosscut adhesion
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and impact strength) of the coatings were not signif-
icantly affected during the exposure. Furthermore, the
corrosion protection barrier was preserved during the
UV exposure for all the coatings except the 15% and
20% graphene-filled coatings. These integrated results
provide a valuable contribution for graphene coatings
in engineering applications.
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