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APRESENTAÇÃO

A coleção “A Diversidade de Debates na Pesquisa em Química 2” é uma obra 
que tem um conjunto fundamental de conhecimentos direcionados a industriais, 
pesquisadores, engenheiros, técnicos, acadêmicos e, é claro, estudantes. A coleção 
abordará de forma categorizada pesquisas que transitam nos vários caminhos 
da química de forma aplicada, inovadora, contextualizada e didática objetivando 
a divulgação científica por meio de trabalhos com diferentes funcionalidades que 
compõem seus capítulos.

O objetivo central foi apresentar de forma categorizada e clara estudos 
relacionados a revestimentos inteligentes – smart coatings; técnicas eletroquímicas; 
modificação de superfície; processo foto-Fenton; dessulfurização adsortiva de diesel; 
otimização de sensores; contaminantes orgânicos; degradação de compostos; 
nanotubos de carbono hidrofílicos; oxidação parcial do metano; produção de etanol; 
tratamento de efluente aquoso; produção de biogás; processo oxidativo avançado; 
partição de íons metálicos; ensino de polímeros; reutilização de óleo industrial; 
análise complexométrica de alumínio e modelagem molecular. Em todos esses 
trabalhos a linha condutora foi o aspecto relacionado à caracterização, aplicação, 
otimização de procedimentos e metodologias, entre outras abordagens importantes 
na área de química, ensino e engenharia química. A diversidade de Debates na 
pesquisa em Química tem sido um fator importante para a contribuição em diferentes 
áreas.

Temas diversos e interessantes são, deste modo, discutidos aqui com a 
proposta de fundamentar o conhecimento de acadêmicos, mestres e todos aqueles 
que de alguma forma se interessam pela área de química tecnológica, bacharel e 
licenciatura. Possuir um material que demonstre evolução de diferentes metodologias, 
abordagens, aplicações de processos, caracterização com diferentes técnicas 
(eletroquímica, microscopia, espectroscopia no infravermelho por transformada de 
Fourier e raios-X) substanciais é muito relevante, assim como abordar temas atuais 
e de interesse tanto no meio acadêmico como social.

Portanto, esta obra é oportuna e visa fornecer uma infinidade de estudos 
fundamentados nos resultados experimentais obtidos pelos diversos pesquisadores, 
professores e acadêmicos que desenvolveram seus trabalhos que aqui serão 
apresentados de maneira concisa e didática. 

Jéssica Verger Nardeli
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ABSTRACT: The development of smart coating 
based on vegetable oils in the presence 
of additives have been a good alternative 
for corrosion protection of different metallic 
substrates. The AA2024 alloy is a prime material 
for application in aircraft parts and many others 
industrial parts, however, this alloy is susceptible 
to corrosion because the presence of sensitive 
S-phase, composed by copper and magnesium. 
The development of the coatings was based on 
researches of our group using tannin (natural 
inhibitor) for modification of the polymeric 
structure of polyurethane. The coatings were 
characterized by attenuated total reflectance 
Fourier transform infrared spectroscopy (FTIR-
ATR), contact angle, and measurements of 
thickness. The barrier properties and corrosion 
protection ability were assessed by open circuit 
potential (EOCP) and electrochemical impedance 
spectroscopy (EIS). The self-healing ability of 
the coatings was studied by localized impedance 
spectroscopy (LEIS) in the presence of scratch 
on coating the surface. The results demonstrate 
that the modified coating provides effective 
corrosion protection due to damaged polymer 
healing and the electrochemical and surface 
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analysis contribute to the interpretation of the corrosion inhibition mechanism.
KEYWORDS: smart coating, corrosion protection, localized impedance, coatings 
development.

REVESTIMENTO INTELIGENTE PARA PROTEÇÃO CONTRA CORROSÃO DE 

LIGAS DE ALUMÍNIO: ESTUDO GLOBAL E LOCALIZADO DO DESEMPENHO 

ANTICORROSÃO

RESUMO: O desenvolvimento de revestimento inteligente à base de óleos vegetais na 
presença de aditivos têm sido uma boa alternativa para proteção contra corrosão de 
diferentes substratos metálicos. A liga AA2024 é um material primordial para aplicação 
em peças de aeronaves e outras peças industriais, no entanto, é suscetível à corrosão 
devido à presença da fase-S, composta por cobre e magnésio. O desenvolvimento dos 
revestimentos foi baseado em pesquisas do nosso grupo, utilizando tanino (inibidor 
natural) para modificação da estrutura polimérica do poliuretano. Os revestimentos 
foram caracterizados por espectroscopia no infravermelho por transformada de 
Fourier com refletância total atenuada (FTIR-ATR), ângulo de contato e medidas da 
espessura. As propriedades de barreira e a capacidade de proteção contra corrosão 
foram avaliadas por medida de potencial em circuito aberto (EOCP) e espectroscopia 
de impedância eletroquímica (EIS). A capacidade de autocura dos revestimentos foi 
estudada por espectroscopia de impedância localizada (LEIS) na presença de defeitos 
artificiais na superfície do revestimento. Os resultados demonstram que o revestimento 
modificado fornece proteção eficaz contra a corrosão devido à cura do polímero 
danificado e as análises eletroquímica e de superfície contribuem na interpretação do 
mecanismo de inibição da corrosão.
PALAVRAS-CHAVE: revestimento inteligente, proteção contra corrosão, impedância 
localizada, desenvolvimento de revestimentos.

1 |  INTRODUCTION

Corrosion is a natural phenomenon, in which occurs the material deterioration 
due to reactions with species present in the environment. Corrosion is a continuous 
process (JONES, 2020; MELCHERS, 2019), and thus the choice of a coating must 
be judicious to last throughout the expected life cycle of the system.

The aluminium alloys used in the aerospace industry have been constantly 
improved over the past century and now constitute about 80% of the weight of 
modern aircraft (DORIN; VAHID; LAMB, 2018; YASAKAU et al., 2008). However, one 
of the major concerns of the airline industries is the ageing of the aircraft associated 
with corrosion. For protecting aluminum alloys and other metallic surface against 
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corrosion, it is crucial to understand the fundamental aspects of the corrosion 
processes affecting the material. 

In this context, the search for self-healing polymers has increased due to the 
need to extend the useful life of materials that are susceptible to corrosion. Self-
healing is defi ned: “Self-healing can be defi ned as the ability of a material to heal 
(recover/repair) damages automatically and autonomously, that is, without any 
external intervention” (GHOSH, 2009). The self-healing effect may be related to 
the physical or chemical integration of repairing components of the polymer, i.e. (1) 
embedment of vessels encapsulating reactive liquids, (2) chemical integration of 
dynamic reformable/reversible bonds, (3) dispersion of superparamagnetic, (4) self-
repair without addition of any discrete physical/chemical healing constituents, driven 
by interchain van der Waals (vdW) (HORNAT; URBAN, 2020; PULIKKALPARAMBIL; 
SIENGCHIN; PARAMESWARANPILLAI, 2018). In accordance to literature (NARDELI 
et al., 2019a), the reaction into polyurethane with tannin inhibitor provided more 
hydrogen bonds formation that favors self-healing effect in polymers, which can be 
schematically represented in Figure 1.

Figure 1. General self-healing mechanism in polymer coating

Different approaches using global and localized techniques are essential for the 
development and interpretation of new protecting systems (NARDELI et al., 2016; 
NARDELI et al., 2019b). The aim of this chapter is to stimulate the development of 
new organic coatings based on formulations (with tannin) that have already proved 
effi cient (NARDELI et al., 2020) in the protection against corrosion of aluminum 
alloys.

2 |  METHODOLOGY

2.1 Coatings preparation

Two different coatings were obtained based on the details of preparation 
reported by our group (NARDELI et al., 2016 – unmodifi ed coating; NARDELI 
et al., 2020 – modifi ed coating, however using 2.5 wt.% tannin). The unmodifi ed 
coating was prepared without inhibitor (NARDELI et al., 2016 - using a proportion 
1:3 (polyester:prepolymer)) and the modifi ed coating was obtained by adding tannin 
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inhibitor (97.5 wt.% unmodified coating + 2.5 wt.% tannin inhibitor) (NARDELI et al., 
2020). Then, the coatings were applied on the AA2024 surface, according to the 
literature (NARDELI et al., 2020). The substrate preparation and composition of the 
AA2024 substrate were previously described (NARDELI et al., 2020).

2.2 Surface characterization

2.2.1 Thickness

The average thickness of the coatings was determined in triplicate with an 
Elcometer in different regions of the surface to verify the homogeneity of thickness 
throughout the length of the film.

2.2.2 Contact angle

The hydrophobicity of the substrate and coatings surface was evaluated by 
a Dataphysics OCA20. Static distilled water contact angles were measured by 
carefully placing a 17 µL water droplet onto the substrate aluminum alloy and coating 
(unmodified and modified) surfaces. The measurements were performed in three 
replicates to check data repeatability.

2.2.3 Attenuated total reflectance Fourier transform infrared spectroscopy 

(FTIR-ATR)

The coatings were chemically characterized by means of Fourier 
Transform Infrared Attenuated Total Reflectance (FTIR-ATR) using a Nikolet IS5 
spectrophotometer with an Attenuated Total Reflectance attachment (scans = 
32, energy scanning from 400 to 4000 cm-1, resolution = 2 cm-1), however, this 
characterization has been extensively explored in other works (NARDELI et al., 
2019a).

2.2.4 Scanning electron microscopy (SEM)

The coating surface was analyzed after localized electrochemical study by 
SEM and EDX analysis using a FEG-SEM JEOL model JSM 7001F microscope at 
an accelerating voltage of 15 or 20 kV. The EDX detector from FEG-SEM JEOL is a 
light elements detector, from Oxford (England), model INCA 250.

2.3 Anti-corrosion performance

Anti-corrosion performance can be estimated by global electrochemical 
response and localized electrochemical response of the coating applied on 
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substrate. Both studies provided information based on the response of the coating 
in the absence (EOCP and EIS measurements) and presence of the scratch (localized 
electrochemical impedance spectroscopy) on the surface. 

To assess self-healing property, an artificial scratch (4 mm size) using a scalpel 
blade was applied on the coating surface until exposing the metallic substrate. The 
surface was observed by optical microscopy before and after the LEIS measurements, 
however, SEM/EDX results will be presented, which contribute more precisely to 
estimate the protection mechanism according to the composition inside the scratch 
zone and on the scratch-free zone.

2.3.1 Global electrochemical study

2.3.1.1. Open circuit potential (EOCP) and electrochemical impedance 

spectroscopy (EIS)

For EOCP and EIS, a conventional three-electrode electrochemical cell Model 
K0235 was used, which was composed by an AA2024 coated alloy (geometrical 
area of 1 cm² exposed to the electrolyte in the absence of scratch), the working 
electrode; an Ag|AgCl|KCl 3mol L-1, the reference electrode and a Pt spiral, the 
auxiliary electrode. The electrolyte was 3.5% NaCl solution and the measurements 
were conducted at 25 oC.

EOCP measurements were performed for both coatings (unmodified and modified) 
immersed in solution for 30 minutes. EIS measurements were performed for 2 h, 30 
days, and 50 days of immersion, using a GAMRY REF 600 potentiostat/galvanostat 
by applying a 10 mV(r.m.s.) sinusoidal potential perturbation signal to EOCP, from 
1×105 to 5×10-3 Hz, and recording 10 points/frequency decade. These data were 
employed to evaluate the coatings performance with 1 cm2 exposed geometrical 
area in the absence of scratch.

2.3.2 Localized electrochemical study

2.3.2.1. Localized electrochemical impedance spectroscopy (LEIS)

LEIS measurements were performed with a Solartron 1286 electrochemical 
interface with a Solartron 1250 frequency response analyzer coupled with a 
Uniscan electrochemical station. The LEIS system was composed of five electrodes, 
consisting of a conventional three-electrode arrangement (reference electrode, 
counter electrode, and the coated sample as working electrode under a potentiostatic 
control) and a Pt bi-electrode (LEIS probe) to measure the local potential gradient 
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in solution above the working electrode surface. The reference electrode was a 
saturated calomel electrode (SCE) and the counter electrode was a Pt mesh. Details 
on the customized configuration of the LEIS probe used in this work have been 
previously described (NARDELI et al., 2016). The probe was stepped across a well-
defined area of the sample including the scratch. The scanned area was 5048 µm 
× 2000 µm for the unmodified coating and 5106 µm × 2000 µm for the modified 
coating. A frequency of 5 kHz was used during LEIS mapping. The LEIS maps (area 
scan: 32 points x 16 lines) were taken in 0.005 mol L-1 NaCl aqueous solution every 
hour, for 24 h of immersion.

3 |  RESULTS AND DISCUSSION

3.1 Surface characterization

3.1.1 Thickness

The determined thicknesses were 445.8 µm and 741.6 µm for the unmodified 
coating (without tannin) and modified coating (with tannin), respectively.

3.1.2 Contact angle

Figure 2 shows the static contact angles of the surfaces of the coatings applied 
on AA2024 alloy. This study provided information on hydrophobicity the surface - the 
higher the contact angle, the greater the hydrophobicity of the surface, therefore, the 
less water uptake by the coating. 

The addition of the organic coating on the AA2024 surface leads to an increase 
in the contact angle from 76.1º to 90.1º. The addition of inhibitor tannin to organic 
coating leads to an increase in the contact angle from 90.1º to 94.6º, demonstrated 
in Figure 2. Therefore, modified coating presents higher hydrophobicity.
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Figure 2. Static contact angles of AA2024 substrate, unmodified coating and modified coating as 
measured with deionized water.

3.2 Anti-corrosion performance

3.2.1 Global electrochemical study

3.2.1.1. Open circuit potential (EOCP) and electrochemical impedance 

spectroscopy (EIS)

Figure 3a depicts the evolution of EOCP vs. time in 3.5% NaCl solution for 
the substrate AA2024 alloy, and for both unmodified and modified coatings. After 
30 minutes of immersion, the EOCP values for the bare AA2024 alloy are close to 
-0.57 V/Ag|AgCl|KCl 3mol L-1, while for the unmodified coating the value is ~-0.40 
V/Ag|AgCl|KCl 3mol L-1. When the alloy is coated with the modified coating, the 
EOCP values is ~-0.28 V/Ag|AgCl|KCl 3mol L-1. Over the entire immersion test, the 
modified coating evidenced the most positive potential value that accounts for its 
better barrier property in relation to the modified coating.

Figure 3b and Figure 3c show a set of representatives Bode impedance modulus 
plots for the unmodified and modified coatings obtained after 2 h, 30 days and 50 
days of immersion in 3.5% NaCl solution. These results cover the electrochemical 
response for an area of 1 cm2 without artificial defect, allowing to estimate |Z| values 
around 3.0 x 1010 (2 h), 2.1 x 1010 (30 days), 2.6 x 1010 (50 days) for unmodified 
coating, and |Z| values ~8.3 x 1010 (2 h), ~1.0 x 1011 (30 days), ~4.2 x 1010 (50 
days) for modified coating, being always higher than those of the unmodified coating. 
It is worth to recall that the surface of the modified coating is more hydrophobic, 
therefore, has less interaction with water, and the modified coating is also thicker 
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than the unmodifi ed one.

Figure 3. (a) EOCP vs. time for 1800 seconds, (b and c) electrochemical impedance Bode |Z| 
plots taken at 2 h, 30 days, 50 days of immersion in 3.5% NaCl solution.

3.2.2 Localized electrochemical study

3.2.2.1. Localized electrochemical impedance spectroscopy (LEIS)

Figure 4 depicts the evolution of admittance above the surface of the unmodifi ed 
(Figure 4a) and modifi ed coatings (Figure 4b) provided by LEIS maps for 1 h, 
15 h and 24 h of immersion in 0.005 mol L-1 NaCl solution. The scale range in 
Figure 4a is identical to that in Figure 4b to allow a rough comparison between the 
admittance values. The admittance for the unmodifi ed coating (Figure 4a) increases 
with the immersion time, showing maximum admittance at 24 h of immersion, thus 
corresponding to lower impedance values. Some of the most important reactions 
when the aluminum alloy is exposed to the electrolyte are depicted below as 
represented by equations 1 - 4.
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Cathodic reaction:

Anodic reaction:

Global reaction:

However, for the modifi ed coating (Figure 4b) the decrease in admittance in 
the scratch zone is noted. LEIS experiment was carried out for 24 h only, and it 
confi rms the trends observed in the EIS measurements depicted in Figure 3c. In 
accordance to literature [ref], the coating modifi ed with tannin provided self-repair 
effect in scratch zone. In comparison to other results of our group in which a greater 
amount of tannin was used in the coating formulation, the self-healing effect starts 
in a few hours (~ 5 h) of immersion, while in the present case, using a lower amount 
of tannin and other polymeric matrix the effect starts after 15 h of immersion. 

In this way it is confi rmed that by changing the polymeric matrix and decreasing 
the amount of tannin, the self-healing effect is maintained, however, the process 
starts after longer immersion time (~15 h). Therefore, for the development of the 
smart coating it is interesting to increase the amount of tannin, so that the self-
healing effect starts at shorter time. The importance of the interaction between 
the polymeric matrix and the tannin is also emphasized, so that this combination 
improves the coating performance against corrosion.
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Figure 4. LEIS maps for (a) unmodifi ed and (b) modifi ed coatings obtained at 1 h, 15 h, 24 h of 
immersion in 0.005 mol L-1 NaCl solution.

Thus, by combining EIS (global electrochemical study) with LEIS (localized 
electrochemical study), it was possible to observe, in detail, the evolution of the 
various resistive parameters and the local inhibition on the scratch.

At the end of the immersion test (24 h of immersion in 0.005 mol L-1 NaCl 
solution) both defects were observed via SEM imaging and EDX analysis (Figure 
5). Figure 5a shows that for the unmodifi ed coating, the EDX analysis in the scratch 
zone confi rmed the presence of aluminum. This result indicates that the corrosion 
process propagated from the scratch zone under the coating, attacking the substrate, 
in accordance to equations 1 - 4. For the modifi ed coating (Figure 5b), the EDX 
analysis in the scratch zone shows the absence of aluminum, indicating that the 
modifi ed coating recovers the coating in the scratch, an effect that can be attributed 
to the self-healing property, as suggested by the result obtained with LEIS, which 
shows the decrease of the admittance in the scratch zone. 
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Figure 5. SEM images and EDX analysis (scratch zone and scratch-free zone) for (a) unmodifi ed 
and (b) modifi ed coatings after LEIS measurements in 0.005 mol L-1 NaCl for 24 h.

The present fi ndings demonstrated that the self-healing effect is maintained 
even when the composition of the polymer matrix is varied and less tannin is used, 
however, the self-healing process begins after 15 h of immersion (as observed 
by LEIS maps, Figure 4), instead of after 5 h (NARDELI et al., 2020). Thus, in 
the development of smart coatings it is necessary to combine components able 
to increase the barrier effect and the hydrophobicity of the surface to achieve an 
effi cient protection against corrosion. Betting on a structure with a high number of 
OH groups, contributes to the self-healing effect.

4 |  CONCLUSION

The two coatings were produced by a method known and used in our group, 
however using different polymeric structure and amount of tannin. The presence 
of tannin increased the thickness of the coating and the contact angle, resulting 
in a more hydrophobic surface than the unmodifi ed coating. EIS results showed 
that the barrier effect is greater for the modifi ed coating than for the unmodifi ed 
coating, while LEIS and SEM/EDX results indicated that the self-healing properties 
of the coatings are greatly dependent on the amount of tannin in their formulation. 
Lowering the content of tannin maintained the self-healing effect however it started 
after longer immersion time.
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