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Abstract This paper addresses the preparation and char-
acterisation of anticorrosive silane- and polypyrrole-based
organic coatings and combinations of the two on aluminium
2024. Layer adsorption studies of organosilanes such as
propyl (C3), octyl (C8) and octadecyl (C18) trimethoxysi-
lane and polypyrrole deposits on the aluminium electrodes
reveal only limited protection. Their anticorrosive power
declines when they are subject to highly corrosive envi-
ronments, such as salt fog cabinets, for extended periods.
The combination of both deposits yields a more protective
structure that affords better protection with time. The best
performance is achieved with polypyrrole deposits on
silanes due to the excellent bonding between the silane
adsorbed on the surface of the material and the polypyrrole
film. Of the three organosilanes used, the one with the
shortest chain performs best. When long-chain organosi-
lanes are used, the polypyrrole film becomes detached due
to the lesser interaction between the layers. Electrochemical
impedance spectroscopy and morphological studies of the
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layers also show the greater adhesion and lesser deteriora-
tion of polypyrrole deposits on silane layers.
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1 Introduction

Aluminium is a very widely used metal which, despite its
oxide layer, can deteriorate in strongly corrosive environ-
ments. This has led to a great number of studies on the
prevention or minimisation of Al oxidation. The most
widespread pretreatment for aluminium protection is the
use of chromate baths. However, due to the well-known
environmental and health problems generated by Cr(VI)
[1], attempts are being made to develop other less aggres-
sive methods, such as organic coatings.

Among the different types of organic coatings, con-
ducting polymers offer several benefits and have been
widely studied [2-8]. These polymers behave as a protec-
tive layer, but in many cases present adhesion problems
and need a promoter to facilitate their interaction with the
metal surface to be protected. This may be achieved with
organosilanes, which bond to the metallic oxide and serve
as an intermediary to fix other types of coatings such as
polypyrrole.

Organofunctional silanes are hybrid organic—inorganic
compounds that can be used to couple agents through the
organic—inorganic interface. The general structure is of the
type X3S51(CH,),Y, where X may be a methoxy or ethoxy
group, capable of hydrolysing, and Y is an organofunc-
tional group such as a chorine, amine, epoxy or mercaptan.
Plueddemann [9] suggested that organofunctional silanes
can bond to the surface of a metal via the formation of an
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oxane bond (Me-O-Si). This bond is induced by the
interaction of the silanol groups (Si-OH) with the
hydroxide groups of the metal surface. The reaction may be
expressed as:

Me—OH + H-0O-Si — Me—OH-Si + H,0

Organosilane films are widely recognised as barrier
coatings to water [10—12], thanks to their hydrophobia, and
act as a physical barrier against corrosion. If the deposit is
obtained in appropriate conditions their effect has certain
durability, but it is also known that Me—O-Si bonds can
hydrolyse and thus lose their hydrophobic and protective
properties [13].

One way to increase the robustness and thickness of the
layer is by the inclusion of additives in the silane deposits,
such as silica or alumina nanoparticles [14, 15] or inhibi-
tors [16, 17]. Although these new methods have achieved
some improvement compared to just silane films, new
formulations are required in order to raise the durability of
their anticorrosive power.

The electrodeposition of conducting polymers is another
possible strategy to prevent the corrosion of a metal. One
of the most widely used conducting polymers is polypyr-
role (Ppy), which may be synthesised by chemical or
electrochemical deposition, although the latter technique
yields films of greater conductivity. The deposit acts in two
ways: as a physical barrier, and to maintain the passive
properties of metals due to its redox properties. However,
the oxidation potential of pyrrole (or other monomers such
as aniline and thiophene, among others) is above the
transpassivation potential of metals such as steel, alumin-
ium and copper, giving rise to simultaneous oxidation of
the metal and of the monomer. The literature includes a
large number of studies of these materials as anticorrosive
deposits [18-22], but in many cases they present poor
adhesion to the substrate and high porosity. In view of the
problems experienced individually by each layer, the idea
arose to use them in combination, on the one hand using a
silane layer as an intermediate layer for the polymer, and
on the other hand adsorbing a silane layer on a previously
generated polypyrrole film. Thus, the proposal of this study
is to combine both materials on aluminium alloy 2024
(AA2024) and compare the protective effect achieved with
the individual layers.

2 Experimental
2.1 Preparation of organosilane layer (AA2024/silanes)
Three types of organosilanes were used: propyltrimethox-

ysilane (C3), octyltrimethoxysilane (C8) and octadecyl-
trimethoxysilane (C18); all of them pure Aldrich liquid
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products. The working electrode consisted of an aluminium
2024, AA2024 specimen (composition: 0.2% Si, 0.26% Fe,
4.5% Cu, 0.62% Mn, 1.33% Mg, 0.04% Zn, 0.05% Ti,
0.01% Pb, 0.01% Cr and 92.5% Al) with a surface area
of 2 cm?. The silanes were hydrolysed to form sufficient
Si—OH groups. Hydrolysis was performed in the presence
of water and methanol (silane/water/methanol 10/10/80%).
The solution was vigorously stirred for 24 h. In the case of
C3 and C8, pH was adjusted to 4 with acetic acid and, for
C18, pH was adjusted to 8 with sodium hydroxide. The
temperature was held at a constant 25 °C, and the solutions
were prepared each time they were used.

Prior to the deposition of the silane film, the surface of
the aluminium alloys was electrochemically treated to form
a porous oxide film by the application of a 20 mA current
for 350 s in a 0.3 M oxalic acid solution. The specimens
were then submerged in the silane solution for 1 h and
subsequently thermally treated for 1 h at 80 °C. This
treatment was necessary to achieve condensation of the
hydrolysed organosilane on the surface and its adhesion
though with the formation of Al-O-Si bonds.

2.2 Preparation of polypyrrole (AA2024/Ppy)

Prior to the deposition of the Ppy film, the AA2024 spec-
imen was polished with emery paper, washed with distilled
water and degreased with acetone. The polypyrrole film
was then electrodeposited by cyclic voltammetry using the
specimen as the working electrode, which, in turn, was
introduced into a stainless steel cell acting as counter
electrode, and employing an Ag/AgCl (3 M) reference
electrode. 0.1 M of nitric acid solution was used as the
background electrolyte. Pyrrole (Aldrich), at a concentra-
tion of 0.5 M in all cases, was distilled and then kept in a
refrigerator. Potential was varied from —0.2 to 1.4 V/Ag/
AgCl (3 M) at a scanning rate of 100 mV s™', and the
number of potential scan cycles was 40. A PAR Vstat
potentiostat was used.

2.3 Preparation of bilayer (AA2024/silane/Ppy)

After forming the silane layer on the AA2024 surface, the
Ppy film was electrodeposited under the same conditions
indicated in Sect. 2, but applying only three potential
cycles. The potential was varied from 0 to 1.4 V/Ag/AgCl
(3 M) at a scan rate of 10 mV s ..

2.4 Preparation of bilayer (AA2024/Ppy/silane)

For the preparation of these bilayers, a Ppy layer was
deposited according to the method described in Sect. 2, and
a silane layer was adsorbed upon this using the same
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dissolution, immersion time and curing time specified in
Sect. 1.

2.5 Morphological characterisation of deposits

The morphology of the deposits was examined with a Phil-
lips XL30EDAX PV 9900 scanning electron microscope.

2.6 Anticorrosive experiments

All electrochemical measurements were performed with a
PAR VerSat. The cell used was a conventional three-elec-
trode set-up with a stainless steel cell acting as counter
electrode and an Ag/AgCl (3 M) reference electrode to
which all potentials are referred. The working electrodes
were the previously modified AA2024 specimens. The area
exposed to the test solution (3% NaCl) was 2 cm?. Anodic
and cathodic polarisation curves were recorded separately in
the positive and negative direction by scanning the potential
from open circuit potential at a scanning rate of 2 mV s~ .
EIS measurements were taken with an Autolab 30 poten-
tiostat, using the AC signal of the impedance measurements
at the corrosion potential. The measured frequency range
was from 1072 to 10* Hz with amplitude of +10 mV.

3 Results and discussion
3.1 Characterisation of the films
3.1.1 Oxide layer on AA2024

For hydrolysed silane to condense on the AA2024 surface
forming Al-O-Si bonds, the metal surface must be coated
with OH groups, for which the presence of an oxide layer
(Al,0O3) is necessary [23-25]. For this purpose, an Al,O;
layer of a controlled thickness was formed on the untreated
aluminium surface (i.e. on the native layer of the same
oxide), applying a current of 20 mA for 350 s in 0.3 M
oxalic acid solution The potential-time curve obtained for
the growth of this oxide is shown in Fig. 1.

At the start of the curve, there is a sharp increase in the
potential with respect to time, followed by a constant rise
in potential. After 150 s, the potential remains constant at a
value of approximately 13 V/Ag/AgCl (3 M), which can
be related with the formation of a porous Al,O3 layer on
AA2024 [26, 27] partially hydrated given by the contri-
bution of an hydroxide. The pore diameter, density and
thickness of the oxide layer formed depend on the oxalic
acid concentration, the temperature, and the oxidation
current [28]. For the conditions in which the oxide layer
was formed, the pore diameter was approximately 30 nm,
calculated using SEM images of the specimen.

E, (V/ Ag/AgCl)

+r
0 50 100 150 200 250 300 350 400

Time (s)

Fig. 1 Voltage-time response for the anodising of aluminium in
0.3 M oxalic acid, applying 20 mA cm >

3.1.2 AA2024/Al,05/silanes

The AA2024/A1,05 surface was modified in the different
silane solutions (C3, C8 and C18). Figure 2a shows a
micrograph of the surface of an AA2024 specimen
modified with a C3 silane layer obtained in 1 h of
immersion and subsequently treated at 80 °C for 1 h. In
this SEM image, it is possible to corroborate the homo-
geneity of the coating formed on the AA2024/A1,05
surface. Moreover, the typical EDAX analysis performed
on several areas of the surface, as shown in Fig. 2b,
reveals the presence of Si. The same Si peak is observed
in different areas of the coating, which could indicate that
the substrate is completely covered by the organosilane.
However, when the AA2024 was submerged for times of
less than 1 h, the presence of Si was not observed on the
entire surface, indicating that the films formed under
these conditions were not homogeneous. Thus, the deci-
sion was made to prepare the silanes with an immersion
time of 1 h.

3.1.3 Al/AL,Oy/silanes/Ppy layers

Electrodeposition of the polymer required a prior experi-
ment study to determine the conditions in which pyrrole
oxidises. To induce the formation of polypyrrole on the
AA2024, various electrochemical treatments can be used,
i.e. potentiostatic and galvanostatic perturbations. How-
ever, the cyclic voltammetry technique allows for the
generation of the best polymer layers—more homogeneous
with adherent properties. Figure 3 shows voltagrams of
polypyrrole deposition on the AA2024 surface (continuous
line) and on the Al/silane surface (dashed line). Similar
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the aqueous solution. While 40 cycles are required to
deposit Ppy with a thickness of 30 microns (an approxi-
mate calculation assuming that, in order to deposit
0.28 pum, 100 mC cm ™2 is needed [29]) and good adhesion
on the AA2024, only 3 cycles at a scanning rate of
10 mV s~ are required to obtain approximately the same
thickness on the silane. This fact, can be related with an
increase of the geometric area of the AA2024, because the
silane coating was formed on a rough surface (porous
oxide—hydroxide) in comparison with a freshly polished
surface of AA2024 for Ppy deposition. The case of poly-
pyrrole on aluminium has been previously studied, show-
ing that the best deposits are obtained on surfaces that
present defects or imperfections on which the polymeri-
sation process starts, growing along the entire substrate
[7, 30]. No prior studies have been done on silanes, and we
believe that the need for a lower number of cycles for
electrodeposition is a consequence of a higher number of
active zones over which the polymerisation will start,
generating their collapse in a shorter time. Thus, a galva-
nostatic treatment was employed to favour the formation of
an aluminium oxide with a porous nature and at the same

J time hydroxide ions for coupling the silane coating.
; . T - 7 T e e R Electrodeposition of polypyrrole was only possible on
Full Scale 421 cts Cursor: 0.037 keV (1331 cls) eV thermally treated layers of silanes with very short prepa-

ration times. Silane layers exposed to air for time experi-
enced degradation. This behaviour has been observed by
other authors [13], who found that hydrolysis of the Al-Si—

Fig. 2 a SEM micrographs of the coated silane C3 on AA2024 and
b EDAX of the surface after immersion in C3 for 1 h

0.06 — O bonds takes place, leading to a loss in adhesion to the
substrate.
0.05 The Ppy films obtained in the above conditions were
observed under the scanning electron microscope. The
0041 morphology of the polypyrrole films obtained on C3 silane
005 is shown in Fig. 4, where is observed a typical granular
£
o
I 002
0.01 4
0.00 4
-0.01 1
T T I T T T T T T T T T

T ———TT— :
04 -02 00 02 04 06 08 10 12 14 16
E, V vs Ag/AgCI

Fig. 3 Cyclic voltammetry obtained on AA2024 (thin line)
and AA2024/C3 (dotted line); in the first case, 40 cycles and
y = 100 mV s*], and, in the second case, 3 cycles and v =
10 mV s~'. In both cases, the solution was 0.5 M of pyrrole and
0.1 M HNO;

voltagrams are obtained in both cases, in spite of the dif-
ferent surface conditions for each substrate, indicating that Fig. 4 SEM micrograph of polypyrrole electrodeposited on alumin-
the silane coatings shown a certain degree of permeation of  jum substrate coated with C3 silane
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Electron Image 1

300pm

Fig. 5 SEM micrograph showing the three different deposits: (1)
AA2024/A1,05, (2) C3, and (3) polypyrrole

structure of polypyrrole, although the grains are forming
clusters. Figure 5 shows a micrograph of the film in which
it is possible to see the AA2024 substrate with the oxide
formed (zone 1), the silane layer (zone 2) and the polymer
layer (zone 3). The film coating formed is not detached
after the adhesion test performed with 3 M Scotch tape.
This corroborates both the adhesion of the coatings on the
AA2024 surface, and the homogeneous, low-porosity nat-
ure of the coatings.

3.1.4 AA2024/Ppy/silane

The second strategy consisted of electrodepositing Ppy on
the AA2024 surface and adsorbing silane layers onto this
(AA2024/Ppy/silanes). To deposit Ppy in a nitric medium,
it was necessary to polish the aluminium surface [18],
since the presence of a fine oxide layer impedes electro-
deposition (in contrast to the case of silanes). After the
electrode has been polished, electropolymerisation takes
place in the pitting zone, where small nuclei appear which
collapse and grow to form a layer on the substrate [18].
Silane layers were adsorbed on this polymeric layer using
the same methodology employed when they were adsorbed
on the oxide layer. Adsorption, in this case, is probably
due to the interaction of the hydrolysed silane’s Si—-OH
group with the pyrrole’s N-H group. Other authors [31]
have reported that the interaction between organosilanes
and polyaniline is probably due to the amine sites of the
EB (emeraldine) and the amine group of the organosilane.
In our case, the organosilane does not have this amino
group, but the interaction can take place between the
Si—-OH group and the N-H group from the polypyrrole

chain. This can explain why the interaction decreases
when the silane chain is longer.

3.2 Corrosion behaviour
3.2.1 Potential-time curves

Open-circuit potential measurements versus immersion time
in a 3% NaCl solution were taken for AA2024, AA2024/
silane, AA2024/silane/Ppy and AA2024/Ppy/silane sub-
strates. These results are shown in Fig. 6. For AA2024
electrode is shown an important variation in the first 2,000 s,
from —1to —0.7 V vs. Ag/AgCl1 (3 M) (curve 1), which can
be related with the formation of a porous oxide layer that
covers the substrate; meanwhile, for longer immersion times
the potential remains constant. When a silane layer is
deposited on aluminium with an electrogenerated oxide
layer (curve 2), its potential shifts slightly towards more
positive values which can be related to the presence of the
silane coating. Also, is observed that the potential remains
almost constant after 5,000 s, suggesting no greater modi-
fications of the AA2024/silane exposed to the solution. In
contrast, the substrates that contain both silane/Ppy and Ppy/
silane layers (curves 3 and 4) show a shift of the open circuit
potential in the positive direction until reaching stabilisation,
due to the relaxation of both systems in the electrolytic
medium [32]. In both cases, the same potential of —0.5 V vs.
Ag/AgCl (3 M) is achieved; i.e. 200 mV more positive than
the value of AA2024 coated with the oxide layer. This higher
potential, compared to AA2024 coated only with an oxide
layer, indicates that both systems behave more nobly against
the corrosion of the medium.

-400 -

E, (mV vs Ag/AgCl)

-600 4

-800 4

-1000

0 5000 10000 15000 20000 25000
Time, s

Fig. 6 Open circuit potential versus immersion time in a 3% NaCl
solution for substrates coated with silane, AA2024/silane/Ppy and
AA2024/Ppy/silane: (1) AA2024 (thick line), (2) AA2024/C3 (dots),
(3) AA2024/C3/Ppy (dotted line), (4) AA2024/Ppy/C3 (thin line)
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Fig. 7 Polarisation curves obtained in 3% NaCl of the aluminium
and the three silanes coating aluminium: AA2024/A1,05 (thick line),
AA2024/C3 (dots), AA2024/C8 (dotted line), AA2024/C18 (thin line)

3.2.2 Polarisation curves

Figure 7 shows polarisation curves obtained in 3% NaCl,
for the three silanes (C3, C8 and C18) adsorbed on the
oxide layer generated on AA2024 and the curve of alu-
minium. The corrosion potential shifts only slightly
towards more positive values. This figure shows similar
electrochemical behaviour for all cases, with the main
difference being a decrease in the current magnitudes in
presence of the silane coatings. This has also been observed
in the case of other silanes [33]. In the cathodic branch, a
typical response controlled by the diffusion of molecular
oxygen is observed; meanwhile, reduction of water is
observed at more negative potentials. In the anodic curve,
active behaviour is evident, reaching a diffusion-controlled
process at more positive potentials, probably related to the
A’ jons from the metal film interface through the oxide
and coating. These modifications in the polarisation curves
do not follow Tafel’s equation, making it difficult to
evaluate the corrosion rate using this approximation. The
anodic and cathodic curves are seen to have the same
shape, which clearly indicates that silanes act mostly as a
physical barrier and do not interfere in the redox processes
that take place.

To verify the stability of these films in the corrosive
medium, they were subjected to the salt fog cabinet for
72 h or submerged for 7 days in a 3% NaCl solution. It is
generally observed that the plates experienced deteriora-
tion. As an example, Fig. 8 shows the morphology of a
AA2024/silane plate after 7 days of immersion, revealing
the damage and detachment of the C3 silane layer in some
regions of the surface. As was suggested above, the
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Fig. 8 SEM micrographs obtained on an AA2024/C3 substrate after
treatment in salt fog cabinet for 72 h

damage observed on the AA2024/silane can be related to
the permeation of the aqueous solution through the silane
coatings. The entrance of the aqueous solution favours the
pitting of the AA2024 by the high concentration of chloride
ions. However, it seems that the protective behaviour can
be increased by coupling the polypyrrole film, if we con-
sider that conducting polymers can act as chemical barriers
to the corrosion process [34].

Polarisation curves were drawn for the AA2024/silane/
Ppy substrates and are shown in Fig. 9. As can be seen, the
corrosion potential of specimens with both layers shifts
towards positive values, from —650 mV/Ag/AgCl (3 M)
for the oxidised aluminium electrode to 300 mV/Ag/AgCl
(3 M) when silanes C3 and C8 is used; meanwhile, a
smaller shift is observed for C18 silane. The mechanism of

log i (i=A/cm?)

T T T T T T T T T T T T T
-1.2 -0.8 -0.4 0.0 04 0.8 12

E, V vs Ag/AgCl

Fig. 9 Polarisation curves obtained in 3% NaCl of the aluminium
and polypyrrole electrodeposited on the three different silanes:
AA2024/A1,05 (thick line), AA2024/C3/Ppy (dots), AA2024/C8/
Ppy (dotted line), AA2024/C18/Ppy (thin line)
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Fig. 10 SEM micrograph obtained for AA2024/C3/Ppy after treat-
ment in salt fog cabinet for 72 h

polymer electrodeposition over the silane layer has not
been studied. However, it can be suggested that when the
silane chain is long (such is the case for C18), the deposits
are less homogeneous because the adsorption mechanism is
influenced by the complex structure of the silane on the
AA2024. The electrodeposition of Ppy can be less uniform
and with poor adherence. It is noteworthy that in Fig. 9, the
current magnitudes obtained for C3 and C8 silanes
(AA2024/silane/Ppy) are lower in comparison with those
evaluated for AA2024/silane (Fig. 7) [34]. To corroborate
the protective properties of these coatings, their morphol-
ogy after being subjected to the salt fog cabinet or to
prolonged immersions in NaCl solutions is shown in
Fig. 10. This figure shows that there is no significant
deterioration of the surface, which maintains the same
structure as before the corrosion process. This validates the
synergistic protection properties of the silanes and poly-
pyrrole coatings on the AA2024 surface, during its
immersion in NaCl solutions.

The polarisation curves for coatings where polypyrrole
was first electrodeposited and then the silane layer adsor-
bed (AA2024/Ppy/silane) are shown in Fig. 11. The elec-
trochemical responses shown in this figure are very similar
to those shown in Figs. 7, 9. Here, it can be seen that the
effect is very similar to that of AA2024/silane/Ppy layers,
i.e. the deposits with shorter adsorbed silane chains present
the best anticorrosive behaviour, with more positive E g,
and lower current values. One possible reason for this is
that short chains adhere to the Ppy surface, plugging the
small intergranular pores and creating an important barrier
effect. This effect diminishes as the chain increases in size,
and the longest chain produces the smallest effect on the
anticorrosive property capacity, with the films being much
less adherent and homogeneous.

-1 4
24

-3 4

=Alcm?)
&
1

Log i, (i

T T
-16 -12 -0.8 -0.4 0.0 0.4 0.8 12
E (V vs Ag/AgCl)

Fig. 11 Polarisation curves obtained in 3% NaCl of the aluminium
substrate and the different silanes adsorbed on aluminium with
polypyrrole electrodeposited: AA2024/A1,05 (thick line), AA2024/
Ppy/C3 (dots), AA2024/Ppy/C8 (dotted line), AA2024/Ppy/C18 (thin
line)

3.2.3 Electrochemical impedance measurements

The EIS technique has been widely used to evaluate the
corrosion resistance of coated metals. EIS measurements
versus immersion time in 3% NaCl solution were taken for
AA2024/A1,05, AA2024/silane/Ppy and AA2024/Ppy/
silane substrates, using the C3 silane coating. Figure 12
shows the impedance diagrams obtained for modified
AA2024 electrodes at 24 and 360 h of immersion. For
AA2024/A1,05 (Fig. 12a and b), an increase is observed in
impedance values as a function of immersion time, which
may indicate an increase in aluminium oxide thickness and/
or the formation of a more homogeneous film. In the Nyquist
plot for 24 h (Fig. 12a), the formation of two capacitive
semicircles from intermediate to low frequency regions is
evident; meanwhile, for 360 h, only a broad maxima is
observed. In Bode diagrams (phase angle versus frequency,
Fig. 12b), various well-defined regions are observed, which
can be related to the presence of different time constants; i.e.
for 24 h, the presence of two maxima at 10 and 0.1 Hz,
respectively, can be associated with the presence of two
steps occurring simultaneously. The formation of these
maxima for 360 h is poorly defined; however, the capacitive
behaviour (at least in four decades) suggests an overlapping
of these time constants. It is important to note, that Bode
diagrams are more sensitive to elucidate different steps
occurring simultaneously. In Fig. 12b it can be detected a
small increase in angle values at the high frequency region
from 10,000 to 1,000 Hz, approximately. Depending of the
coating formed on AA2024, it can be observed different
phase angle values. In this way, when exist only the
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Fig. 12 EIS diagrams obtained -3000
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formation of an oxide-hydroxide aluminium, the angles
obtained are smaller in comparison with those evaluated in
Fig. 12d and f. This fact indicates the presence of a third time
constant.

With regard to the coating effect, Fig. 12c and d show
EIS diagrams for AA/silane/polypyrrole in NaCl at 24 and
360 h of immersion. In these figures, it is interesting to
note that the impedance values are higher for AA2024/
silanes/Ppy than for AA2024/Al1,0; and AA2024/Ppy/
silanes (Fig. 12a and e) at 24 and 360 h of immersion. This
suggests that the coating on the AA2024 is protective
against the corrosion process throughout the immersion
time, probably due to the formation of a homogeneous film
and a less porous surface (acting mostly as a physical
barrier). This is in agreement with the SEM image shown
in Fig. 10, presenting the characteristics of the coating
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using the methodology described in the experimental
section.

On the other hand, Nyquist diagrams show a similar
response over immersion time of AA2024/silane/Ppy elec-
trodes in sodium chloride, with the main difference being a
decrease in impedance values at low frequencies for 360 h.
In contrast, Bode diagrams show variations of phase angle
values versus frequency. These variations are related to
slight modifications of the coating previously formed on the
anodised aluminium after the immersion, in agreement with
the SEM image shown in Fig. 10. Moreover, the Bode
diagrams show the presence of three time constants for all
frequencies, as was suggested above. Also it can be
observed an important increase of the phase angle values at
high frequencies region (Fig. 12d), which corroborate the
presence of the coating on AA2024.
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The EIS diagrams recorded for the AA2024/Ppy/silanes
immersed in NaCl solution (Fig. 12e and f) show greater
modifications in the spectra than those observed for
AA2024/A1,05. These modifications in EIS diagrams may
be related to modifications of surface conditions of the
AA2024/Ppy/silanes over the immersion time. The low
impedance values observed in the Nyquist plot at 24 h
indicate an active surface of the AA2024, probably due to
partial removal of the coating. This active condition favours
a dissolution process of the AA2024, which indicates the
presence of inductive behaviour poorly defined at low fre-
quencies. This means that preparation of the Ppy/silane
coating on a freshly polished aluminium surface is not the
best way to ensure good adherence on the substrate. How-
ever, after 360 h of immersion, oxidation of the aluminium
appears to be occurring, which reduces the active area of the
AA2024 exposed to the aqueous solution. This causes the
formation of aluminium oxides on the surface, which have a
porous nature given the impedance magnitudes.

The formation of three time constants is observed in the
characterisation of AA2024, in absence and/or presence of
the various coatings. As a first approach, EIS analysis is
carried out using the equivalent circuit shown in Fig. 13,
which takes into consideration the presence of three steps
occurring simultaneously. According to this equivalent cir-
cuit, Rs is the solution resistance, Qc and Rc are the capac-
itance and resistance of the coating, respectively, which, in
the case of anodised aluminium, are related to the previously
formed oxide properties. Qg and R, are double layer
capacitance and charge transfer resistance, respectively, of
the non-covered regions of the aluminium in contact with the
aqueous solution. The arrangement (Qg4-R4q) is used to
describe the impedance response of molecular oxygen dif-
fusion through the corrosion films formed on the AA2024.
For the EIS plot obtained at 24 h for the AA/PP/silane
coating, an L element was used instead of a Q4-Rq4 arrange-
ment, to consider inductive response at low frequencies.

Fitting of the EIS diagrams is represented by the contin-
uous line in Fig. 12, ensuring the quality of the simulation
using the equivalent circuit shown in Fig. 13 and the

Fig. 13 Equivalent circuit used for fitting the EIS diagrams shown in
Fig. 12

program developed by Boukamp [35]. It is noteworthy that
the fitting was poor only at the low-frequency region for the
EIS plot obtained at 24 h for the AA2024/Ppy/silane coat-
ing, because the active behaviour of the electrode made the
simulation difficult. However, most of the parameter values
obtained in the simulation of the EIS experimental diagrams
can be discussed. Table 1 summarises the electric parameter
values obtained by the best fitting of the experimental data,
where the R values are not listed, given the small variation
over immersion time. The pseudocapacitance values shown
in Table 1 were evaluated using the following expression:
C = ((Y,*R)(1/n))/R [36]. The terms Y, ¢, Yo,q1 and nc, gy
were obtained using a constant phase element (Q. and Qg)).
Pseudocapacitance values (C) related to the corrosion
products formed on the Al 2024 in absence and presence of
different coatings immersed in 3% NaCl show greater
variations mainly for the AA2024/Al,0;. The values
obtained for AA2024/Al,05 increase from 56 to 1110 pF,
which is typical of the formation of aluminium oxides with a
porous nature and non-protective properties [37]. Contrary
to this finding, in presence of the coatings AA2024/silane/
Ppy and AA2024/Ppy/silane, there is a decrease in capaci-
tance values over immersion time, where the decrease is
more dramatic in the case of AA2024/Ppy/silane. This var-
iation can be related to a modification of the extent of coating
coverage previously formed on the aluminium, which is
more important for the AA2024/Ppy/silane. The capacitance
values obtained in presence of the coatings are also worthy of
note, suggesting the formation of a modified aluminium
oxide film. Concerning double layer capacitance, an increase
in values is observed in the following order: AA2024/silane/
Ppy < AA20241/Ppy/silane < AA2024/A1,03. The values
obtained for AA2024/Ppy/silane and AA2024/A1,05 could
be associated with an increase in the non-covered surface of
the aluminium, as compared to AA2024/silane/Ppy.
Resistance values associated with the coating (R¢) are
higher for AA2024/silane/Ppy, which corroborates the
presence of the coating on the aluminium substrate;
meanwhile, the charge transfer resistance of this coating is
smaller when compared to the AA2024 and the Ppy coat-
ing. Finally, the increase in the resistive element related to
molecular oxygen diffusion for AA2024/silane/Ppy sug-
gests the formation of more homogeneous corrosion films
when compared to the AA2024 and the Ppy coating. These
results are supported by the SEM characterisation shown in
Fig. 10, where one can observe the morphology of the films
formed after the immersion of the AA2024/silane/Ppy.

4 Conclusions

The results obtained in this study show that the adsorption
of organosilane layers of different chain sizes on a
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Table 1 Values of the electrical parameters obtained after simulation of the experimental impedance diagrams, using the equivalent circuit in

Fig. 13 and the Boukamp program

Tiempo (days) R () Ce (HF) R. () Ca (F) Rec (€9 Qa R4 (Q)
Y, x 1073 (mho s”) n
Al/AL,O3
1 8.7 56 5.7 99.7 752.9 4.45 0.66 2,065.1
15 13.8 1,110 1,639.4 390.7 916.72 6.42 0.94 1,236
Al/Ppy/silanes
1 17.5 41.3 69.2 37.8 491.2 115.0*
15 40 0.15 352 20.4 788.8 0.06 0.73 2,654.3
Al/silanes/Ppy
1 328 20 3,515.3 1.0 1,056.7 0.11 0.40 5,320.8
15 39.1 1.2 1,319.9 0.75 88.2 0.014 0.88 5,545.3

4 This value corresponds to the L element, using for the simulation of this case

previously oxidised AA2024 surface produces good
anchoring of electrochemically grown polypyrrole films.
The corrosion behaviour of these films was tested in 3%
NaCl solutions, with a corrosion potential that, in some
cases, was up to 700 mV more positive than that of the
AA2024 electrode coated with an oxide layer. The Ppy
films that presented the best results were those electrode-
posited on the silanes with the shortest chains. The sub-
strates coated with a polypyrrole film upon which an
organosilane was subsequently adsorbed showed fair anti-
corrosive behaviour with the NaCl immersion solutions.
All of the results point to the viability of these layers as an
anticorrosive treatment, although studies of their durability
and interaction between layers are needed and will be
addressed in future work.
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