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Electrochemical Behaviour of the AA2024
Aluminium Alloy Modified with Self-Assembled
Monolayers/Polyaniline Double Films

DAIANE PIVA B. SILVA, RODRIGO S. NEVES, AND
ARTUR J. MOTHEO

Department of Physical Chemistry, Institute of Chemistry of Sdo Carlos,
University of Sao Paulo, Sdo Carlos, SP — CEP, Brazil

The electrochemical characteristics of the AA2024 aluminium alloy modified with
octadecyltrimethoxysilane (ODTMS) + polyaniline (PANi) and propiltrimethoxy-
silane (PTMS) + (PANi) were studied in the present work. The results show that
the different protective coatings shift the values of corrosion and pit potentials to
more positive values making the system nobler and indicate that the double film
ODTMS + PAN:i present the best protection against corrosion characteristics, that
is probably due to the two contributions: anodic protection associated with the
barrier effect.

Keywords AA2024; corrosion protection; double films; polyaniline; SAM

Introduction

The development of new corrosion protection methods for aluminium and its alloys
is motivated by both economic and environmental reasons, since these materials are
among the most used in several industry branches and the conventional corrosion
protection methods are mainly based on chromium coatings baths. These chromate
containing baths are aggressive to the environment and alternatives are necessary.
Some of the potential alternative organic coatings for aluminium corrosion protec-
tion are those based on self-assembled monolayers (SAM) [1-9], conducting polymer
films [10-21] and, in recent years, SAM /polymer double films [22].

Among the SAMs studied as coatings for aluminium surfaces are those of
several kind of organosilanes molecules [23-27]. These kind of SAMs require hydro-
xylated surfaces, since the monolayer organization is based on the formation of a
polysiloxane, linked to the surface by the formation of silanol groups [28]. This
characteristic makes them a suitable choice to modify oxide surfaces, as is the case
of the aluminium and its alloys surfaces, naturally covered by an oxide layer.
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The SAMs capabilities for aluminium [5,9] and some aluminium alloys [1,2]
corrosion protection have been studied with promising results. The way as a SAM
acts on corrosion protection can be classified as direct or indirect. In the first case
the monolayer blocks the corroding species access to the protected surface, while
in the second case the SAM promotes the adhesion of a second coating layer
[22,29]. When the SAM acts directly, the characteristics as the aliphatic chain length
and the functional groups at the molecule tail can be optimised to block the corrod-
ing species access to the surface [6,7]. When acting as a primer, the SAM tail group
could be optimised in order to present a strong interaction with the second coating,
improving the adhesion of the protective layer. The nature of this interaction could
be just physical [29] or it can involve chemical bonds, as in the case of polyaniline
grafting polymerization over functionalised organosilanes SAMs [30,31]. Suitable
combinations of substrates, SAMs and a second coating can be achieved to combine
the direct and indirect mechanisms.

Conducting polymer films are also possible alternative corrosion protective
coatings for aluminium based materials. Since De Berry’s pioneer work on steel cor-
rosion protection by PANI films [21], the performance of such kind of coatings has
been tested over different materials. The most interesting feature involved in the
PANI aluminium corrosion protection mechanism is the PANi capability to restore
defects on the oxide layer that naturally covers the material, maintaining its integrity
and natural corrosion protective character. Additionally, the polymeric film also acts
as a barrier to the corroding species access to the material surface.

More recently, a natural consequence of these studies was the combination of
SAMs and conducting polymer films as aluminium based materials corrosion protec-
tive coatings [22]. This approach basically aims to improve the polymer films
adhesion to the aluminium surfaces, using the SAM as an adhesion promoter how-
ever the combination of both films improves the corrosion protection of the final
coating.

Concerning to the substrate for studies on alternative corrosion protective coat-
ings, the AA2024 alloy is a suitable choice for the study since it is extensively used in
aircraft industry due to its mechanical performance and low density and, due to this
fact, some attention has been dedicated to its corrosion protection study [1,10,32-37].
This alloy contains about 3.8-4.9 wt% of copper and 1.2-1.8 wt% of magnesium in its
composition and the corrosion usually takes place at high concentration copper
regions at the material surface, which acts as cathodic sites in galvanic couples
with the aluminium alloy matrix. This mechanism favours the occurrence of localized
corrosion processes (pit corrosion). Recently, the US Air Force has demonstrated
interest in the development of aluminium alloys (mainly AA2024 and AA7075 alloys)
corrosion protection coatings with 30 years lifetime before maintenance [38].

Based on these arguments this paper presents a study of the electrochemical
behaviour of the AA2024 aluminium alloy modified with propyl-trimethoxy-silane
(PTMS) and octadecyl-trimthoxy-silane (ODTMS) SAMs, PANi films and SAM/
PANI double films. PTMS and ODTMS are suitable choices for this application
due to its relatively simple monolayer deposition process and high stability [25].

Experimental

The electrochemical experiments were performed in a single compartment electro-
chemical cell, using a saturated calomel electrode (SCE) as reference electrode and
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a platinum sheet (2.5 cm? of geometric area) as counter electrode. The experiments
were performed using NaCl (Synth PA) 0.6 moldm~* as working solution.

The reagents used in the coatings preparation were ODTMS (Fluka — 90%),
PTMS (Fluka — 90%), anhydrous ethanol (Aldrich — PA), glacial acetic acid
(Mallinckrodt — PA), aniline (Aldrich — PA), sulphuric acid (Synth — PA) and
ammonium persulphate (Synth — PA). MilliQ-UV purified water was used in all
the experimental procedures.

The aluminium samples (1.13 cm? of geometric area) were gradually polished
using emery papers from P100 to P1200 grades, with constant rinse of MilliQ water,
in order to obtain a surface with homogeneous distribution of slots. In this paper,
these are called bare samples. After this procedure, the samples were immersed in
a glacial acetic acid solution (pH = 3), in a sonic bath, during one hour and dried in
air. This treatment results in surfaces equivalent to the finishing of aluminium for
industrial applications. The samples submitted to this process are called pre-treated.

For the SAMs deposition the dipping solutions were prepared adding 0.75% of
the organosilane (PTMS or ODTMS) in volume to a mixture of 1:9 water: ethanol,
the pH of the solution was adjusted to 4 with glacial acetic acid, and then the
solution was stirred for 10 minutes to ensure the total organosilanes hydrolysis.
The samples were then immersed in the dipping solution for 10 minutes and dried
with nitrogen. This procedure is known to result in homogeneous and stable SAMs
over hydroxylated surfaces [25].

For the polymeric film deposition a saturated PANi solution was obtained by
adding 7% of undoped PANIi (chemically synthesized) in N-methyl-pyrrolidone
(NMP) and submitting the solution to a sonic bath for 15 minutes. The pre-treated
samples were then painted with the PANI solution and dried at 50°C under vacuum
for 3 hours. The process was done three times in order to obtain homogeneous films.

The double films were obtained by submitting the SAM coated samples to the
above described procedure.

The potentiodynamic polarization curves were obtained using a potentiostat/
galvanostat EG&G PAR model 273A in a potential range of 1V around the open
circuit potential, with a sweep rate of 0.5mV s~ '. All the electrochemical experiments
were performed at 25+ 1°C. Optical images were obtained using an optical micro-
scope Leica model DFC 208 coupled to a system of image acquisition.

Results and Discussion

The potentiodynamic polarisation curves for the AA2024 alloy surface submitted to
the different treatments based on the ODTMS SAM and the double film
ODTMS-PAN], in contact with the corroding medium, are shown in Figure 1. Since
the same basic behaviour is observed for the PTMS basic modifications, its polaris-
ation curves are not shown. The main electrochemical parameters for all the studied
samples are presented in Table 1.

The bare aluminium alloys are covered by a thin oxide layer that begins to dis-
solve at potentials above the corrosion potential (E..., = —0.678 V). When the sample
is in contact with the aggressive corroding solution, increasing the potential results in
pitting corrosion. The pitting potential (Epi; = —0.608 V) is characterized by a drastic
increase of the current, related to a break of the oxide protective layer. The values of
Ecorr and E;; are very close, showing that, for this alloy, the process of pitting
corrosion occurs almost simultaneously with the process of uniform corrosion.
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Figure 1. Potentiodynamic polarization curves for the AA2024, submitted to different
surface modification methods, in contact with a 0.6 moldm > NaCl solution. (a) Pre-treated,
(b) ODTMS, and (¢) ODTMS + PAN:i.

For the samples pre-treated in acetic acid, a thicker and more homogeneous
oxide passive layer is formed and the Ec,, and E; are slightly shifted to more posi-
tive values (—0.647 V and —0.584V, respectively), as well as the corrosion current
density (icor) slightly decreases. The results show that the pre-treatment changes
the oxide layer properties, but does not result in significant changes in protection
against corrosion.

The effect of the different electrochemical characteristics of both the bare
and pre-treated samples on the surface aspect, before and after the polarisation
curves, can be observed in Figures 2 and 3a. Before the polarisation curve
(Fig. 2a), the bare alloy surface has a homogeneous distribution of scratches,
due to the polishing process and no visible pit, while after the polarization curve
(Fig. 2b), it is noted the occurrence of many pits, that appear to be deep, resulting
from the anodic processes that took place during the polarization. Meanwhile, for
the pre-treated sample after the polarisation curve (Fig. 3a), it is possible to

Table 1. Main electrochemical parameters obtained from potentiodynamic
polarization curves

Sample Ecorr/V icorr/A cm ™2 Eui/V CR /mpy

Bare —0.678 1.79 x 107 —0.608 1.93 x 1072
Pre-treated —0.647 1.69 x 107° —0.584 1.82 x 1072
PTMS —0.646 1.26 x 107 —0.590 1.36 x 1072
ODTMS —0.636 1.19x 107 —0.585 1.28 x 1072
PANi —0.590 1.23x107° —0.548 1.33x 1072
PTMS + PANi —0.447 593 x 1077 —0.390 6.38 x 1073

ODTMS + PANi —0.476 1.12x 1077 —0.426 1.21 x 1072
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Figure 2. Images obtained by optical microscopy for the bare AA2024 aluminium alloy
(5x magnification). (a) before and (b) after corrosion testing.

Figure 3. Images obtained by optical microscopy for the AA2024 aluminium alloy with
different coatings after the corrosion tests. The coatings were removed in order to verify the
surface aspect. (a) pre-treated, (b) PTMS, (c) ODTMS, (d) PANi, (e) PTMS+PAN;i, and (f)
ODTMS+PAN:I.
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observe that the pre-treated sample shows a uniform distribution of corrosion
points over the entire surface, that seem to be more superficial than those observed
in the bare sample.

In the case of the SAM coated samples, for both the PTMS and ODTMS coat-
ings, the E.,, is not significantly affected when compared to the pre-treated sample.
It shifts about +10mV for the ODTMS and remains almost the same for the PTMS.
The Epi is kept almost at the same value. The corrosion current and corrosion
rate are also kept in the same magnitude (approximately the same values as the
pre-treated).

The surface treatment with both SAMs lead to a similar behaviour around
the E.orr, however, the two coatings exhibit different behaviours related to the
pit corrosion, that occurs at high anodic over potentials, as observed in
Figure 3. While the pre-treated sample (Fig. 3a) shows homogeneous distribution
of pits over the entire surface, the sample covered with PTMS (Fig. 3b) presents
fewer corrosion points, which are further suppressed when using ODTMS
(Fig. 3c). Comparing the results obtained, it can be concluded that the ODTMS
film appears to be more stable in areas of high potential, presenting fewer
defects, which may be due to the greater body length of the aliphatic chain of
the surfactant.

Differently from the observed for the SAM coatings, the direct application of
PANi on the pre-treated samples changes the surface electrochemical behaviour,
shifting the Ecor about 60 mV to more positive values and the E; is about 40 mV
in the same direction. This behaviour comes from the undoped PANi film ability
to absorb charges from charged species present in solution, avoiding that the redox
reactions to occur on the metal surface [19].

After the polarization curve, the polymer film was removed and the surface
aspect was verified via optical microscopy (Fig. 3d). It is observed the occurrence
of fewer defects, which appear to be more superficial when compared to the samples
pre-treated and coated with SAMs.

When the aluminium samples are coated by the SAM-PANi double films,
the E.,, is remarkably shifted to more positive values, about 200mV for
PTMS-PANi and 170mV for ODTMS-PANi coating, when compared with
the pre-treated samples. The pitting potential is also shifted to more positive
values, about 190mV for PTMS-PANi and 160mV for ODTMS-PANi. The
displacement on both the E.,, and E,;; demonstrates the strong anodic protec-
tion character provided by the double films coatings when compared to the
SAM and PAN:I single coatings.

The SAMs application prior to the PANi coating also decreases the i
about 2 times in the case of PTMS and about 11 times for ODTMS, when
compared with the PANi single coating. This behaviour reflects the reduction
of the cathodic and anodic reactions rate, which slows down the alloy corrosion
process.

After the polarisation curves, the double films were removed from the samples
and the surface aspect was verified by using optical microscopy (PTMS-SAM in
Fig. 3e and ODTMS-PAN.I in Fig. 3f). The images show that the corrosion points
are almost eliminated in the samples covered by the double films and that their
aspect is very similar to that observed for the uncovered samples not submitted to
polarisation (Fig. 2a). The images prove the efficient corrosion protective behaviour
for both of the SAM-PANI double films.
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Conclusions

The presented results show that all the different protective coatings shift the values of
Ecorr and Epy potentials to more positive values and resulting in some degree of cor-
rosion protection, however, the results indicate that the SAM-PANi double films
corrosion protection properties are remarkably more effective when compared to the
SAM and PAN:I single coatings. In this aspect, the values of both potentials present
the following trend: PTMS < ODTMS < PANi < PTMS + PANi < ODTMS + PANi.

Additionally, the SAM-PANI double-films decrease the values of i.o,, indicating
that the cathodic and anodic processes rates decrease, especially in the ODTMS-
PANI case.

The optical micrographs corroborate all the electrochemical results, reinforcing
the superior corrosion protective behaviour of the SAM-PANi double films when
compared to the SAM and PANI single coatings.
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