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Abstract Recently, graphene has gained increasing
interest in numerous fields of application and, in
particular, it has been used as a nanofiller in the
preparation of polymeric composites to improve their
mechanical and transport properties. However, the
effect of graphene as a potential additive for anticor-
rosive organic coatings is not widely studied. In this
work, low levels of graphene nanosheets, 0.5 and
1 wt%, were added to an additive-free waterborne
epoxy resin applied to AI2024-T3 aluminum alloy
samples. The presence of graphene did not affect the
polymerization process of the resin and the adhesion at
coating/substrate interface, as demonstrated by exper-
imental results, while showing a slight effect on
coatings wettability. Electrochemical analysis revealed
an improvement of the protective properties of the
coating that could be assigned to a slow absorption rate
of the electrolytes in the polymeric matrix and a lesser
amount of absorbed water than the unloaded film.

Keywords Coatings, Graphene, Nanocomposite,
Corrosion, Epoxy water-based resin

Introduction

The graphene used as nanofiller in polymer matrices to
form advanced multifunctional materials has drawn
increasing attention in various areas of application.'™
The graphene incorporated in polymeric materials can
lead to a significant increase in the electrical (as
conductivity) and thermal properties (as cure kinet-
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ics)>™® and an improvement in the mechanical proper-
ties of nanocomposites.”!! In the meantime, few
papers'?™'7 concerning the development of nanocom-
posites address the increase in the protective properties
of organic coatings. Reports on epoxy/graphene coat-
ings are still less frequent.'*'*° Moreover, few papers
describe the use of waterborne resins'>?'* even if, the
environmentally friendly solutions that take into
account the new regulations about the emission of
volatile organic compounds®~>® are now of significant
interest. Aluminum needs to be protected to reduce its
corrosion rate to improve the substrate durability. Due
to its active/passive behavior, it is sensitive to the
presence of chloride ions when in contact with its
surface. Several types of eco-friendly surface treat-
ments, or coating systems, have been investigated to
decrease the aluminum corrosion rate when exposed to
an environment containing chloride ions.”*® The aim
of this paper is to evaluate the effect of graphene on
protective properties of coatings, obtained by incorpo-
rating low levels of graphene, i.e., 0.5 and 1 wt%, into
the waterborne epoxy resin and applied to Al2024-T3
aluminum alloys samples. Differential scanning
calorimetry technique (DSC) has been performed to
study the influence of the nanofiller on the epoxy
matrix, while the adhesion at coating/substrate inter-
face was assessed using the tape test. The wettability of
coatings has been studied through the water contact
angle analysis (WCA). The anticorrosive properties
were investigated by using electrochemical impedance
spectroscopy tests (EIS) to evaluate the coating
impedance and capacitance as a function of time when
in contact with an aggressive aqueous solution.

Experimental

Graphene nanosheets, bought from Cometox (Italy),
present a width less than 2 um and an average
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thickness of about 2 nm. The epoxy system (Wapex
660, Sikkens, Italy) is a bicomponent commercial
waterborne resin, without corrosion inhibitors. The
epoxy resin and the hardener were mixed in the
proportional mass indicated by the manufacturer. The
chemical compounds of the resin components are listed
in Table 1.

Before painting, the Al2024-T3 substrates, having
dimensions 20 cm x 10 cm x 0.5 cm, were degreased
by acetone and dried by using compressed air.

The amounts of nanofiller chosen to investigate the
influence of the dispersed graphene in the polymer
matrix were 0.5 and 1 wt%. The nomenclature used to
indicate the samples is reported in Table 2.

Coating preparation

Graphene nanosheets were dispersed in component A
of the coating using an ultrasonic bath (frequency of
50 Hz) for 20 min. The curing agent was added to the
graphene/epoxy blend, and the latter was mixed
further for 20 min using a mechanical stirrer. Finally,
the coating was spread on the aluminum substrates
using a spiral bar applicator and oven-cured at 150°C
for 10 min, recording a dry thickness of 27 + 1.3 pm,
measured with an Elcometer Dualscope MPOR-Fp
(IMCD Italia Spa, Italy).

Methods

The thermal analysis was performed to evaluate the
effect of the nanofiller on the epoxy matrix properties.
Three scans (first heating, then cooling and heating
again) were carried out from 30 to 250°C at heating
rate of 10°C min~'. The measurement was taken in a
dry nitrogen atmosphere by using a Mettler Toledo
DSCI12E (Mettler-Toledo Spa, Italy) apparatus. The
interfacial adhesion between the coating and the

was evaluated by performing 50 measurements taken
at different points on the surface. Electrochemical
impedance spectroscopy tests (EIS) were carried out to
characterize the protective properties of the coatings,
following ISO 16773-2016. A standard electrochemical
cell, containing a saturated calomel reference electrode
(SCE), platinum counter electrode and the coated
aluminum sample as working electrode, was used. The
apparatus used to perform the electrochemical test
consisted of the frequency response analyzer 1255
Solartron, and the potentiostat/galvanostat, 1286 So-
lartron (Photo Analytical Srl, Italy). The tests were
carried out in an air saturated 3.5 wt% NaCl aqueous
solution for 21 days, exposing an area of about 5 cm?.
The frequency range varied from 10° Hz to 0.02 Hz.
Measurements were taken at open-circuit potential
(OCP) applying an amplitude sinusoidal voltage of
40 mV. All measurements were taken at room tem-
perature and repeated at least three times to ensure
reproducibility and accuracy.

Results and discussion

DSC measurements (Fig. 1) were taken on the EP and
the epoxy-graphene samples. For clarity, only the third
scan for each sample is reported. Due to the raw
material complex composition (a commercial product),
the study and interpretation of DSC spectra are quite
difficult, so the experimental results obtained have
been used only for a preliminary characterization of
cured coatings. Data seem to indicate that the epoxy
matrix physical properties (if evaluated through glass
transition temperature, specific heat capacity, etc.) are
not affected by the graphene loading. Therefore, the
effect of nanosheets on the protective behavior of the
coating, as will be discussed in the subsequent para-

Table 2: Abbreviation used to indicate the tested

aluminum sheet was analyzed by tape test with a  Specimens
standard blade (Sheen Ins'tr.uments, Italy), accor.ding o sample Nomenclature
ASTM D3359-09. Wettability of the cured coating was
investigated by measuring the water contact angle Unfilled coating EP
(WCA) using an OCA 15EC (DataPhysics Instruments  Coating containing 0.5 wt% of graphene EGO05
GmbH, Germany). Water droplets (3.5 pL each) were  Coating containing 1 wt% of graphene EG1
dispensed on the surface of specimens, and the WCA
Table 1: Chemical composition of waterborne epoxy resin
Common names CAS number Wi% Acronyms
Component A Adduct resin epoxy-polyamine tetraethylenepentamine 112-57-2 >10, <20 TEPA
Bisphenol A-co-epichlorohydrin 25068-38-6 >0.25, <1 DGEBA
Bisphenol-F epichlorohydrin 28064-14-4 >0.25 DGEBF
Component B Bisphenol A-co-epichlorohydrin 25068-38-6 >50,<75 DGEBA
Bisphenol-F epichlorohydrin 28064-14-4 >20,<25 DGEBF
2,3-Epoxypropyl neodecanoate 26761-45-5 >25,<25
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graph, should be attributed neither to a physical

modification of epoxy matrix nor a curing process.
When a film is used to protect a metallic substrate,

good adhesion to substrate is needed. Poor adhesion, in
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Fig. 1: Thermal analysis of the filled and unfilled samples

fact, permits electrolytes to accumulate at film/sub-
strate interface triggering the degradation process.”’
Therefore, a good adhesion delays the delamination of
coating when the corrosion starts. Thus, tape tests
(Figs. 2, 3, and 4) highlighted that the interface
adhesion of nanocoating/aluminum system was not
influenced by the presence of graphene nanosheets.
According to the ASTM standard, all samples received
a score of 4B (less than 5% peeling).

Water contact angle measurements were taken to
study the influence of graphene on the wettability of
coating (Fig. 5; Table 3).

The value of contact angle increased from 65.1°
(recorded for the unfilled epoxy coating) to 71.3°
(EGO05 sample) to 81.2° (EG1 sample). This rise seems
to be linked to the quantity of nanofiller contained in
the resin; in fact, the contact angle increased as more
filler was added, conferring to the surface a slightly
lower wettability.

Fig. 3: A picture of the EG05 sample (a) before and (b) after the tape test
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Fig. 4: A picture of the EG1 sample (a) before and (b) after the tape test

A I (a)

(b)

CA: left T1L6°
CA: right 72.1°

(c)

CA: left 81.6°
CA: right 80.6°

Fig. 5: Water contact angle pictures of (a) unfilled coating,
EP, (b) epoxy-graphene coating with 0.5 wt% of nandfiller,
EGO5 and (c) epoxy-graphene coating with 1 wt% of
nanofiller, EG1

The electrochemical properties of coatings were
monitored by EIS tests during 21 days of exposure to
an aerated 3.5 wt% NaCl aqueous solution. Acquired
results are reported in Figs. 6, 7, and 8.

Table 3: Average values of water contact angles of
specimens

Sample EP EGO05 EG1

Water contact angle (°) 65.1 71.3 81.2

As shown in data reported in Fig. 6a, the unloaded
epoxy coating offered poor corrosion. In fact, the value
of low-frequency impedance modulus (attributed to
the coating resistance) was slightly less than 107 Q cm?,
after only one day of exposure to the test solution.
Coatings are considered of poor quality when the
impedance modulus value is lower than 10’ Q cm?. The
result highlighted the weak anticorrosive properties of
the material, caused by the lack of useful pigments,
allowing the water and the electrolytes rapid penetra-
tion into the coating. After 4 days of immersion, the
impedance modulus at low frequency decreased to
about 4 x 10° Q cm? while it was possible to detect the
development of corrosion phenomena at the coating/
metallic interface. This finding, increasingly evident
along with exposure time, was caused by the absorp-
tion of water and electrolytes through the film with the
more visible development of anodic area at the
metallic substrates.®® For prolonged immersion time
(21 days) and at very low frequency (107> Hz), the
impedance modulus increased. This effect can be
assigned to the formation of corrosion products at
the interface which filled the pores of the coating
increasing the overall resistance.

The impedance results are confirmed by the phase
angle plot that emphasizes these effects.”® In fact, after
one day of exposure to the test solution, the phase
angle (Fig. 6b) showed a value of about 80° at high
frequency, while a minimum value of 3° has been
observed at a frequency of about 0.25 Hz. Moreover, it
was possible to observe an increase in the phase angle
at the lowest frequency range (102-10° Hz). The rise
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Fig. 6: Bode plots, (a) modulus and (b) phase angle, of the
unfilled coating (EP) in the test solution

suggested that the corrosion process at the alloy/coat-
ing interface was started. Therefore, it can be assumed
that the solution, penetrating the coating in the 24 h of
exposure, has reached the metallic substrate and has
activated corrosion phenomena.*® The phase angle
minimum shifted toward the high frequencies, as the
immersion time elapsed, confirming the further degra-
dation of the coating. On the other hand, the broad
variation of the phase angle, recorded in the medium—
high frequency range, suggested an increase in corro-
sion products formation, showing the continuous evo-
lution of metallic substrate degradation.
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Fig. 7: Bode plots, (a) modulus and (b) phase angle, of
epoxy-graphene coating loaded with 0.5 wt% (EGO05) of
graphene nanofiller in the test solution

In Fig. 7, Bode plots of the EGO5 specimen are
reported. The behavior observed is quite different
compared to the EP sample. A very slight decrease in
the impedance modulus values (Fig. 7a) in time has
been observed, suggesting an improved stability of the
loaded epoxy coating. Moreover, after one day of
immersion in the aggressive solution, EG05 specimen
showed a higher impedance modulus value compared
to that displayed by EP sample, indicating enhanced
protective properties of the coating. The low-frequency
impedance modulus lightly dropped with increasing
the immersion time in the test solution up to 21 days.
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Fig. 8: Bode plots, (a) modulus and (b) phase angle, of
epoxy-graphene coating loaded with 1 wt% (EG1) of
graphene nanofiller in the test solution

In this case, no increase in the impedance modulus at
very low frequencies (102 Hz) was detected in the
time interval of 14-21 days, unlike the unfilled coating,
EP. Hence, the EIS response of the epoxy loaded
coating is improved by the addition of 0.5 wt% of
graphene.

Looking at the phase angle data in Fig. 7b, the benefit
offered by the presence of graphene on the stability of the
loaded epoxy coating is evident. After one day of
exposure, the phase angle plot showed a value of about
80° at high frequency, while a minimum value was
observed at a frequency of about 0.1 Hz. Furthermore,
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Fig. 9: Evolution of impedance modulus values at 0.02 Hz
of EP sample (triangular dots), EG05 sample (circle dots)
and EG1 sample (square dots)

the rise of the phase angle recorded at the lowest
frequency range (107'-10% Hz) was much less pro-
nounced if compared with the data obtained for unfilled
coating. This trend suggested that there was limited
initiation of the corrosion process at the alloy/coating
interface. Itis also worthy of mention that the phase angle
shifted toward the low-frequency range in the time
interval of 1-7 days. These findings can be related to
the corrosion products, present at the interface, which
filled the coating porosity, leading to a more compact
coating.”” After 14 days, the deterioration of the coating
became evident as indicated by the shift of the phase
angle plot toward the high frequencies. Also these results
support the hypothesis that the loaded epoxy coating
appears more stable than the unfilled sample during the
exposure time, even if the electrolyte completely pene-
trates the coating upon one day of immersion.

The impedance modulus of EG1 sample (Fig. 8a)
showed, after the first 24 h of immersion in the solution
test, a value of about 6 x 10’ Q cm?, the highest
measured in this test campaign. In the rest of immersion
time, the impedance modulus slightly decreased show-
ing values always above 10’ Q cm? in the range of low
frequencies. An examination of the phase angle plot
revealed further beneficial effects. In fact, the curves
did not clearly show a minimum at very low frequency
until 4 days of immersion, as observed in the EP and
EGO05 samples. Consequently, no corrosion phenomena
can be detected in the above time interval, revealing a
higher barrier effect of the loaded coating. The phase
angle showed a slight tendency to increase in the time
interval 4-7 days of immersion time. After 14 days, a
minimum has been recorded at the lowest frequencies,
suggesting that the corrosion process at the metallic
interface started to develop. Also in this case, phase
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Fig. 10: Evolution of coating capacitance of EP sample
(triangular dots), EG05 sample (circle dots), and EG1
sample (square dots)

angle data were shifted toward lower frequencies due to
improved coating protective properties.

Impedance modulus values, evaluated at 0.02 Hz,
are shown in Fig. 9, and an immediate comparison
between them can be made. As can be seen, filled
coatings exhibit impedance modulus values higher than
the unfilled one for all exposure times.

Capacitance value, assumed by organic coating
when exposed to a water solution, is a useful parameter
to monitor water uptake in coatings.***" It can be
calculated by using equation (1)*':

1 1

€= 2nfiZ)  (2nfZ") (0

here f; (equal to 6.5 kHz) is a frequency value where
the slope of the impedance modulus curve is equal to
—1 and Z; is the imaginary part (or reactive compo-
nent) of the impedance. The results, reported in
Fig. 10, show the difference in behavior between
coatings loaded with different amounts of graphene.
Capacitance values were recorded, as a first approx-
imation, assuming that the swelling of the coating due
to water absorption could be neglected, thus the area
and thickness of coating do not change and the coating
can be considered as an ideal medium. As can be seen
at the beginning of the analysis campaign, i.e., when the
test starts and it is possible to consider that the coatings
are dry, capacitance values were 1.6 x 10'°,3.2 x 10™
and 3.1 x 10'°F cm 2 for EP, EG05 and EG1 samples,
respectively, indicating a distinct nature of the coat-
ings. In order to assess the consistency of capacitance
data, the relative permittivity (¢) of materials has been
considered. The ¢ has been calculated from capacitance
values obtained by applying equation (2). The ¢ value

for EP sample was 4.93, in agreement with Ku and
Liepins.*” In contrast, coatings filled with 0.5 and
1 wt% of graphene (EG05 and EGI1) presented ¢
values of 10.21 and 9.70, respectively, and as a matter
of fact the conductivity of the graphene nanofillers did
increase the permittivity of the unfilled coating, due to
the polarizing effect of graphene.

C = geAld (2)

where C is the capacitance of flat, parallel metallic plates
of area A and separation d, & is the vacuum permittivity,
equal to 885x107'> Fm™' and & is the relative
permittivity of the dielectric material between the plates.

Literature review reveals that increased performances
of organic coatings are attributed to the barrier effect****
played by graphene that induces a water diffusivity
decrease through the coating. In other words, the effect of
graphene seems to be due, simply, to an increase in
tortuosity of diffusion pathway of water through the
coating. Datareported in Fig. 10 showed that the coatings
exhibited different capacitance trends with time. Namely,
the net epoxy coating, after a fast increase in the
capacitance coating at the beginning of the test, displayed
a quasi-steady-state plateau and a subsequent step rise.
While nanocomposite coatings, at the beginning of the
measurement, showed a fast increase in the capacitance
coating, they progressively slowed down until a saturation
stage was reached. This trend indicates a different water
absorption process. The equations of straight line inter-
polation of experimental data, evaluated excluding the
first experimental value, are y = 0.00131x + 0.6957
(R*>=0.97) and y = 0.0095x + 0.6132 (R* = 0.90), for
EG1 and EGO05 samples, respectively. Their slopes are
equal to 0.75° (for EG05 sample) and 0.54° (for EG1
sample), confirming the steady-state reaching for both
samples. In conclusion: the samples EG05 and EG1 have
been saturated by water in 1 day, while the EP sample
continued to adsorb the electrolyte until the end of
experiments. This occurrence seems to contradict the
experimental evidence, reported in several papers, that
demonstrates a reduction of material flow when the resin
is added with graphene, while it can be explained
considering that the total amount of water uptaken is
reduced. In other words, coating permeability is reduced
both for the decrease in diffusivity and solubility of water
due to the extended pathway and to the hydrophobic
character of graphene. Thus, it is possible to suppose that,
due to graphene loading, a fraction of free volumes inside
the coating are not available to water, reducing the total
amount of water uptake, even if this assumption needs to
be verified collecting more data.

Conclusions

The influence of graphene nanosheets, incorporated in
a water-based epoxy coating and applied to Al2024T3
samples, has been evaluated. The results showed that:
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resin (1) structural properties and (2) adhesion to
the substrate were not affected by the presence of
graphene;

nanosheets addition conferred some hydrophobic
character to the coating;

loaded coatings showed improved electrochemical
performances toward corrosion.

Based on the experimental results, it can be

supposed that the change of the electrochemical and
physical behavior of the coatings is not merely related
to a physical effect. It may be due to some filler-matrix
interaction, due to polarizing effect of graphene and to
its hydrophobic character, that has not been evidenced
previously and which deserves further studies.
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