
102 Tecnol. Metal. Mater. Miner., São Paulo, v. 16, n. 1, p. 102-111,  jan./mar. 2019

https://doi.org/10.4322/2176-1523.20191462Original Article

2176-1523 © 2019 Associação Brasileira de Metalurgia, Materiais e Mineração. Published by ABM. This is an open access paper, published 
under the Creative Commons CC BY-NC-ND license (Attribution-NonCommercial-NoDerivs) - https://creativecommons.org/licenses/
by-nc-nd/4.0/.

a

Abstract

The aeronautics industry uses aluminum alloy AA2024-T3 due to its low density and good mechanical properties. 
However, this alloy requires the use of protective coatings because it does not have the corrosion and wear resistance 
required by the aeronautics industry. In this context, this work aims at evaluating the performanceof AA2024-T3 aluminum 
coated with hybrid films containing graphene oxide. The hybrid films were obtained by a dip coating process from a 
sol composed by tetraethoxysilane/3 (trimethoxysilylpropyl) methacrylate/cerium nitrate/ethanol/water with different 
concentrations of graphene oxide in suspension. The morphology was evaluated by Scanning Electron Microscopy. 
The corrosion resistance and wear behavior of the obtained coatings were characterized by open circuit potential, 
polarization curves and dry wear tests using constant force in a ball-on-plate tribometer. In the studied conditions, the 
metal coated with hybrid matrix films containing graphene oxide presented no changes in the corrosion resistance, but it 
showed a positive contribution to the wear resistance.
Keywords: Composite film; Graphene oxide; Corrosion and wear; Aluminum.

COMPORTAMENTO ELETROQUÍMICO E MECÂNICO DO ALUMÍNIO 
AA2024-T3 REVESTIDO COM FILME HÍBRIDO CONTENDO ÓXIDO DE 

GRAFENO

Resumo

A indústria aeronáutica utiliza a liga de alumínio AA2024-T3 devido a sua baixa densidade e boas propriedades 
mecânicas. Contudo, essa liga requer o uso de revestimentos protetores, pois não tem a resistência a corrosão e ao desgaste 
necessário para esta aplicação. Nesse contexto, este trabalho visa avaliar o desempenho da liga de alumínio AA2024-T3 
revestida com filmes híbridos contendo óxido de grafeno. Os filmes híbridos são obtidos por processo de dip coating 
de um sol composto por tetraetoxisilano/3 (trimetoxisilylpropil) metacrilatonitrato de cério/etanol/água com diferentes 
concentrações de óxido de grafeno em suspensão. A morfologia foi avaliada por Microscopia Eletrônica de Varredura. 
O comportamento em relação a resistência à corrosão e ao desgaste dos revestimentos foi avaliada por potencial de 
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water, dried, rinsed once more with acetone, dried, then 
rinsed with ethanol and dried once again.

The procedure was based on the Staudenmaier 
method [17,18]. For the preparation of this technique 
sulfuric acid (H2SO4) was provided by Fmaia, nitric acid 
(HNO3) by Merck, potassium chlorate (KClO3) by Vetec 
Química Fina Ltda. And graphite (11 µm d50) Micrograf 
HC11by Nacional de Grafite Ltda.

The sulfuric and nitric acids were mechanically 
mixed for 1 hour. Graphite was added to the mixture that 
was kept in the mixer for 20 more minutes. Then, KClO3 
was added and mechanically stirred for 24 hours. Finally, 
the product was washed with HCl at 10% to remove any 
remaining salts. Afterwards, the graphite oxide was kept 
within a dialysis membrane in water until pH around 6 was 
reached. The graphite oxide solution was then dried at 
100°C for 3 hours.

The materials used for the sol-gel were 
tetraethoxysilane (TEOS, C8H20SiO4) provided by Sigma 
Aldrich, 3 (trimethoxysilylpropyl) methacrylate (TMSPMA, 
C10H20SiO5) also by Sigma Aldrich, cerium nitrate (Ce(NO3)3) 
from Merck, ethanol (CH3CH3OH) from Synth, deionized 
water and graphite oxide both developed in the laboratory.

The hydrolysis reactions were conducted by 
alkoxide precursors TMSPMA and TEOS with 0.637 g and 
4.23 g, respectively. Then Ce(NO3)3 (0.086g), ethanol 
(9.46 g) and deionized water (2.87g) were added and 
slowly mixed. After being hydrolyzed for 24 hours, graphite 
oxide was added into the sol with different concentrations 
(1g.L 1, 0.5 g.L-1, 0.25 g.L-1 and 0 g.L-1) so that its influence 
could be evaluated. The suspension was maintained for 
2 hours with magnetic stirring and then another 4 hours on 
ultrasound to disperse the graphite oxide until it became 
graphene oxide (GO).

Coated samples were prepared by using a dip 
coater (brand: Marconi –model: MA765). Samples were 
dipped in sol at a withdrawal speed of 10 cm.min-1 with a 
residence time of 10 minutes [19-21]. Hybrid films were 
then thermally cured at 60ºC for 10 minutes in a furnace 
(brand: De Leo – model: TLK48). Table 1 presents a 
description of the samples.

1 INTRODUCTION

This paper discusses recent topics involving graphene 
oxide, composite films and their use in aviation. Considering 
environmental problems with the coating material used in 
aircraft fuselages, this paper aims at obtaining a new protective 
film that is both in agreement with new environmental 
standards and more adequate in relation to corrosive effects.

The current Al alloy coating system used in aviation 
is composed by three individual layers. The conversion 
layer is a pre-treated aluminum, which aims at promoting 
the bonding between aluminum and the primer. In this 
stage, however, the aviation industry uses chromium bath 
to form the conversion layer [1]. In order to eradicate the 
use of these damaging elements some countries, mainly 
European ones, have already taken action to eliminate 
this process within a few years, as the following standards 
state: Commission decision on the Implementation of the 
European Pollutant Emission Register (EPER) for IPPCD, 
Council Directive 67/548/EEC, Commission Regulation (EC) 
No 143/97, Council Directive 96/82/EC and Council Directive 
76/769/EEC among others. The top coat and primer layers 
are used for decoration, to increase wear resistance and to 
protect the substrate from corrosion.

Several studies in literature have proposed alternative 
films to replace the chromium conversion layer. However, 
further investigation of new alternative coatings are still 
needed. Various chromate-free conversion coatings on 
aluminum have been developed, such as the ones based on 
zirconium, titanium, vanadium, cerium, and molybdenum 
coating as well as hybrid films silane-based coating [2-7]. 
Nevertheless, these coatings are still not as good as chromium 
when considering its properties.

In this context, the present paper proposes to 
create a new coating of hybrid film silane-based with the 
addition of graphene oxide particles to enhance performance 
considering wear and corrosion resistances [8-10]. This is 
not a new approach, but what was presented in this paper 
of silane-based hybrid film was already proved to have good 
performance [11-15] and the addition of graphene oxide 
can be better than chromium conversion coating. Graphene 
oxide has very interesting properties for this purpose, such 
as high mechanical strength [16] and the ability to bind to 
other elements.

2 EXPERIMENTAL PROCEDURES

The samples of aluminum substrates AA2024 T3 
(2 cm × 4 cm× 0.1 cm) were sanded using SiC abrasive 
paper (# 400–1200). Samples were rinsed with deionized 

Table 1. Nomenclature used for the samples

Graphene oxide concentration Film Film on sample
1.00 g.L-1 Si-1 Al-Si-1
0.50 g.L-1 Si-2 Al-Si-2
0.25 g.L-1 Si-3 Al-Si-3

Without graphene oxide Si-u Al-Si-u

circuito aberto, curvas de polarização e testes de desgaste a seco com força constante em um tribômetro ball-on-plate. 
Nas condições estudadas, o metal revestido com filmes híbridos contendo óxido de grafeno não apresentou mudanças 
na resistência a corrosão, mas mostrou uma contribuição positiva na resistência a abrasão.
Palavras-chave: Filme compósito; Óxido de grafeno; Corrosão e desgaste; Alumínio.
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Hybrid film samples with and without addition of 
GO to the AA2024-T3 aluminum alloy were analyzed for 
morphology, electrochemical properties and wear behavior.

Morphological characterization was performed using 
a JEOL 6510LV scanning electron microscopy (SEM) and 
FEI-Inspect F50 high-resolution scanning electron microscopy 
(SEM-FEG) with acceleration voltage of 20 kV on top view.

TGA analyzes were performed using a Shimadzu 
TGA-50 equipment with temperature ranging from 23 °C 
to 800 °C and a heating rate of 10 °C.min-1 in N2 flow of 
50 mL/min.

The coating corrosion performance was evaluated 
using open circuit potential monitoring (OCP), polarization 
curves and electrochemical impedance spectroscopy in a 
0.05 M NaCl solution. The AUTOLAB PGSTAT 30 potentiostat 
with a three-electrode cell and a platinum wire counter 
electrode was used. The saturated calomel electrode (SCE) 
was used as reference to perform the analyses. The area 
of the working electrode was of 0.626 cm2. Polarization 
curves used a potential interval between -200 mV (vs OCP) 
and 600 mV (vs OCP) and a scan rate of 1 mV.s-1.For the 
electrochemical impedance spectroscopy (EIS) a sinusoidal 
signal of 10 mV (rms signal) of amplitude was used, and a 
frequency ranging from 100 kHz to 10 mHz using a NOVA. 
EIS was performed every 24 hours for 5 days.

Wear tests were performed on a ball-on-plate test 
at room temperature. The equipment used was a CETR. 
The test was performed with a reciprocal linear motion of 
an alumina ball of 4.76 mm diameter, using constant force 
of 1.5 N, frequency of 2 Hz and track length of 2 mm. 
The average Hertzian contact stress was 135 MPa.

Finally, adhesion of the film to the substrate was 
evaluated according to the Brazilian ABNT NBR11003 
standard. Samples were scratched (7 lines in each direction) 
with a stylus. Then a 55 gf.mm-1 tape with minimal adhesion 
to steel was glued to the film and perpendicularly removed 
in order to analyze the efficiency of the film adhesion to 
the substrate, images were taken before and after the test.

3 RESULTS AND DISCUSSION

3.1 Morphology Characterization

In Figure 1a and b, SEM showed GO particles 
present in the hybrid film, but these particles are observed 
as agglomerates. This is due to the high surface energy 
that promotes nanoparticle promote high tendency of 
agglomeration, increasing its mass and/or its volume in the 
film. FEG-SEM micrographs show in detail some GO sheets 
on the hybrid matrix.

Figure 1. SEM (a and b) and SEM-FEG (c and d) micrographs of hybrid film with particles of graphene oxide.
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3.2 Thermal Characterization

Figure 2 presents thermogravimetric analysis (TGA) 
characterization obtained from the samples studied under 
inert atmosphere (N2), and Table 2 shows the onset 
temperature (Tonset), maximum temperature (Tmax) and 
end temperature(Tendset) at each stage of degradation, in 
addition to the remaining residual percentage at the end 
of the analysis.

Five stages of degradation were observed in the 
graphene oxide (GO) sample. The first stage happened 
between 25 °C and 115 °C and is related to the water 
evaporation between the layers of graphite oxide [22]. 

The next two stages happen between 155 °C and 296 °C 
and are related to thermal decomposition of the oxygenated 
functional groups in CO and CO2 [22-24]. The last two stages 
happen between 310 °C and 800 °C and are associated with 
the removal of the more stable oxygenated groups and 
with the pyrolysis of the carbon structure in the graphite 
oxide [22,24].

Four stages of degradation were observed in the 
Si-u sample (without graphene). The first stage, happening 
between 27 ºC and 98 ºC, is related to the evaporation 
of solvents (water and alcohol) present in the silane film. 
The other stages all happen between 155 ºC and 680ºC 
and are related to the loss of intercalated species, to the 
breaking of surface group bonds, and to the degradation of 
the main chains of TEOS and TMSPMA.

The Si-1, Si-2 and Si-3 samples showed similar thermal 
behavior. Moreover, all samples presented similar silane 
degradation stages. However, samples with GO showed 
higher thermal stability and lower waste percentage when 
compared to Si-u sample. These results indicate that the 
presence of GO retards the degradation process of the film, 
probably due to decreased mobility of the silane chains, 
thus indicating a good film because of charge dispersion.

3.3 Electrochemical Characterization

The samples open circuit potential showed no 
significant difference among samples with and without film, 
as shown in Figure 3, since the system has not yet reached 
a steady state in the first hour and the protective coatings 
are still very effective [25].

Figure 2. The thermogravimetric analysis (TGA) of samples studied 
in N2 atmosphere.

Table 2. Thermal characteristics for the samples (TGA)

Sample
Thermal

degradation stage

Temperatures (°C)
Residual mass (%)

Tonset TmAx Tendset

GO 1° 25 63 115 88
2° 155 215 245 70
3° 250 275 296 60
4° 310 390 520 53
5° 580 712 800 25

Si-1 1° 26 60 86 92
2° 91 117 174 88
3° 230 498 570 78

Si-2 1° 26 58 81 90
2° 94 121 170 84
3° 225 501 579 71

Si-3 1° 25 56 80 90
2° 90 123 167 86
3° 229 497 572 77

Si-u 1° 27 77 98 92
2° 155 198 272 86
3° 285 425 513 77
4° 520 616 680 73
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The theoretical model assumes that the rates of 
both anodic and cathodic processes are controlled by the 
kinetics of electron transfer reaction on the metal surface. 
The current is calculated from Equation 1.

I=I_corr [e^((2.3(E-E_(corr)))/β_a)-e^((-2.3(E-E_(corr)))/β_c) ] (1)

Where represent measured current, E is for electrode 
potential, Icorr for corrosion current (that can be evaluated 
from the point of intersection between the anodic and 

cathodic slopes on the tafel plot). Ecorr is the corrosion 
potential (which is the same as the open circuit potential 
for a corroding metal and is also a measure of the reactivity 
of the substrate under study) that can be read from the 
vertical axis of the anodic and cathodic intersection of the 
Tafel plot [26]. βa and βc are the anodic and cathodic Tafel 
constants obtained from slopes of the linear regions of the 
anodic and cathodic arms (Table 3) and is associated with 
redox reactions occurring at the metal/coating interface [27]. 
High Tafel constants correspond to low anodic and cathodic 
reactions and vice versa. The shape of the anodic or cathodic 
arms of the Tafel plot provides useful information about the 
mechanisms taking place.

The sample with the highest concentration of GO 
particles (Al-Si-1) showed the lowest corrosion current 
density (icorr), as shown in Figure 4. An explanation for 
this occurrence is that the graphene oxide difficults the 
passage of the electrolyte. However, even if it seemed to 
be a positive result, this analysis can hide a serious problem. 
Aluminum corrosion in this environment happens due to 
pitting corrosions (icorr) and in this case it is not a parameter 
to measure the severity of corrosion.

The Ecorr of the Al-Si-u and of the samples studied 
did not present great difference. Difference around 40 mV 
is not enough to allow a clear distinction between among 
electrochemical behaviors of the samples examined [28]. 
However, the icorr of the samples Al-Si-1 and Al-Si-2 
decreased more than one third if compared with the no 
coated Al, what suggests a decrease in ion diffusion to the 
metal interface, possibly due to the presence of protective 
coatings. On a microscopic level, graphene reinforced coatings 
have lower permeability because of higher stiffness of chain 
motion during long or short-range motions. The increase in 
rubbery region modulus and glass transition temperature is 
correlated to the presence of rigid graphene fillers, as well 
as physical entanglements of the chains [29,30].

Higher Icorr values observed for the Al suggest poor 
corrosion resistance, hence increased flow of ions through 
coatings resulting in high corrosion rates. There is a linear 
relationship between Icorr and the corrosion rate, therefore 
high Icorr suggests high corrosion rates.

The presence of graphene in the coating creates obstacles 
for diffusing ions and limits flow of electro-active species to 
the metal interface, thereby decreasing corrosion rate.

Table 3. Tafel slope analysis

Sample Ecorr (mV) ba (V/dec) bc (V/dec) icorr (A.cm-2)
Polarization 

resistance (Ω.cm2)

Al-Si-1 -514 0.692 0.056 2.42 × 10-8 4.44 × 105

Al-Si-2 -496 0.054 0.046 4.42 × 10-8 1.50 × 105

Al-Si-3 -500 0.116 0.018 8.75 × 10-8 4.79 × 104

Al-Si-u -467 0.037 0.013 1.17 × 10-7 4.59 × 104

Al -490 0.169 0.013 2.81 × 10-6 8.00 × 103

Figure 3. Open circuit potential of samples.

Figure 4. Potentiodynamic polarization curve.
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Furthermore, Al-Si-3 and Al-Si-u samples showed 
the worst performances among the coated samples studied 
(one order of magnitude lower in corrosion current density), 
suggesting that the coating had already failed and was no 
longer acting as a protective coat, thus allowing corrosion 
activity at the coating/metal interface [31,32].

Electrochemical impedance spectroscopy has been a 
widely used method for studying degradation and corrosive 
processes in metal / coating systems. EIS is a nondestructive 
technique that provides system’s responses such as coating 
capacitance and resistance. Furthermore, information 
about diffusion process and charge transfer in the interface 
metal / coating can be obtained [33,34]. EIS can be used to 
study films with high corrosion resistance, for which the 
polarization curve method is limited, or as a complementary 
technique that enables advances in corrosion science [35].

The Bode plots at 24 hours and at 96 hours are shown 
in Figure 5. Al-Si-1 and Al-Si-3 in a 24 hour immersion have 
two well-defined time constants. In low frequency, they 
represent the resistance and capacitance of the corrosion 
product layer [36]. This phenomenon has been observed 
by some authors [37,38] who attributed it to a reduction 
in film thickness and / or conductivity of the electrolyte due 
to increased porosity of the film.

Two other time constants were observed in 
high frequency. They correspond to the charge transfer 
resistance and double-layer capacitance, respectively [39,40]. 

The analyses of Al-Si-1 and Al-Si-3 samples showed this 
phenomenon more evidently (which had a higher phase 
angle at high frequency during the 24 hour immersion). 
This may be associated with the fact that the presence of 
GO in the bath solution is incorporated into the crevices, 
gaps and micron holes of the coating, which prevents the 
corrosive medium (Cl-) from eroding the coating [41,42]. 
Moreover, the corrosion path is seriously distorted because 
of the incorporation of GO nanosheets in the silane matrix. 
The corrosive medium (Cl-) is blocked and cannot reach 
coatings and substrate, thus favoring the improvement of 
the corrosion resistance [43].

The impedance response is characteristic of a typical 
corroded surface in aggressive media with the precipitation 
of a corrosion product film [44]. Furthermore, Al-Si-u 
sample showed a smaller phase angle at high frequency 
than Al-Si-1 and Al-Si-3 samples. This indicates that the 
coating has cracks / defects. In 96 hours of immersion that 
phenomenon disappears at high frequency in all samples 
analyzed indicating the penetration and attack of corrosive 
species across the coating layer. However, the 96 hour 
bode plot (Z) showed that Al-Si-1, Al-Si-2 and Al-Si-3 
samples have better corrosion protective performance 
than Al-Si-u sample. Better corrosion resistance of the 
systems might be attributed to smaller grain size. Smaller 
grain sizes for coating can provide a much smaller cathode 
/ anode surface ratio against localized corrosion due to the 

Figure 5. Impedance Bode plot in first column and phase angle Bode plot in second column in 24 hours and 96 hours of immersion.
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evenly distributed corrosion current, thus increasing the 
corrosion resistance [45,46]. In addition, when the coating is 
immersed in NaCl solution, Cl- which is a strong adsorption 
anion, tends to preferentially absorb on specific sites such 
as defects on the coatings [47].

3.4 Wear Resistance

The wear resistance on the aluminum alloy coated 
samples was analyzed by the monitoring of coefficient 
of friction in relation to the distance of the alumina ball. 
The measurement is stopped when there is an abrupt 
change of the friction coefficient and the change of the film 
was related to film fracture.

Wear analysis results was showed that the coating 
improve the useful life against wear (Al vs all other samples).

Other observation in wear analysis results was an 
increase in the particle concentration in the film and the wear 
resistance are directly correlated (Al-Si-1 > Al-Si-2 > Al-Si-u), 
as shown in Figure 6. The samples with low concentration 
of particles in the hybrid film (Al-Si-3 and Al-Si-u) oscillated 
around the value of 0.1 until the moment of rupture of the 
film. This phenomenon may be related to the presence of 
a third body (which can be produced with cladding sliver) 
between the film and the ball. Thus, this phenomenon was 
annulled with an increase in the concentration of particles 
(Al-Si-2 and Al-Si-1). The Al-Si-2 sample had not phenomenon 
of oscillation, but it had the same useful life as the Al-Si-3 
sample. Finally, besides not having the phenomenon of 
oscillation, the sample Al-Si-1 had the best useful life.

The result confirms, as assumed, that the addition 
of GO to the coating improves wear resistance.

3.5 Adhesion Test

The images (Figure 7) obtained after the adhesion 
tests, according to NBR11003 standard, indicated that the 
composite film presents high adhesion to the aluminum 
substrate. The detection of silane in coatings is, in most of 
the cases, complicated because the film is almost transparent 
and of low thickness. The shade difference on the surface is 
probably due to the presence of a silane layer (dark regions) 
and lighter areas are silane layers that were removed by 
the tape test. All samples had less than 5% of their area 
removed, what corresponds to a Gr1 degree, in compliance Figure 6. Coefficient of friction in the ball-on-plate test.

Figure 7. Images of adhesion test.
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