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Abstract: This study aims to demonstrate the excellent protective performance of functionalized
graphene oxide (fGO) flakes in acrylic cataphoretic coatings. The filler content provides an
important contribution in improving the chemical and mechanical resistance of the acrylic matrix.
The morphology of the fillers was first investigated by optical and electron microscopy, analysing
the distribution of the fGO flakes within the polymer matrix. After that, the flakes were added to
the cataphoretic bath in different concentrations, resulting in four series of samples. The cathodic
delamination of the coatings was assessed with cathodic polarization cycles and with measurements
carried out with a scanning Kelvin probe. Finally, the abrasion resistance at the macroscopic and
microscopic level was studied by scrub testing and scratching atomic force microscopy analysis,
respectively. The incorporation of fGO at the optimized concentration of 0.2 wt.% greatly increases
the cathodic delamination resistance of the acrylic matrix, resulting in an effective barrier against the
effects of absorbed aggressive substances. Graphene-based fillers also enhance abrasion resistance,
thanks to their high mechanical strength. Thus, this work demonstrates the great protective benefits
that can be obtained when using fGO flakes as reinforcing fillers in cataphoretic coatings.

Keywords: functionalised graphene oxide; cataphoretic deposition; composite coatings; corrosion
protection; cathodic delamination; abrasion resistance

1. Introduction

Graphene is a recently discovered material of enormous academic and industrial interest, as it
shows a combination of physical and mechanical properties that make it uniquely suitable for specific
applications that require considerable technological performance. This novel material is defined as
a 2D carbon allotrope, whose atoms represent the sp2 hybridization vertex of a hexagonal lattice,
forming a honeycomb structure of monoatomic thickness with a carbon–carbon bond distance equal to
0.142 nm [1–3].

The graphene-based flakes show a very stable structure; the carbon atoms connections, in fact, are
so strong that they can endure external forces and avoid atomic reconfiguration, providing graphene
with remarkable mechanical strength [4–6]. The excellent mechanical properties, combined with low
density, make this material appropriate for use in various industrial applications. The intrinsic strength
of a defect-free graphene sheet was measured using nanoindentation atomic force microscopy (AFM),
indicating stiffness values of the order of 300–400 N/m and breaking strength of 42 N/m [6]. The tensile
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strength and elastic modulus values of graphene have been reported to be 125 GPa and 1.1 TPa [6],
respectively. This material, therefore, shows, for the same thickness, a strength 100 times greater
than steel. These characteristics make graphene an ideal candidate for reinforcement in composite
materials [7–10], as filler for metallic [11]; ceramic [12,13]; and, above all, polymeric matrices [14].

Nowadays, in fact, graphene is often employed to improve polymer electrical and mechanical
properties, with the aim of making multifunctional layers [15–18]. In this sense, graphene enables
the creation of protective composite coatings, with applications in the field of flame-retardant
barriers [19–22], wear resistant layers [23,24], and antifouling coatings [25,26].

However, among the various protective applications, graphene has found greater success in
the field of coatings for corrosion protection [27–30]. Over the years, in fact, various studies have
been carried out on the characteristics of graphene, finding, for example, the high impermeability
against molecules such as helium [31,32]. If added in a polymeric matrix, graphene derivatives could
theoretically lead to the “tortuous path effect” and “nano-barrier wall effect” [31,32] for the diffusing
aggressive molecules. The tortuosity of the diffusion path is influenced by the graphene high aspect
ratio; sheet orientation; details of the graphene–polymer matrix interface; the crystallinity of polymer
itself; and, mostly, the filler exfoliation and dispersion in the polymer matrix [33,34].

Thus, the dispersion of the graphene-based filler is a fundamental and delicate issue; in order
to effectively improve the properties and performance of the composite coating, the sheets must
be homogeneously distributed inside the polymer matrix. However, the dispersion of graphene
and graphene oxide (GO) flakes is very complex. Graphene sheets, in fact, tend to agglomerate,
owing to van der Waals forces [35,36], while functional groups introduced on the surface of the
flakes, together with the hydrogen bonds, increase the difficulty for exfoliation of graphene oxide
in polymeric matrixes [18,37]. The functional groups present on the surface of the graphene oxide
flakes, however, can be exploited for chemical covalent modification processes, in order to improve
the dispersion efficiency of the fillers into the polymeric matrix. The literature offers several studies
related to functionalization processes of graphene-based powders using organosilanes, which not only
intercalate between the flakes, distancing them from each other, but also anchor the graphene sheets to
the polymeric matrix, preventing their agglomeration [38–43].

In previous studies, different types of silanes have been analysed [44], with particular attention
to their grafting mechanism and interaction with GO flakes. Higher affinity and reactivity
of (3-aminopropyl) trimethoxysilane (APTMS) were found compared with other organosilanes.
Subsequently, these functionalized fillers were used in the production of cataphoretic coatings, with
high corrosion resistance performances. In addition to the type of silane employed during the GO
functionalization process [45], the quantity of fillers added to the cataphoretic bath also represents
a fundamental parameter in improving the properties of the polymer-based coating [46]. Even though
electrodeposition by cataphoresis is a process that is widely used in the industry for the production of
organic coatings with excellent adhesion and high corrosion protection properties [47–51], this technique
has never been employed to deposit composite layers. However, our previous studies [37,45,46]
confirmed that functionalized graphene oxide (fGO) flakes, if properly distributed within the polymeric
matrix, promote the corrosion protection performance of cataphoretic coatings.

In this work, fGO flakes were added into an acrylic cataphoretic bath, and the effects of filler
concentration on the cathodic delamination and abrasion resistance of the coatings deposited on
carbon steel substrates were studied. Stereomicroscopy was used to determine the distribution of
graphene sheets inside the polymeric matrix and their possible aggregation. The abrasion resistance
was evaluated by means of a scrub test, accompanied by electrochemical impedance spectroscopy (EIS)
measurements and scanning electron microscopy (SEM) observation, while the different behavior of
matrix and flakes in micro abrasion conditions was determined by scratching atomic force microscopy
(AFM) analysis. The resistance to abrasion and wear is, in fact, a fundamental feature for a coating and
its protective performances. Finally, the behavior of the samples in an aggressive environment was
monitored by an EIS/cathodic polarization cycles (AC–DC–AC, alternating-direct-alternating current
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method [52]), and the cathodic delamination of the composite coatings from the steel substrate was
evaluated using scanning kelvin probe (SKP) measurements.

2. Materials and Methods

2.1. Materials

Graphene powder was employed as a raw material, provided by COMETOX s.r.l. (Milan, Italy).
The sheets possess an average thickness of 6 nm, an average particle diameter of about 25 µm,
and a surface area ranging from 120 to 150 m2/g. (3-aminopropyl)trimethoxysilane (APTMS),
nitric acid, toluene, ethanol, and acetone were supplied from Sigma-Aldrich and used as received.
The 40 × 70 × 2 mm3 carbon steel substrate (Q-panel type R (0.15% C—Fe bal.) was supplied by
Q-lab (Westlake, OH, USA). The cataphoretic bath Arsonkote 202 Acy Cata W202X30 was provided
by Arsonsisi (Milan, Italy). This industrial product is based on modified acrylic resin, with glycols
employed as the solvent.

2.2. fGO Synthesis

The powders used as reinforcing fillers for the cataphoretic coatings were prepared according to
the procedures described previously [45,47].

Graphene powders were oxidized by means of a simple nitric acid treatment: a mixture of 2 g
graphene flakes and 60 mL of 2.6 M nitric acid solution was refluxed for 10 h, and subsequently allowed
to cool down to room temperature under magnetic stirring (RH-basic, IKA®-Werke GmbH & Co. KG,
Staufen, Germany). The graphene oxide GO powders were then subjected to centrifugation (5 cycles of
10 min at 5000 rpm), washed with distilled water, and dried in air at ambient temperature.

Functionalization was achieved by mixing 0.7 g of graphene oxide powder into 1.05 g of
(3-aminopropyl)-trimethoxysilane (APTMS) and 50 mL of toluene, heating it to 110 ◦C with constant
reflux for 4 h and stirring for 24 h at room temperature. Finally, the fGO powder was filtered, washed
with ethanol, and dried in an oven at 50 ◦C for 24 h.

2.3. Deposition of Acrylic-fGO Coatings

Carbon steel plates were pre-treated by degreasing in acetone with ultrasonic agitation followed
by sandblasting process with corundum powder (0.2 mm diameter, 70 mesh), and then another final
acetone degreasing to remove possible contamination from the substrate.

The 200 mL acrylic cataphoretic bath was formulated following the supplier’s specifics, using
a water–resin ratio equal to 2. A 300 × 50 mm2 flat stainless steel plate was used as anode, placing it in
front of a sample acting as cathode, at a distance of 80 mm. The coatings were deposited following the
procedure described previously [46]; the cataphoretic bath was stirred for 30 min with an ultrasound
probe during the addition of the fGO flakes, to facilitate the distribution of the fillers. Three different
amounts of fillers were added into the bath, 0.1, 0.2 and 0.5 wt.% of fGO to obtain three families of
coatings, respectively. The coatings will be referred to by the concentration of fGO added to the bath.
For a complete comparison between the performances of the samples, all the process parameters were
kept constant: electrodeposition was carried out at a voltage of 75 V for 120 s and samples were then
cured in an oven at 140 ◦C for 45 min. Control samples were also prepared with a pure acrylic matrix
layer, free of fillers. The four samples series are summarized in Table 1 with the sample nomenclature.

Table 1. Labelling of samples with different functionalized graphene oxide (fGO) concentration.

Bath fGO Concentration (wt.%) Sample Nomenclature

Clear coat

0.0 g-0
0.1 g-0.1
0.2 g-0.2
0.5 g-0.5
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2.4. Characterization

The thicknesses of the composite layers were measured by means of a digital thickness gauge
(Phynix Surfix—Neuss, Germany), and the filler dimensional distribution within the coatings was
investigated with an optical stereomicroscope (Nikon SMZ25—Minato, Tokyo, Japan). The surface
morphology of the flakes was investigated with a scanning transmission electron microscope (S/TEM,
ThermoFisher TALOS F200S—Waltham, MA, USA).

The corrosion protection performance was evaluated using an accelerated AC–DC–AC method [52],
whose cycles consisted of three steps, as shown in Figure 1:

• an electrochemical impedance spectroscopy (EIS) measurement at the open circuit potential (OCP);
• constant cathodic polarization at −1 V Ag/AgCl for 20 min;
• OCP measurement for 1 h to stabilize the polarized samples.
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Figure 1. Schematic of the AC–DC–AC (alternating-direct-alternating current method) test
procedure [52].

These electrochemical measurements were carried out with the Parstat 2273 potentiostat (Princeton
Applied Research, Oak Ridge, TN, USA) and PowerSuit ZSimpWin software (version 3.5). The EIS
measurements involved an AC (alternating current) excitation signal of 15 mV (peak-to-peak) over the
frequency range of 105–10−2 Hz. A platinum counter electrode and an Ag/AgCl reference electrode
(+207 mV versus standard hydrogen electrode (SHE)) immersed in a 3.5 wt.% sodium chloride solution
were used. The testing area of each sample was approximately 4.9 cm2. The DC (direct current)
cathodic polarization step at −1 V Ag/AgCl was effective at promoting cathodic delamination of the
coating; lower potentials were avoided to minimize hydrogen evolution reactions. The test cycle
shown in Figure 1 was repeated several times for each specimen.

The cathodic delamination of the coatings was evaluated with SKP (Wicinski-Wicinski
GbR- Dusseldorf, Wuppertal, Germany) measurements, using a height-regulated SKP, following
a well-established procedure [53–56]. The SKP tip was calibrated against a Cu/CuSO4 electrode and
the potentials were collected and reported with respect to the standard hydrogen electrode (SHE).
The coated samples were exposed in humid air for 3 h to reduce electrostatic charging on the composite
layers, while the relative humidity during the test was kept above 95%. A sample uncoated region
was isolated on three sides by a silicone dam and filled with 3.5 wt.% NaCl solution, to promote the
cathodic delamination process. A line scan from the defect region over the coating was performed and
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repeated every 4 h, for a total of 36 h sample exposure in the SKP chamber. The experiments were
duplicated for each condition.

The abrasion resistance of the composite coatings was assessed by AFM (Veeco Dimension
3000—Plainview, NY, USA) scratching in contact mode with a diamond-coated Si tip (force constant,
k = 40 N/m, tip radius = 18 nm). The experiments were performed over scan areas of different
dimensions, at 1 line/s and a scan angle of 0◦.

The scrub test was carried out to study how the filler affects the wet abrasion resistance of the
acrylic matrix. An Elcometer 1720 Abrasion and Washability Tester (Manchester, UK) was used,
following the BS EN ISO 11998 standard [57]. The coatings were subjected to abrasion steps of
200 cycles (37 cycles per minute) each, with the support of 2.5 g/L sodium n-dodecylbenzenesulfonate
solution, to simulate wet abrasion processes. After each step of abrasion, the samples were washed
with distilled water and dried in an oven at 60 ◦C for 30 min, in order to analyse the weight loss of
the coatings and evaluate their resistance to wet abrasion. Moreover, the protective performances
of the coatings were evaluated with EIS measurements (Parstat 2273 potentiostat-Princeton Applied
Research, Oak Ridge, TN, USA) before and after the abrasion cycles. Finally, the effects of the scrub test
on the surface morphology of the coatings were investigated with a low-vacuum SEM (JEOL IT 300,
Akishima, Japan).

3. Results and Discussion

3.1. Filler Distribution

The filler distribution inside the matrix is a fundamental parameter because it greatly influences
the performance of composite coatings. In order to improve the distribution of the filler within the
acrylic matrix, the graphene flakes were oxidized and functionalized, as described above. The results
of these surface modification processes are highlighted in Figure 2, which shows the bright field image
and the corresponding EDS (Energy Dispersive X-ray Spectrometry) maps of the fGO sheets, analysed
by S/TEM.
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Figure 2. Bright field image and corresponding EDS (Energy Dispersive X-ray Spectrometry) maps of
functionalized graphene oxide (fGO) flakes observed by scanning transmission electron microscope
(S/TEM). (a) TEM micrograph; (b) carbon element map; (c) oxygen element map; (d) silicon element map.

The reference image, obtained in Bright Field, clearly highlights the presence of a large flake, which
appears grey in colour. The image also possesses some very dark areas, which denote accumulations
of APTMS, as indicated by the Si element EDS map. The flake does not seem to present preferential
grafting points, like the edges, but the silane probably reacted in areas with a greater presence of
functional groups on the plane of the sheet. Moreover, the area circled in red in the reference image
shows a flake positioned perpendicularly to the plane of the image. This assumption is confirmed by
the carbon EDS map, which shows an intense signal. Moreover, the resolution of the equipment used
in the analysis is equal to 0.16 nm, making it possible to observe even individual planes of graphene
flakes. However, the signals of O and Si on that flake are interesting; these elements are co-located,
detected on some spots of the surface of the sheet plane. The presence of oxygen is owing to the
carboxylic, epoxy, and hydroxyl functional groups generated on the filler plane owing to the oxidation
process, in addition to the silane alkoxy groups. In those precise points, however, the silicon signal is
also observed, to represent the organisilane that has interacted with those functional groups.

These images are very interesting as it is very rare to be able to observe a graphene-based
flake in profile, and even more difficult to analyse the presence of particular elements on its plane.
These qualitative results confirm the effective presence of silane on the surface of the GO flakes,
as previously studied in depth with infrared spectroscopy, X-ray diffraction analysis, and nuclear
magnetic resonance techniques [44,45].

Coatings deposited from the acrylic cataphoretic bath free of pigments were transparent.
However, the metallic substrate interferes with the observation of flakes using an optical microscope,
as indicated previously [45,46]. Therefore, to obtain sharper images and to exploit the transparency
of the acrylic matrix, the coatings were removed from the metal substrate by immersion for 100 h in
18 wt.% HCl solution. In this fashion, free-standing coatings containing fGO flakes were observed
using stereomicroscope, as shown in Figure 3.

The pictures clearly show a progressive increase of fillers (the black structures) in the acrylic matrix
with increasing amount of fGO sheets added in the cataphoretic bath. As a consequence of the substrate
removal, it is also possible to observe flakes whose diameter is smaller than 10 µm. Furthermore, the
good colour contrast between flakes and matrix obtained with microscope observations facilitates
quantitative analysis of the fillers. The size distributions of the flakes in the different coatings were
determined using the NIS-Elements Microscope Imaging software, and the histograms are presented
in Figure 3. The distributions of flake dimensions are very similar for the three coatings containing the
graphene-based filler. Between 65% and 70% of the analysed sheets show dimensions less than 5 µm,
regardless of the sample studied. About 90% of the flakes are less than 10 µm in size.
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The primary differences between the three coatings are apparent when considering the distribution
of larger particles, as highlighted by Table 2, which summarizes the percentage values extrapolated
from 10 image analyses per sample. Starting from the 25–30 µm range, it is clear that the fraction of large
particles increases with increased loading of the flakes amount in the cataphoretic bath. The higher
concentration of fGO in the bath leads to agglomeration of fillers, some of which reach the dimensional
range of 70–75 µm for sample g-0.5.

Table 2. Flakes’ dimension distribution inside the cataphoretic coatings.

Diameter Range (µm)
Sample g-0.1 Sample g-0.2 Sample g-0.5

Percentage (%)

0–5 66.41 67.51 68.63
5–10 23.09 21.86 18.88
10–15 8.59 6.49 6.53
15–20 2.43 2.25 2.75
20–25 1.06 0.92 1.39
25–30 0.28 0.51 0.77
30–35 0.16 0.19 0.38
35–40 0.04 0.09 0.33
40–45 - 0.06 0.12
45–50 - 0.07 0.07
50–55 - 0.01 0.07
55–60 - 0.03 0.06
60–65 - - -
65–70 - - 0.01
70–75 - - 0.01
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These agglomerated particles, although present in low numbers, represent sites for potentially
dangerous defects in the coating because they are much larger than the thickness of the composite
layers, as shown in Table 3, and it is probable that the accumulations of fillers provide direct connections
of the substrate and the aggressive environment. They might also result in an unfavorable galvanic
couple with carbon steel owing to the high electrochemical nobility of graphene. Furthermore, the
increase in fillers added in the cataphoretic bath is correlated with a decrease in the thickness of the
deposited layer, as graphene causes a decrease in process yield, as discussed previously [45].

Table 3. Coating thickness, with relative largest filler agglomeration detected.

Sample Coating Thickness (µm) Largest Filler Agglomeration Range (µm)

g-0 30.4 ± 2.5 0
g-0.1 26.4 ± 1.3 35–40
g-0.2 25.4 ± 1.0 55–60
g-0.5 17.8 ± 0.9 70–75

3.2. AC–DC–AC Test

The AC–DC–AC method represents an accelerated cyclic test, consisting of a combination of EIS
measurements (AC) and cathodic polarisation (DC), employed to study the adhesion between substrate
and organic coatings [52,58,59]. In the past, this characterization technique has also been used for
the optimization of the cataphoretic deposition process, determining the deposition voltages for the
highest corrosion protection properties of an epoxy primer [60]. The AC–DC–AC method has been
proven to be able to provide comparable results obtained with other accelerated corrosion techniques,
such as salt spray test, but in even shorter times [52,58]. The four sample series were thus subjected
to several AC–DC–AC cycles, as described in Figure 1, and the evolution of the low frequency Bode
modulus measured at 0.01 Hz, |Z|(0.01) was tracked.

Figure 4 shows the results obtained during the first 10 test cycles on two sets of samples. A different
behavior between the four series of samples appears immediately evident; while the presence of
0.1 wt.% and 0.2 wt.% of flakes in the bath seems to improve the performance of the cataphoretic
coating, the highest level (0.5 wt.%) instead cause a decrease in the low frequency impedance of the
acrylic layer. This behaviour is likely the result of the agglomeration of graphene-based fillers described
above for this coating.

The coating free of fGO sheets shows an almost constant impedance modulus trend, with values
near 107 Ω cm2. Because the initial impedance was relatively low, this sample was not particularly
affected by delamination and development of corrosion products. In contrast, the samples g-0.1 and
g-0.2 show evidence of the positive effect caused by the introduction of the fGO sheets in the acrylic
matrix, with initial values of |Z|(0.01) higher than 108 and 109 Ω cm2, respectively. These two samples
exhibited a slow decrease in the impedance modulus with increasing cycles. EIS measurements are
very sensitive, and even a minimal defect or coating delamination can cause a significant decrease in
|Z|(0.01). However, the low frequency impedances of these two samples were always higher than that of
the g-0 layer, even in very aggressive conditions such as those simulated by the cathodic polarization
cycles at −1 V. On the other hand, the agglomerations in sample g-0.5 caused a drastic drop in the
impedance modulus after the first test cycle. Figure S1 (in Supplementary Data) highlights a marked
drop in the impedance modulus and a corresponding phase shift towards higher frequencies during
the first five test cycles.



Coatings 2020, 10, 602 9 of 23

Coatings 2020, 10, 602  9 of 23 

 

The coating free of fGO sheets shows an almost constant impedance modulus trend, with values 

near 107 Ω cm2. Because the initial impedance was relatively low, this sample was not particularly 

affected by delamination and development of corrosion products. In contrast, the samples g‐0.1 and 

g‐0.2 show evidence of the positive effect caused by the introduction of the fGO sheets in the acrylic 

matrix, with initial values of |Z|(0.01) higher than 108 and 109 Ω cm2, respectively. These two samples 

exhibited a slow decrease in the impedance modulus with increasing cycles. EIS measurements are 

very sensitive, and even a minimal defect or coating delamination can cause a significant decrease in 

|Z|(0.01). However, the low frequency impedances of these two samples were always higher than that 

of  the  g‐0  layer,  even  in  very  aggressive  conditions  such  as  those  simulated  by  the  cathodic 

polarization cycles at −1 V. On the other hand, the agglomerations in sample g‐0.5 caused a drastic 

drop in the impedance modulus after the first test cycle. Figure S1 (in Supplementary Data) highlights 

a  marked  drop  in  the  impedance  modulus  and  a  corresponding  phase  shift  towards  higher 

frequencies during the first five test cycles. 

 

Figure 4. Evolution of the Bode modulus |Z|(0.01) during the AC–DC–AC cycles. Solid and dashed 

lines represent replicates of the same series of samples. 

Once the cathodic delamination has taken place, with the formation of small blisters during the 

first test cycles, the fGO flakes seem to limit the subsequent development of delamination. As shown 

by water uptake and  conductivity measurements  [46], graphene‐based  fillers  can  slow down  the 

transport of water and aggressive ions in the coating, which is beneficial to reduce the progress of 

corrosion  reactions.  Furthermore,  this  barrier  effect  provides  coatings  with  better  protective 

performance, as shown in Figure 4. 

The extent of blister and corrosion product formation can be assessed in Figure 5, which shows 

representative stereomicroscope  images of blisters and corrosion attack on  the surface of  the  four 

samples observed at the end of the AC–DC–AC test. The presence of filler  in the coating causes a 

decrease in the size of the blisters, observed with the stereomicroscope, from 800 ± 45 μm in the case 

of the fGO‐free coating to only 100 ± 10 μm dimension for sample g‐0.2. A further increase in the flake 

concentration, on  the other hand,  causes  a  sudden  increase  in  the  size  and number of  corrosion 

products, as observed on the surface of sample g‐0.5. 

Figure 4. Evolution of the Bode modulus |Z|(0.01) during the AC–DC–AC cycles. Solid and dashed lines
represent replicates of the same series of samples.

Once the cathodic delamination has taken place, with the formation of small blisters during the
first test cycles, the fGO flakes seem to limit the subsequent development of delamination. As shown by
water uptake and conductivity measurements [46], graphene-based fillers can slow down the transport
of water and aggressive ions in the coating, which is beneficial to reduce the progress of corrosion
reactions. Furthermore, this barrier effect provides coatings with better protective performance, as
shown in Figure 4.

The extent of blister and corrosion product formation can be assessed in Figure 5, which shows
representative stereomicroscope images of blisters and corrosion attack on the surface of the four
samples observed at the end of the AC–DC–AC test. The presence of filler in the coating causes
a decrease in the size of the blisters, observed with the stereomicroscope, from 800 ± 45 µm in the case
of the fGO-free coating to only 100 ± 10 µm dimension for sample g-0.2. A further increase in the
flake concentration, on the other hand, causes a sudden increase in the size and number of corrosion
products, as observed on the surface of sample g-0.5.

The large blisters are connected with the low values of the |Z|(0.01) for this sample, as shown in
Figure 4. The defects introduced by the agglomerations of fGO flakes cause the value of the impedance
modulus to be lower than 107 Ω cm2 even before any cathodic polarization step. This defect in the
composite layer also facilitates the absorption of test solution, with consequent strong development
of corrosion products. The test on sample g-0.5 was stopped after 10 cycles, as the |Z|(0.01) of the
samples reached a plateau value of below 106 Ω cm2, which is considered in the literature as the lowest
threshold to define an organic coating as protective [48,49,61].

The AC–DC–AC method identified the best of the four coatings in terms of corrosion protection,
but was unable to provide quantitative data for studying the effect of fillers on the cathodic delamination
of the cataphoretic coatings. To better analyse the contribution of the fGO flakes, the samples were
subjected to SKP measurements.
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3.3. Scanning Kelvin Probe Measurements

SKP is one of the most effective techniques for the quantitative characterization of the delamination
of organic coatings [62]. For example, this method is able to evaluate the effect of the protective layer
roughness or the texture of the metal substrate on the adhesion of the coating [53]. Some studies have
been carried out on the effects of multiwalled carbon nanotubes [56] and graphene nano-platelets [63]
added to polyurethane and polyvinylbutyral matrices, respectively. The incorporation of these
carbon-based additives improved the adhesion of the composite layer, limiting its permeability and
blocking the transport of water and oxygen molecules through the coating.

In this work, SKP was used to investigate the effect of fGO content on the cathodic delamination of
the cataphoretic acrylic composite coatings from the carbon steel substrates. The working principle of
the SKP equipment is illustrated in Figure S2 (in Supplementary Data). Figure 6 shows the SKP potential
profiles of the four coated samples with different graphene-based filler contents as a function of time.
The SKP profiles are characterized by two potential levels: the lower potential on the left is related
to the defect zone, and the higher potential on the right is associated with the intact coating [54,64].
The position of the potential jump defines the exact location of the delamination front. The progress
of the cathodic delamination front is thus monitored by tracking the location of the potential step as
a function of time, as summarized in Figure 7 for the four types of coatings.
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The fGO flakes clearly have a large effect on the cathodic delamination process. After 36 h of
exposure in the SKP chamber, the delamination front of the pure acrylic matrix coating reached 1800 µm
of distance from the first measurement. In contrast, the addition of 0.2 wt.% of fGO fillers caused
a substantial decrease in the progress of the delamination front, which reached only 1000 µm at that
time. This optimum flake content thus resulted in a 45% reduction relative to the coating with no fillers
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added. Smaller benefit was observed in the coating containing 0.1 wt.% fGO because of insufficient
content and 0.5 wt.% fGO because of the defects associated with agglomerates described above.

The trend in Figure 7 suggests that the cathodic delamination process is limited by the oxygen
reduction rate at the local cathode within the delaminated zone under the coating [56]. Graphene-based
fillers, in fact, block transport of oxygen within the composite layer, making the pathway of the
molecules much more complex. The oxygen reduction reaction plays a fundamental role in the
development of cathodic delamination processes [65,66], which are slowed down by the barrier effect of
the flakes dispersed in the acrylic matrix. As water molecules could lead to an increase of the interfacial
free volume owing to polymer swelling, causing the deterioration of the interfacial adhesion [67,68],
it is possible that the fillers achieve an improvement in the adhesion between the acrylic matrix and
the substrate by creating a barrier to water transport.

The AC–DC–AC and SKP methods, which are both electrochemical characterization techniques,
have demonstrated in different ways the beneficial effects of fGO fillers, which improve the corrosion
protection of the cataphoretic coating by reducing its permeability and increasing its resistance to
cathodic delamination.

3.4. Scratching AFM Analysis

Graphene is often employed in the manufacture of protective coatings with high abrasion
resistance, both as a single monolayer [69] and as a filler for composite coatings [70–72]. In fact,
strong mechanical resistance and excellent lubricating properties are remarkable features possessed
by graphene, and are often required in coatings that have to resist certain stresses or maintain their
integrity in particularly aggressive environments. AFM scratching, which involves contact mode
rastering of the surface at a high force, is an effective tool for the characterization of coating wear and
adhesion. This technique has been used to evaluate both the pre-treatment carried out before coating
deposition [73,74] and the degradation of the layer itself during environmental exposure [75].

The four types of coatings were too thick to study their delamination by AFM analysis, but AFM
scratching proved to be useful. The analysis was carried out only on sample g-0.5, as it allowed
observation of the behaviour of flake agglomerates on the coating surface as well as the contribution of
individual fillers.

First of all, the behaviour of an fGO agglomerate was studied and compared to the performance
of the acrylic matrix. As shown in Figure 8a, a scan of 50 µm by 50 µm was carried out near
an accumulation of flakes using a set point voltage of 4 V, which represents a large interaction force.
Subsequently, a larger area of 100 µm by 100 µm was scanned at set point equal to 0 V, to determine
the depth of abrasion caused by the previous high force scan. The raised region that is lighter in
color represents the region of a filler agglomerate, which does not seem to have been particularly
affected by the 4 V set point scan based on the smooth profile of the topograhic mound in the scratched
an unscratched region. In contrast, the polymer matrix, which is red in this image, exhibits a clear step
at the end of the rastered area. This is also evident in the 3D image of Figure 8b.

Quantitative assessment of the matrix and filler regions resulting from AFM scratching is provided
in Figure 9. Again, a clear demarcation of the end of the area rastered with a high force is evident in
the AFM topographic image. Linescans along the two dashed lines in the image are also provided in
Figure 9. Because of the roughness of the rastered filler region, a clear step at the end of the region is
not evident. However, careful analysis indicates a step in the matrix (without flakes) of about 0.3 µm at
a location of about 75 µm in the profile. In contrast, the profile on the agglomeration does not show
any step associated with the end of the rastered region. This first analysis confirms a notable response
difference between acrylic matrix and graphene-based filler agglomerates during micro abrasion by
AFM scratching. The removal of polymeric material is clear and evident, while the flakes’ accumulation
does not seem to be affected by the passage of the AFM tip.
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Figure 8. Surface topography of sample g-0.5 after scratching the surface with a first 50 µm by 50 µm
scan area at a set-point voltage of 4 V, and a subsequent 100 µm by 100 µm scan area at a set-point
voltage of 0 V: (a) top view and (b) 3D image.
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Figure 9. Detail of the abrasion front, with related profile analysis. The orange line represents the profile
of an area of the acrylic matrix, while the blue line indicates the profile of an area with agglomerates
of fGO.

The AFM scratching test is the result of a single scan, which does not provide information
relating to the evolution of surface tomography over time (subjected to various scratching scans).
Furthermore, the behavior of an agglomeration of fillers can be very different from the response
provided by individual graphene-based sheets. The abrasion resistance of large fGOs agglomerates
can be different than that of well dispersed fillers in the polymer matrix.
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The topographic evolution of the surface of sample g-0.5 was monitored during 60 scans over
a region of 70 µm by 70 µm a set point of 3 V, which also represents a high force. Figure 10 shows scans
of an area with two flake agglomerations, but also single dispersed fillers. These single dispersed
flakes become more evident as the number of AFM scans increases.
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The acrylic matrix is easily degraded by the continuous passage of the abrasive tip. The morphology
of the two accumulations also evolves over time, owing to the removal of the surrounding polymeric
material. However, after 60 scans, high and defined peaks are still clearly visible, demonstrating
the strong abrasion resistance of fGO agglomerations. This analysis is in accordance with what was
previously shown in Figures 8 and 9, confirming a clear difference in wear behavior of the agglomerated
filler compared with the acrylic matrix. Unlike the polymeric material, the fGO agglomerations offer
high resistance to removal by AFM scratching.

After rastering the surface 60 times, an expanded region 100 µm by 100 µm in size was mapped at
the low set point of 0 V. The 2D and 3D images in Figure 11 show the 1.3 µm step at the edges of the
rastered region that was created as a result of the abrasion of the polymer surface during the repeated
passage of the tip. The magnified image in Figure 11 shows the presence of individual fGO sheets
protruding from the surface, indicating the strong resistance of individual flakes to abrasion by the
tip. This analysis confirms that the graphene-based flake offers high mechanical resistance not only as
consequence of agglomeration processes, but also as single reinforcing fillers, which are not removed
by the AFM tip, while the acrylic matrix is easily removed.
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Figure 11. 3D surface topography of sample g-0.5 after scratching the surface with a 100 µm by 100 µm
scan area at a set-point voltage of 0 V. On the left, focus on the performance of individual fGO flakes.

These measurements highlight and confirm the high abrasion resistance of graphene-based fillers
on a microscopic scale. However, the AFM technique in scratching mode offers no information of
how flakes affect the abrasion behaviour of the composite coating on macroscopic level. The samples
under examination were thus subjected to scrub test analysis to study the macro abrasion resistance
properties of cataphoretic acrylic coatings with fGO particles.

3.5. Scrub Test

Because of its mechanical properties, graphene has been studied as a reinforcing agent in
composites with polymeric matrices, such as epoxy [76] or polyurethane [77] resins, as well as in metal
matrix composites with magnesium-based metal alloys [78], in order to enhance wear and wet abrasion
resistance. The scrub test is one of the most reliable testing procedures for the characterization of
the mechanical properties of organic-based composite coatings. This approach is based on different
types of techniques [79], which allow evaluation of the hydrophobic performance [80], as well as their
antibacterial properties [81–83]. Finally, this particular methodology enables the determination of the
reinforcing effect of pigments [84] and inorganic [85] and organic [86] fillers on the mechanical strength
of composite coatings.

Despite the extensive use of graphene derivatives as a reinforcing filler in polymer-based coatings,
studies that characterize the contribution of graphene, GO, or fGO additives to the abrasion resistance
performance of composite layers by means of the scrub test have not been reported. This work
thus also aims to assess the mechanical properties of the fGO flakes by exploiting for the first time
a well-established methodology for the characterization of the abrasion resistance performance of
polymer-based coatings.

The wet abrasion resistance of the coatings was assessed by subjecting the samples to wear cycles
caused by an abrasive pad (3× 8× 1 cm3), with the support of 2.5 g/L sodium n-dodecylbenzenesulfonate
solution [59]. The weight loss of the samples was monitored every 200 abrasion cycles, calculating L,
the loss in coating mass per unit area, from the following:

L =
(m0 −mn)

A
(1)

where m0 and mn are the sample’s initial weight and the weight after the nth cycle, respectively, while
A represents the area traversed by the scrub pad over the coating’s surface. The trend of L can be used
as a quantitative evaluation of the fGO concentration contribution to the abrasion of the composite
coating. Figure 12 highlights the mass loss evolution as a function of the abrasion cycles number.
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A well-defined trend is evident; that is, the increase in fGO content causes a monotonic decrease
in the coating mass loss during the complete sequence of the wet abrasion cycles. All four series of
samples exhibit a higher abrasion rate during the first 400 test cycles, but then subsequently a lower
rate of mass loss. The lower rate of mass loss in the samples containing the fillers can be explained
by enrichment of the fGO flakes at the surface, which also provide a self-lubricating effect. A small
amount of filler is enough to introduce an improvement in the abrasion resistance of the acrylic matrix.
The beneficial effect of the functionalized graphene oxide flakes is more marked by increasing the
filler concentration. This result is in accordance with what was shown above with the micro-abrasion
analysis by AFM scratching test; that is, the fGO flakes, both individually and as agglomerates, offer
good resistance to abrasion, at both the micro and macroscopic levels.

After 1000 abrasion cycles, the protective behavior of the coatings was assessed with EIS, and the
results were compared with the measurements carried out before the scrub test. Figure 13 shows the
variation of the Bode impedance modulus |Z|(0.01 Hz) before and after 1000 scrub abrasion cycles.
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The defects introduced in the coatings due to the friction with the abrasive pad caused a decrease
in the impedance module, as expected. As observed in Figure 13, however, the addition of fGO
flakes into the cataphoretic bath enhances the protective properties of the acrylic matrix; the decrease
in |Z|(0.01 Hz) after the scrub test is in fact less evident with increasing graphene-based filler amount.
Furthermore, the barrier effect provided by the fGO sheets significantly improves the performance of
the coatings, regardless of the abrasion phenomena; for example, sample g-0.2, after the 1000 scrub
cycles, possesses higher |Z|(0.01 Hz) values even than the intact acrylic coating (sample g-0 at scrub
cycle 0). The AC–DC–AC test results in Figure 4 already highlighted the beneficial contribution of the
fGO flakes. The increase in coating corrosion resistance is closely related to their performance in wet
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abrasion processes; the graphene-based fillers, exerting high mechanical resistance in contact with
abrasive material, promote the durability of the coatings and their long-term protective behaviour.

Although the abrasion cycles caused a different weight loss among the samples, the surface
morphology of the four series of coatings after the scrub test appears the same. In fact, the abrasive pad,
in continuous motion on the coatings’ surface, produced homogeneous abrasion and material removal.
Figure 14a shows, for example, the surface of sample g-0.1 observed with the stereomicroscope.
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Figure 14. Optical stereomicroscope (a) and SEM (b,c) micrographs of sample g-0.1 surface morphology
after the 1000 scrub test cycles.

The upper part of the image represents an area of the coating not subjected to the scrub test,
and the lower darker part shows the clear lines of abrasion owing to rubbing with the abrasive pad.
SEM observations of the scrubbed area (Figure 14b) highlight the homogeneity of the abrasive process;
the sample possesses an irregular surface morphology, consisting of clear linear grooves. These grooves
carved by the abrasion cycles are constant over the entire surface that came into contact with the
brush, in the direction parallel to the movement of the pad. A higher magnification image (Figure 14c)
enables the measurement of the groove widths. The largest grooves are 10 µm wide, indicating that
the coatings suffered from aggressive abrasion processes, with high material removal. However, the
scrub test did not result in the exposure of the metal substrate, as all the coatings have thicknesses
greater than 17 µm, as summarized in Table 3. In fact, the |Z|(0.01 Hz) values of the composite coatings
after 1000 abrasion cycles, shown in Figure 13, are still higher than the threshold value of 106 Ω cm2

that is considered to be protective [87–89].
Finally, Figure 15 shows an SEM image of sample g-0.2 after 1000 abrasion cycles. On the

surface of the coating, it is possible to observe a single fGO flake, which appears lighter in the
image obtained in secondary electron detection mode. Despite the material removal during the
scrub test, the graphene-based fillers still seem to be anchored to the coating. As observed with
AFM analyses, the sheets offer high abrasion resistance at the microscopic level, which affects the
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macroscopic performance of the composite coating. The high mechanical strength of graphene also
enables the partial protection of the acrylic matrix surrounding the flakes, decreasing the mass loss of
the coating owing to the abrasion and improving the protective performance of the composite layer.
Graphene-based reinforcing fillers thus demonstrate they improve both the corrosion and abrasion
resistance properties of polymer-based cataphoretic coatings.
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Figure 15. SEM micrograph of a fGO flake on g-0.2 surface after the 1000 cycles of scrub test.

4. Conclusions

The effect of functionalized graphene oxide filler concentration on the cathodic delamination
and abrasion resistance properties of cataphoretic acrylic coating has been evaluated in this work.
Despite functionalization of the fillers, high concentrations of fGO sheets exhibited agglomeration that
created defects in the composite coating that resulted in a decrease in the protective performance of the
coatings, as assessed by means of AC–DC–AC cycles. However, the optimized amount of filler improves
the protective properties compared with the acrylic matrix with no filler, providing an effective barrier
effect to solution and aggressive ions. This protection was confirmed by SKP measurements, which
demonstrated the significant contribution of graphene-based fillers in decreasing cathodic delamination
of the cataphoretic coating. Both AC–DC–AC and SKP delamination measurements found that the
0.2 wt.% represents the optimum amount of fGO for the protection of the acrylic matrix.

In addition to slowing to cathodic delamination processes, graphene flakes also improve the
abrasion resistance of the acrylic matrix. At the microscopic level, the fGO flakes show high mechanical
resistance to abrasion. AFM scratching highlighted the excellent performance of the fillers both as
single flakes and as agglomerates. Furthermore, the effects caused by the use of graphene-based
fillers are also evident from a macroscopic point of view; the scrub test measurements also indicated
improvement in the abrasion resistance of the coatings containing the fGO flakes.

Ultimately, graphene-based fillers, if employed in the optimized concentration, can offer both
improved corrosion and abrasion resistance.
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