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Abstract: Recently, the use of graphene as a conductive nanofiller in the preparation of
inorganic/polymer nanocomposites has attracted increasing interest in the aerospace field.
The reason for this is the possibility of overcoming problems strictly connected to the
aircraft structures, such as electrical conductivity and thus lightning strike protection.
In addition, graphene is an ideal candidate to enhance the anti-corrosion properties of the
resin, since it absorbs most of the light and provides hydrophobicity for repelling water.
An important aspect of these multifunctional materials is that all these improvements can
be realized even at very low filler loadings in the polymer matrix. In this work, graphene
nanoflakes were incorporated into a water-based epoxy resin, and then the hybrid coating
was applied to Al 2024-T3 samples. The addition of graphene considerably improved some
physical properties of the hybrid coating as demonstrated by Electrochemical Impedance
Spectroscopy (EIS) analysis, ameliorating anti-corrosion performances of raw material.
DSC measurements and Cross-cut Test showed that graphene did not affect the curing process
or the adhesion properties. Moreover, an increment of water contact angle was displayed.
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1. Introduction

Use of graphene as nanofiller in polymer matrices to form advanced multifunctional materials is one
of the most promising routes in aerospace, automobile and defence industries [1,2]. The construction of a
3D compactly interconnected graphene network can offer a significant increase in electrical and
thermal conductivity of polymer composites. Since a growing and inevitable issue for aircraft structures
is corrosion protection, graphene, owing to its barrier properties, could be used to enhance corrosion
resistance. The surprising finding is that a very small amount of graphene can significantly improve the
physical properties of neat polymers. These outstanding properties of the graphene can be combined with
polymer matrix properties to develop multifunctional coatings. In recent years, the number of
publications about graphene-based multifunctional materials has increased dramatically [3—12], but in
literature very few papers use these nanocomposites as coatings. In particular, research about
improvement of corrosion resistance applying graphene/epoxy coatings are even less common [13-16].
No paper addresses the possibility of using a water-based epoxy resin, considering the new regulations
about the emission of volatile organic compounds [17], and no paper applies the graphene-based
coating to the most common of aircraft alloys, that is, Al 2024-T3. Due to the possible multifunctional
properties of the graphene/epoxy coating, this study, starting from the evaluation of the barrier
properties and adhesion, continues on to an analysis of the electrical conductivity, the UV resistance
and the galvanic coupling between aluminium substrate and graphene nanoflakes. The motivation is to
examine if the addition of graphene can improve the above physical characteristics of neat polymer.
In present paper, results obtained by studies on barrier and adhesion properties are showed.

The graphene/epoxy coating was prepared by incorporating a very small amount of graphene
nanoflakes into a water-based epoxy resin, mixing in an ultrasonic bath and applying the hybrid
coating to 2024-T3 aluminium alloy panels. The analysis of impedance and the capacitance of
graphene/epoxy coated aluminium alloys were studied using electrochemical impedance spectroscopy
(EIS). DSC measurements were performed to evaluate the possible influence of graphene on the curing
process of the coating. The resistance of the coating to separation from aluminium alloy substrate was
tested by means of a cross-cut test. The hydrophobic characteristics offered by graphene were
investigated using contact angle measurements with water sessile drops. The results of the analysis
were compared with a coating made of epoxy resin without filler content.

2. Experimental Section
2.1. Materials

The graphene nanoflakes were supplied by Cometox (Milano, Italy), with the commercial name of
C500. Raman (Bruker, Ettlingen, Germany), X-ray diffraction (XRD; PANalytical, Cambridge, UK)
and X-ray photoelectron spectrometer (XPS; Kratos Co., Manchester, UK) analysis of the as-received
graphene, shown on the supplier’s website, are shown in Figure 1.
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Figure 1. XRD (a), Raman (b) and XPS (¢) of the as-received graphene nanoflakes.
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In particular, the graphene nanoflakes were 2 um in diameter, few nanometer in thickness and with
an average surface area of 500 m?/g. One component epoxy system without corrosion inhibitors and a
curing agent provided by Sikkens were used as polymer matrix. The mass ratio between the resin and
curing agent was 4:1. The metals used were AA 2024-T3 aluminium alloy panels. Before coating the
samples, the surfaces are cleaned with ethanol and acetone.

2.2. Graphene/Epoxy Coating Preparation

The epoxy resin and 1 wt% of graphene nanoflakes were mixed. In order to disperse graphene a
sonication bath was carried out for 20 min with a frequency of 50 Hz. Next, curing agent was added
and mixed using a magnetic stirrer for other 20 min. The hybrid coating was, finally, spread on
AA2024 aluminium alloy panel by means of spiral bar applicator and cured at room temperature for
24 h (Figure 2). The thickness of coatings, with or without graphene nanoflakes, measured using an
Elcometer thickness instrument (IMCD Italia S.p.A, Milano, Italy), was about 28 + 1.2 pm.

It can be seen that graphene gives a gray colour to the paint. Certainly this effect can be relevant if
the colour of paint becomes an important characteristic.

(b)

Figure 2. AA 2024-T3 aluminium alloy coated with epoxy resin (a) and graphene/epoxy resin (b).
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2.3. Characterizations
2.3.1. Electrochemical Tests

Electrochemical tests were performed in an 3.5 wt% aerated aqueous solution of NaCl, using a
conventional 3-electrode system with the graphene-filled coating as the working electrode, a platinum
as the counter electrode and a saturated calomel electrode (SCE) as reference electrode. A Solartron
1255 Frequency Response Analyzer (Photoanalytical, Milano, Italy) connected to a Solartron 1286
potentiostat/galvanostat (Photoanalytical, Milano, Italy) was employed. In particular, electrochemical
impedance spectroscopy (EIS) analysis (Photoanalytical, Milano, Italy) and capacitance tests were
performed. The former is a powerful analysis technique to study the corrosion protective properties of
coatings over metals. It has been used to characterize the corrosion behaviour of coated aluminium
alloys immersed in aggressive solutions [18-20].

For EIS measurements, the amplitude of the sinusoidal signal was 10 mV, the frequency ranging
from 1072 to 10° Hz. The exposed area was 1 cm?. Tests were carried out for up to 10 days of
immersion. Results were taken by analyzing the Bode plots.

Capacitance tests were performed at open potential circuit (OCP) with an AC amplitude of 40 mV.
The excitation frequency was 6.5 kHz. An immersion time of 20 h was chosen.

All the measurements were conducted at room temperature ([125 °C). All trials were repeated at
least three times to ensure reproducibility and accuracy of the measurements.

2.3.2. Thermal Analysis

The curing process of both the graphene-filled and unfilled resin was observed by taking 10 mg of
sample into aluminum pan. This was placed in sample cell of the instrument, a Mettler Toledo
DSCI2E (Mettler-Toledo S.p.A., Milano, Italy; in a dry nitrogen atmosphere and calibrated with an
Indium standard). Three scans (heating, cooling and heating again) were conducted from 30 to 250 °C
with a heating rate of 10 °C/min.

2.3.3. Adhesion Test

The influence of graphene on the adhesion of hybrid coating was examined by cross-cut test, using
a cross hatch cutter (Sheen Instruments; Milano, Italy) and following ISO 2409 standard.

2.3.4. Contact Angle Test

Finally, the hydrophobicity of graphene/epoxy coating was determined by analysis of the water
contact angle, according to ASTM D7490 and using a contact angle goniometer (Data Physics Ltd.,
Hailsham, UK). Water drops of 0.2 mL were carefully placed on the substrate with a microlitre
syringe. The obtained water contact angle was the average value of ten measurements.
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3. Results and Discussion
3.1. Electrochemical Test

For a perfect insulator (i.e., an intact dry coating without defects), the phase angle should be 90°
due to its pure capacitive characteristics. When the electrolytic solution gradually permeates into the
material, its phase angle at a given frequency decreases, due to the resistive behaviour assumed by the
material and caused by entry of electrolyte. The variation of phase angles may reflect the performance
of coatings [21]. In the Bode plot the peaks at different frequency range represent different
time constants. The time constant appearing at high frequency range can be attributed to the
coating/solution interface, while that at low frequency correspond to a corrosion process taking place
at the metal/coating interface [18]. A minimum in the phase angle corresponds to a plateau in the
impedance modulus [21], which represents the ability of the coating to impede the flow of current
between anodic and cathodic areas.

Figure 3a,b shows the impedance modulus and phase angle of samples coated using unfilled
water-based epoxy resin. The former in the medium frequency range exhibited a relevant decrease of
about two orders of magnitude after one day. Although it seemed to improve up to 5 days, it decreased
again after only 7 days and first blisters appeared on the surface, as shown in Figure 4. When the
solution permeates into the epoxy resin, corrosion products are formed, so the impedance decreases
(curve 1d). Corrosion products seal the pores of the coating and the impedance restarts to increase
(curve 2d). After 5 days the corrosion phenomenon cannot stopped, as confirmed by the trend of
impedance modulus.
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Figure 3. Bode plots for impedance modulus (a) and phase angle of sample coated with
unfilled water-based epoxy resin (b).
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Figure 4. Blisters on sample coated with unfilled water-based epoxy resin after 7 days of
immersion in aqueous NaCl solution.

The damage to the coating was confirmed via the phase angle plot. At beginning of the immersion,
the diagram showed two time constants observable as two peaks.

The one appearing at high frequency represented the solution/coating interface, while the one at low
frequency corresponded to the coating/metal interface, suggesting the presence of pores. In addition,
the decrease of peaks height with exposure time indicated that the response became less capacitive;
indeed, as immersion time increases, the pores permitted the solution to penetrate into the aluminium
substrate, causing localised corrosion. Thus, current flowed through the defects (i.e., localised
corrosion) became significant. As immersion time increased, the minimum shifted toward high
frequency, suggesting that the property of coating may be affected due to the exposure.

On the other hand, the graphene/epoxy resin no relevant changes were shown throughout 10 days of
exposure, as confirmed in Figure 5.

The impedance modulus showed a gradual increase. The angle phase showed one time constant.
The height of peak remained unchanging with the immersion time, indicating a stable property of the
coating. The impedance spectrum of sample loaded with a small amount of graphene showed an
improvement of barrier properties of neat epoxy resin.
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Figure 5. Bode plots for impedance modulus (a) and phase angle for sample coated with
graphene/epoxy resin (b).

The electrochemical characterization also regarded the capacitance test. The results of this analysis

were reported in the following figures.

The sample coated with unfilled water-based epoxy resin (Figure 6a), due to very quick water

absorption, showed the capacitance response of aluminium substrate. Conversely, the capacitance

curve of sample coated with graphene/epoxy resin (Figure 6b) showed a very slow process of water
uptake, indicating that there was an improvement of the barrier effect offered by this kind of coating.
In fact, no loss of adhesion and no blistering on the aluminium surface were found.
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Figure 6. Capacitance curve for sample coated with unfilled water-based epoxy resin (a)

and graphene/epoxy resin (b).
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3.2. Thermal Analysis
In order to evaluate the effect of graphene on the curing process of the coating, DSC measurements

were carried out (Figure 7).
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Figure 7. DSC measurements: first heating (a) and second heating (b).

As can be seen, the water-based epoxy resin not cured (called “epoxy resin liquid”) presented a
curing peak at approximately 150 °C and another one at about 90 °C, whose nature was not identified.

The latter was probably due to some constituents present in the resin.

The water-based epoxy resin that cured (called “epoxy resin coating’’) was not shown the curing
peak, suggesting that cross-linking reactions were completed during the cure. The same curing profile
was displayed by graphene/epoxy coating. This indicated that the presence of graphene did not affect

the curing process. Only a small translation was shown due to the different kinds of samples.
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3.3. Adhesion Test

The corrosion protection properties of an organic coating most often end up linked to the barrier
properties, or to the maintenance of adhesion to the substrate under chemical and electrochemical
conditions imposed by the environment. Therefore, in order to investigate the influence of graphene on
adhesion of the coating, a cross-cut test was performed, following the ISO 2409 standard.

According to the classification defined in ISO 2409 and ASTM D3002 and D3359, the adhesion of
each coating, graphene-filled and unfilled resin (whose pictures were not reported), can be considered
sufficient. Thus, the loading of graphene nanoflakes into epoxy resin did not affect the adhesion of
hybrid coating.

3.4. Contact Angle Test

In order to analyze the improvement of hydrophobicity of coating, the water contact angle was
measured over the surface of graphene-filled and unfilled resin. The obtained values were collected
in Table 1.

Table 1. Water contact angle values over graphene-filled and unfilled resin.

Sample Contact Angle (degree)
Unfilled water epoxy resin 60.4=+1
Graphene/epoxy resin 753 +1

As can be seen in Figure 8, the graphene/epoxy coating showed a higher contact angle, suggesting a
minor improvement of barrier properties, as confirmed by capacitance test.

(b)

Figure 8. Contact angle of water drops over unfilled water epoxy resin (a) and graphene/epoxy resin (b).
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4. Conclusions

In this study, graphene/epoxy coating system are prepared by adding a very small amount of
graphene nanoflakes to epoxy resin.

e The EIS test demonstrate that the addition of graphene nanoflakes significantly changes the
barrier properties of epoxy resin.

e  The results of capacitance analysis and water contact angle measurements show that graphene
improves the barrier properties of neat epoxy resin.

e The DSC and adhesion tests demonstrate no negligible influence of graphene on the resin
curing process or on adhesion properties of the coating, respectively.

e  Graphene, added to a non-anticorrosive coating system, has an impressive effect on the
corrosion performance of material.
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