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Commercial wrought Al alloys with high content of intermetallic phases, namely, AA5083-H111, AA2024-
T3 and AA7075-T6, were treated with N-(3-trimethoxysilylpropyl) aniline (AnSi) by a simple procedure.
Characterization studies and corrosion experiments indicate that the hybrid film protection capacity is
related in a complex way to the macromolecular network structure linked to the Al substrate composition.
Nevertheless, barrier protection enhanced by a buffer effect and galvanic coupling, as aided by aniline units
within the hybrid film, is indicated mostly. Results overall demonstrate synergistic effect against Al alloy
corrosion by combining at a molecular level monomers of conducting polymers and silane functionalities.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Conducting polymers (CP) constitute attractive materials for cor-
rosion protection of metals [1,2]. The main properties that distin-
guish CP from organic molecules are their ability to conduct
electricity and to bind/expel molecules or ions in response to an
electrochemical potential. The complicated outcome of these con-
current phenomena as linked to corrosion processes is manifested
by the on-going debate about CP protection mechanism(s), in
particular for Al alloys. Galvanic coupling between metal and CP
has been pointed out for ensuring effective corrosion inhibition
[3–11]. The complexity of CP/Al alloy systems in corrosion science
is also demonstrated by interrelated fundamental and practical
limitations with a common factor - the use of contiguous CP films.
Besides low processability and poor adhesion to active metals, the
protection capacity of CP is strongly influenced by nature and
surface preparation of the metallic substrate, CP properties, method
of deposition, corrosion test and aggressive conditions used in per-
formance assessment, etc. [11–15]. In our recent work, dealing with
polypyrrole (PPy) electro-deposited on different Al alloys, the role of
the rate at which structural and conformational changes are driven
within the polymer network is also highlighted [11]. The inherent
porosity at a molecular level can be overcome by using dopant ions
with inhibiting properties, which are released during corrosion-
induced CP reduction, but this approach fails in the presence of large
defects [8,16,17]. Consequently, research activity increasingly aims
at developing coatings constituted by an insulating matrix where CP
ll rights reserved.
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clusters are distributed like (nano)composite formulations [10,18],
multilayers [19] and copolymerization [20]. Iron-based alloys and
polyaniline (Pani) are still the most investigated systems due to
practical considerations, while less work has been devoted to Pani
derivatives [21], in particular to those properly functionalized for
direct surface modification [22]. To our knowledge, no studies on
direct surface treatment of reactive metals with CP-functionalized
silanes have been reported before our previous works with pyr-
role-based silane [23] and aniline-based silane [24]. A recent study
of composite sol–gel/PAni coating on AA2024 shows outstanding
protection [25]. However, the thickness of silane sol–gel coatings
(or multilayers/composites in general) is considerably higher than
for chemical surface conversion coatings [26] or other pre-
treatments such as silane-based [27,28].

The direct-to metal surface treatment with pyrrole-based silane
(PySi) in the corrosion protection of Al alloys [23] showed that hy-
brid films with thicknesses of the order of microns can be obtained
by simple immersion in the PySi hydrolysed solution and subse-
quent curing. The outstanding performance was attributed to the
synergistic effect against metal degradation in terms of improved
adhesion, high compactness and barrier/active actions as a result
of pyrrole and siloxane homo-functional linking in a single macro-
molecular network, as promoted in the PySi solution. More recently,
an aniline-based silane, namely, N-(3-trimethoxysilylpropyl)ani-
line (AnSi) (Fig. 1a), was investigated for corrosion inhibition of
1050-H24 Al alloy (AA) [24]. As obtained for PySi-based films, char-
acterization studies indicated that PAnSi hybrid macro-network
building on the metallic substrate is governed by the structure of
AnSi soluble hybrid oligomers, being mainly composed by propyl-
tethered siloxane chains and aniline N–H� � �N associates. The

http://dx.doi.org/10.1016/j.corsci.2012.05.028
mailto:monica.trueba@unimi.it
http://dx.doi.org/10.1016/j.corsci.2012.05.028
http://www.sciencedirect.com/science/journal/0010938X
http://www.elsevier.com/locate/corsci


Fig. 1. (a) N-(3-trimethoxysilylpropyl)aniline (AnSi); (b) n-octyltrimethoxysilane
(OcSi).
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intermolecular homo-functional oligomerization of AnSi molecules
was recently confirmed by liquid NMR (Supplementary data S1).
The good performance against AA1050 corrosion was not only due
to the improved adhesion and the high compactness, resulting from
silanol adsorption/condensation at the metal surface and from
three-dimensional PAnSi cross-linking. Aniline moieties act likely
on demand for metal passivity recovery as barrier protection fails
and/or permeability increases. To gain deeper knowledge of the pro-
tection potentialities of AnSi treatment, commercial wrought Al al-
loys with different composition, namely, AA5083-H111, AA2024-T3
and AA7075-T6, were investigated. Specimens modified by a simple
procedure, i.e., immersion in a given AnSi solution and curing, were
characterized by surface spectroscopic techniques. Protection per-
formance evaluation was carried out by different corrosion experi-
ments in near neutral NaCl 0.6 M solution. Alloys treated with
octylsilane (Fig 1b) were also studied as a reference coating system.

2. Experimental part

2.1. Surface treatment and coating characterization

Surface modification was carried out on as-received commercial
wrought Al alloys AA2024-T3, AA5083-H111 and AA7075-T6, as
supplied by Aviometal Spa (Table 1). Pre-treatment with the ani-
line-based silane (AnSi) solution was performed as reported previ-
ously [24]. Briefly, Al substrates were cleaned with hexane, acetone
and methanol in an ultrasonic bath, 15 min. each, and pre-heated
at 130 �C for 20 min. in an open-to-air sand oven. Hot specimens
were then immersed for 3 min. in a given AnSi solution, dried in
a stream of hot air and thermally treated for one hour at the above
reported pre-heating conditions. AnSi solutions were prepared at
4% v/v in a mixture of methanol/H2O (95:5), pH 4.6 as adjusted
with acetic acid, and left under stagnant conditions for 3 or 10 days
at room temperature. The pH of the solutions did not change with
time, as measured prior to their use, and pink coloration was
Table 1
Chemical composition (wt.%) of commercial wrought Al alloys (Aviometal Spa).

Al alloys Si Fe Cu Mn Mg Zn Ti Cr

AA5083-H111 0.17 0.32 0.04 0.62 4.32 0.03 0.02 0.07
AA2024-T3 0.15 0.25 4.67 0.63 1.34 0.02 0.06 0.01
AA7075-T6 0.08 0.13 1.60 0.02 2.52 5.90 0.04 0.19
clearly observed in the 10-days aged solution due to promoted
N–H� � �N association in-between AnSi molecules [24]. Coated sub-
strates prepared with 3- and 10-days aged AnSi solutions are de-
noted as PAnSi-3/AAxxx and PAnSi-10/AAxxx, respectively. The
above-mentioned procedure was also used to prepare Al substrates
modified with a 3-days aged octylsilane (OcSi) solution. Samples
are denoted as POcSi-3/AAxxx.

The structure/composition of PAnSi films on the Al alloys was
investigated by Reflection–Absorption IR (RAIR) and X-ray Photo-
electron (XPS) Spectroscopies. RAIR spectra were obtained with a
Spectrum One (Perkin-Elmer) spectrophotometer in the range
4000–400 cm�1 (64 scans) with a spectral resolution of 4 cm�1

and equipped with a VeeMAX II accessory that allows changing
the angle of incidence. For each coated alloy, three different inci-
dence angles were used, 30�, 45� and 75�. An ESCA system (XI ASCII
Surface Science Instruments) operating at 10�8–10�9 torr with Al
anode (1486.6 eV) and 1 eV of energy resolution was used to col-
lect XPS spectra.
2.2. Corrosion experiments

Protection of the bare and silane-treated alloys was evaluated at
room temperature in quiescent, naturally aerated, near neutral (pH
6.5 ± 0.2) 0.6 M NaCl solution, prepared with reagent grade NaCl
(98%, Aldrich) and milliQ water.

Electrochemical corrosion experiments consisted in potentiody-
namic polarization, potestiostatic measurements and free corro-
sion potential monitoring. Single-cycle anodic polarization curves
were recorded at 10 mV/min after 10-min. equilibration at open
circuit potential (OCP). As the forward current attained the pre-
selected limiting value of 5 mA/cm2, the direction of the scan
was reversed, ending the measurement as the current became
cathodic. In the cathodic polarization, only the forward scan was
recorded at the same scan rate up to the current of �5 mA/cm2.
Potentiostatic experiments consisted in monitoring for 15 h the
current during polarization at the pitting potential of the bare al-
loys, whose value was previously determined as described else-
where [29]. Free corrosion potential as a function of time was
measured by recording the OCP during 15 h. The electrochemical
system consisted in a single-compartment O-ring cell with a work-
ing (active) surface of 1 cm2, a Pt spiral counter electrode, and an
external SCE as a reference, connected to the working compart-
ment via a salt bridge containing the test solution and a
Haber-Luggin capillary. Data were recorded by means of a PC
driven PAR Model 273A using a SoftCorr™ II software.

Long-term immersion tests were performed according to the
ASTM procedure G31 [30]. Bare and coated specimens, whose
edges were masked with adhesive tape, were positioned vertically
in cylindrical vessels containing test NaCl solution. Exposure con-
tinued 30 days at 30 �C under naturally aerated conditions.

The morphology of corroded specimens was examined using a
LEO 1430 scanning electron microscope (SEM) equipped with an
EDX spectrometer at a chamber pressure of 8 � 10�6 torr and
20 keV accelerating voltage. Cross-section specimens were embed-
ded in a cold-working resin and then polished up to 1 lm with dia-
mond paste in non-aqueous solvent.
3. Results and discussion

3.1. Coating characterization

Several common features were obtained with PAnSi-coated
AA1050 [24]. All AnSi-treated alloys kept a bright-metallic look
due to formation of uniform transparent films. Slight-brownish
coloration was visually noticed after treatment with AnSi-10



Fig. 2. RAIR spectra at 45� (top) and 75� (bottom) of PAnSi-3 coated Al alloys:
(a) AA5083; (b) AA2024; (c) AA7075.
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solution (pink). The estimation of film thickness by SEM was not
possible because a metal/film interface was not distinguishable.
RAIR spectra of PAnSi-3 and PAnSi-10 coated alloys showed no dif-
ferences, even those of PAnSi-coated AA2024 with distinct spectral
features. The structure of PAnSi coatings is mainly characterized by
intermolecular siloxane linkages (silanol group condensation) and
N–H� � �N associates. In XPS analysis, the main lines of all PAnSi-
coated alloys were O1s, C1s, N1s and Si2p, with the exception of
PAnSi-10/AA7075 for which a 3.3 at.% of Mg was found. The fea-
tures of the O1s and Si2p lines deconvolution resembled closely
those obtained for PAnSi/AA1050, whereas important differences
were obtained in the high resolution analysis of the C1s and N1s
lines. The peaks of C–N species and of O@C–O were positioned at
higher binding energies as AnSi-3 solution was used for surface
modification, more notable for AA2024 substrate. Information
about the effect of Al alloy secondary phases on the hybrid coating
composition was obtained from N1s line deconvolution. The struc-
ture of POcSi/AAxxx does not depend on the Al alloy nature, and
the films thicknesses are between 2–5 lm (Supplementary data
S2). On these bases, the RAIR spectra of PAnSi-3/AA2024 and the
XPS N1s line analysis of AnSi-treated alloys are presented and dis-
cussed in what follows.

3.1.1. RAIR characteristics of PAnSi-3/AA2024
Fig. 2 compares the RAIR spectra of all PAnSi-3 coated speci-

mens at the incidence angles of 45� (top) and 75� (bottom).The
spectral features of PAnSi-3/AA2024 (Fig. 2b) are notably different
from those of coated AA5083 and AA7075. Since the AnSi solution
presented the same characteristics, such spectral ‘‘distortion’’ is
attributed to the interaction between Cu-rich intermetallic parti-
cles and aniline moieties upon surface modification. The significant
broadening of the NH stretching region (3550–3000 cm�1) not only
reveals the presence of NH+ species (�3370 cm�1) [31], but it also
results from C@N stretches and C@C stretches overtone/combina-
tion (shoulder at 3200 cm�1) [32]. The low frequency region shows
a strong contribution of quinoid structures due to characteristic
vibrations at �1660, 1575, 1515 and 800–830 cm�1(–C@C–C@N–,
C@C and C@N stretching, and C–H deformation, respectively)
[32–34]. The intensity of the stretching vibrations increases with
respect to that of the typical bands of benzenoid structures
(�1600, 1500, 750 and 695 cm�1) [24] at higher incidence angle
(75�). In addition, at both incidence angles, the bands correspond-
ing to C–N stretching are very weak (1320–1250 cm�1). All these
features indicate the presence of oxidized N-substituted aniline
oligomers such as emeraldine salt (EMS) and/or pernigraniline
(PN) [35], promoted by Cu2+ release from the alloy surface with
subsequent reaction with aniline to produce Cu+-aniline com-
plexes. Although Cu(I)-p electrostatic and specific orbital interac-
tions are particularly enhanced in N-substituted anilines [36,37],
coordinative bonding between Cu and N involving vacant d orbitals
and electron lone pair, respectively, is also feasible.

3.1.2. X-ray photoelectron spectroscopy
XPS high resolution analysis of N1s line for PanSi-3 and PanSi-10

films on Al alloys is summarized in Table 2 [38,39]. Both
PAnSi-coated AA5083 substrates show a single N+ peak at about
400 eV pointing out an important contribution of N–H� � �N
aggregates. Conversely, two N+ peaks characterize PAnSi/AA2024
specimens with the higher energy peak being attributed to
charge-deficient imine-like nitrogen (@N+- P 60%). A non-negligi-
ble amount of the latter species (40%) is also obtained for PAnSi-3
on Zn-rich AA7075, but N–H� � �N structures prevails with AnSi-10
solution (PAnSi-10/AA7075).The variable nitrogen species in the
hybrid PAnSi films indicate that each metallic surface reacts in a
specific way upon immersion in the corresponding AnSi solution
due to Al alloy secondary phase effect. In the case of AA2024, the
prevailing @ N+- species point to the presence of EMS and/or PN
units, in good agreement with RAIR results (Fig. 2b). The importance
of Cu(I)-p(N) interactions is confirmed by the composition of PAnSi-
3 and PAnSi-10 films being almost independent of AnSi solution
aging time. The opposite behavior of PAnSi-coated AA7075 suggests
that possible interactions between Zn and aniline functionalities
[40] are hindered due to enhanced dissolution of MgZn2 upon treat-
ment with AnSi-10 solution [41]. Actually, the survey spectrum of
PAnSi-10/AA7075 revealed 3.3 at.% of Mg on the surface, indicating
important Mg incorporation into the hybrid network, more proba-
bly as oxo-complexes according to the high acetate content ob-
tained in the C1s line (�289 eV). Mg reactivity could also
influence the lower content of @N+- species in PASi-3/AA7075 as
compared to PAnSi-3/AA2024. However, besides well-documented
Cu(I)-p(N) strong interactions [36,37], dealloying of Al2CuMg inclu-
sions (S phase) in AA2024 producing Cu-rich remnants [42], in addi-
tion to the lower ionization energy of Cu [43] and the higher
mobility of Cu+ ions, converge to favor Cu-aniline moiety interac-
tions. Interestingly, no Mg was detected on PAnSi-coated AA5083
(Mg-rich Al alloy), which suggests distinct siloxane bonding due
to the chemical reactivity of the Mg2Si phase [44]. The dealloying
of this intermetallic produces surface silicon-enrichment, thus pro-
moting formation of Si(metal)–O–Si(film) linkages with concomitant
suppression of Mg leaching and formation of Mg(OH)2 and/or Mg-
aniline oxo-complexes at the metal/film interface. These processes
would be more favored if AnSi-10 solution is used in AA5083 surface
modification.



Fig. 3. Single-cycle anodic polarization (10 mV/min) of bare and silane-treated Al alloys in near-neutral naturally aerated 0.6 M NaCl: (—) bare alloy; ( ) PAnSi-3; (���)
PAnSi-10; (---) POcSi-3.

Table 2
XPS binding energies (eV), linewidths (eV) and intensities (%) of the N species derived from N1s line analysis of PAnSi-3 and PAnSi-10 films on Al alloys.

AA 5083 AA 2024 AA7075 Chemical assignment

PAnSi-3 PAnSi-10 PAnSi-3 PAnSi-10 PAnSi-3 PAnSi-10a

399.8 399.7 400.3 399.6 399.6 400.3 @NH+, -N�+

2.3 1.9 1.8 1.8 1.9 2.5
100 100 34 41 60 100

402.1 401.1 401.4 @N+-
2.0 1.8 2.0
67 60 40

a 3.3 at.% of Mg in the survey XPS spectrum.
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On these bases, metal-p(N) complexes are favored in the pres-
ence of Cu and Zn as in AA2024 and AA7075 substrates. Conversely,
oxo-metallized complexes of weaker nature are more likely with
Mg, as indicated by the composition of PAnSi-10/AA7075 and
PAnSi-coated AA5083. These results allow to propose that the
@N+- contribution of about 20% in PAnSi/AA1050 [24] is probably
due to interaction of Fe-rich impurities with aniline moieties
[39,45].

3.2. Protection against anodic dissolution

Single-cycle anodic polarization scans of bare and silane-treated
alloys are shown in Fig. 3. PAnSi-coated substrates exhibit a more
positive shift in the forward scan than that obtained with OcSi treat-
ment, while no trend is observed in the reverse scans. Remarkable
barrier-type action of PAnSi films on AA5083 (Fig. 3a) is manifested
by a large passive region as the potential is shifted anodically. It is to
be noticed that, contrary to AA1050 [24], POcSi-3 film on AA5083
provides some barrier protection as well, which supports strong
siloxane bonding to the metallic surface promoted by silicon enrich-
ment of the alloy surface (S2). Siloxane-defective metal/film inter-
faces are indicated for PAnSi-coated AA2024 and AA7075 with no
current-independent potential region at the beginning of the scan.
Nevertheless, this region begins at much lower current densities
and, except for PAnSi-10/AA7075, at more negative potentials than
those of bare alloys, which suggests an inhibiting action against
cathodic processes at the corresponding buried interfaces. The dif-
ferent response of PAnSi-10/AA7075 could suggest an improved
barrier action due to an Mg-rich hybrid film (Table 2). In the case
of AA2024, similar behavior has been observed during anodic polar-
ization in chloride solutions if treated with silanes containing small
quantities of inhibitors such as tolyltriazole and benzotriazole [46],
as well as if quinoline compounds are added to the test solution
[47]. As a further argument, the role of the inhibitor structure on
the corrosion of AA2024 and AA7075 alloys has been demonstrated
recently [48].

Closer examination of forward scans in Fig. 3 reveals an appar-
ent correlation between the magnitude of ennobling and the NH+

contribution in the hybrid film composition (Table 2). Only for
PAnSi films on AA1050 [24], neutral NH species (P50%) were de-
tected on the surface and the most retarded breakdown was ob-
tained during anodic polarization (e.g., in PAnSi/AA1050 shifted
to about +600 mV with respect to bare alloy). The breakdown of
PAnSi/AA5083 (Fig. 3a) is shifted only +200 mV (on average) with
respect to the bare alloy, despite the significant barrier action.
The corresponding PAnSi film surfaces are characterized by a single
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NH+ peak. If imine-like @N+- species are also present, as in PAnSi-
coated AA2024 and PAnSi-3/AA7075, no distinct breakdown is ob-
tained (Fig. 3b and c). Accordingly, the performance of PAnSi coat-
ings appears compromised by the contribution of charge deficient
nitrogen species, promoted during film deposition. Such a trend is
reasonably explained in terms of higher ionic conductivity and fa-
vored inward-migration of Cl� ions to the metal/film interface. De-
spite this negative effect, metastable-like (macro)pitting [49] is
indicated by sequences of rapid current rise and stabilization, more
noticeable in PAnSi-coated AA2024 and AA7075. This strongly sug-
gests that, under conditions of limited siloxane bonding at the me-
tal/film interface and/or film degradation by corrosion, aniline
moieties within the hybrid network favor metal passivity recovery.
Similar ‘‘staircase’’ rise of current with potential was also observed
with alloys treated with PySi owing to the repairing effect of PPy
moieties in the hybrid film [23].

The performance of PAnSi films was evaluated also by polariza-
tion of the specimens at the pitting potential (Epit) of bare alloys
up to 15 h. Epit was determined as reported elsewhere [29]. Fig. 4
shows the current–time responses of bare, PAnSi- and POcSi-coated
AA5083. The response of bare alloy in the mA/cm2 range is featured
Fig. 4. Current response as a function of time of bare and silane-treated AA5083 during p
aerated near neutral 0.6 M NaCl solution: (a) bare alloy; (b) PAnSi-3(solid line) and PAn

Fig. 5. Surface SEM images of PAnSi-10/AA5083 after polarization at the pitting
by decreasing currents during the first three hours (Fig. 4a), which
indicates the formation of a protective corrosion layer probably
due to surface enrichment with Mg(OH)2 and SiO2�nH2O deposits
[44]. Conversely, PAnSi-coated alloys show current stabilization at
a values below 10 nA/cm2 (Fig. 4b). Although the extent of localized
attack was higher in PAnSi-3/AA5083, inhibition of the cathodic
activity of Fe-rich particles, unconstrained by the size of intermetal-
lic particles, was indicated by SEM (Fig. 5). Synergism in the protec-
tion mechanism due to Mg-rich metal/film interface acting as O2

barrier and to PAnSi buffer effect on alkalinization at coating
defects, is proposed for PAnSi/AA5083 system. The buffer effect
can be reasonable explained by the combination of labile protons
in N–H� � �N aggregates with OH� ions produced near Fe-rich inter-
metallic particles [29]. The role of aniline moieties within the silox-
ane network is confirmed by the poor inhibition obtained with
POcSi-3 film, as manifested by increasing negative currents with
time (Fig. 4c). Differently from AA5083 substrates, no protection
by PAnSi films is obtained for AA2024 and AA7075 substrates at
the corresponding Epit (Fig. 6). Also, suppression and arrest of corro-
sion due to deposition of oxide/salt products is indicated by the cur-
rent–time response of bare alloys. The current rise in the coated
olarization at the pitting potential of bare alloy (Epit = �740 mV vs. SCE) in naturally
Si-10 (dotted line); (c) POcSi-3.

potential of bare alloy in naturally aerated near neutral 0.6 M NaCl solution.



Fig. 6. Current response as a function of time of uncoated and silane-treated AA2024 and AA7075 during polarization at Epit (vs. SCE) of the bare alloys: (a) �637 mV, (b)
�715 mV; in naturally aerated near neutral 0.6 M NaCl solution: (—) bare alloy; ( ) PAnSi-3; (���) PAnSi-10; (---) POcSi-3.

Fig. 7. Surface SEM images of (a) bare AA7075 and (b) PAnSi-3/AA7075 after polarization at the pitting potential of the bare alloy in naturally aerated near neutral 0.6 M NaCl
solution.

Fig. 8. Cathodic polarizations (10 mV/min) of bare and silane-treated Al alloys in near-neutral naturally aerated 0.6 M NaCl: (—) bare alloy; ( ) PAnSi-3; (���) PAnSi-10;
(---) POcSi-3.
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Fig. 9. Surface SEM examination of AnSi-treated Al alloys after cathodic polarization in 0.6 M NaCl: (a) PAnSi-3/AA5083; (b) PAnSi-10/AA5083; (c–f) PAnSi-3/AA2024, EDX
spectra and elements composition in (e and f) correspond to sites A and B, respectively, in (d).
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alloys suggests sub-surface crevice corrosion stimulated by defects
at the metal/film interface [50], which promote hydrogen evolution
and formation of corrosion products with consequent film rupture
and disbondment. Differences in corrosion morphology between
bare and PAnSi-coated substrates are clearly discernible for
AA7075 in Fig. 7. Despite the negative result, current increases with
time for both alloys in the following order: PAnSi-3 < PAnSi-10 <
POcSi-3, pointing to improved protection by the hybrid network.
Lower currents than AA2024 modified substrates for all coated
AA7075 specimens indicate more stable metal/film interfaces.
Doubts arise with respect to the inhibiting action of PAnSi by possi-
ble Cu- and Zn-aniline interactions. However, these can be hindered
by growing Al hydr(oxide) products at Epit, which is supported by
the fact that Zn becomes anodic to Al in the presence of Al2O3. The
results suggest that PAnSi-coated AA2024 and AA7075 needs be
polarized to the active direction for effective protection. Accord-
ingly, the ‘‘staircase’’ shape of the forward curves of single-cycle
anodic polarization is related to metastable passivity impelled by
aniline moieties re-oxidation during positive potential scan.

3.3. Protection against microgalvanic corrosion

Separate samples were submitted to cathodic polarization and
electrochemical responses are shown in Fig. 8. Like for anodic polar-
ization, AnSi-modified substrates show a higher shift of the curves,
in this case towards lower cathodic currents, contrary to OcSi-trea-
ted alloys. Besides higher barrier action to oxygen and proton reduc-
tion, the change of the shape of the curves reflects different kinetic
paths. PAnSi/AA5083 specimens, as well as PAnSi-10/AA7075 (con-
taining Mg oxo-complexes in the hybrid network), are polarized at
the beginning of the scan at ca.�1.1 V vs. SCE (Fig. 8a), which can be
explained by the presence of Mg-rich precipitates [51] and/or
Mg-aniline complexes at the buried interface [6]. However, with
AA5083 substrates, a quite homogeneous metal/film interface is
indicated by the closely similar potential of PAnSi-coated AA5083
at the beginning of the anodic polarization (ca.�1.1 V) (Fig. 3a). This
further highlights the above-mentioned distinct siloxane covalent
bonding due to Mg2Si phase reactivity. Uniform metal/film interface
is indicated also for PAnSi/AA2024 with potentials of �0.71 V vs.
SCE (on average) at the beginning of both anodic and cathodic scans
(Figs. 3b and 8b), despite siloxane-bonding limitations, due to Cu-
aniline specific interactions. These probably account for the peak
in the current density at very negative potentials (Fig. 8b) that indi-
cates a change in the mechanism of the cathodic reactions associ-
ated with a conductive state transition due to galvanic coupling
[4,6,7,24]. Conductive state transition is also suggested for PAnSi-
3/AA7075 (Fig. 8c) though less defined presumably due to hindered
and/or weaker coupling phenomena [10,40]. Another important



Fig. 10. Open-circuit potential response as a function of time of bare and silane-treated Al alloys in near-neutral naturally aerated 0.6 M NaCl: 1- bare (—); 2- PAnSi-3 ( );
3- PAnSi-10 (���); 4- POcSi-3(---).

Fig. 11. Cross-section SEM images of AnSi-treated Al alloys after open-circuit potential monitoring in near-neutral naturally aerated 0.6 M NaCl: (a) PAnSi-3/AA5083;
(b) PAnSi-3/AA7075; (c) PAnSi-10/AA2024.
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observation regards the very negative potential at which cathodic
peaks occur compared with contiguous polymer films (typically
above �1 V) [4,6,7]. It can be argued that limited charge transfer
reactions result from the non-conducting siloxane network in
which aniline moieties are arranged as micro-conducting paths.
Nevertheless, the cathodic peak position at a lower potential and
current in PAnSi/AA2024 with respect to PAnSi/AA1050 [24], indi-
cates a better interconnectivity in the former system due to Cu–
p(N) complexes and/or aniline oxidized moieties (Table 2).

Surface SEM examination after cathodic polarization of PAnSi-10
coated specimens revealed film cracking and detachment with sig-
nificant amount of undercoating corrosion products, indicating



Fig. 12. Surface SEM images of AnSi-treated AA7075 after one-month immersion in naturally aerated near neutral 0.6 M NaCl: (a) PAnSi-3/AA7075; (b) PAnSi-10/AA7075.

Fig. 13. Surface SEM images of PAnSi-coated AA2024 after one-month immersion in naturally aerated near neutral 0.6 M NaCl solution: (a and b) PAnSi-10/AA2024; (c–e)
PAnSi-3/AA2024. Inset in (d): Cu Ka1 EDX map analysis. Arrows in (b and c) point two types of localized attack morphology: Cu-rich deposits (1) and pits (2).
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higher proton mobility. This observation points to more permeable
PAnSi-10 films due to the higher contribution of N–H� � �N aggre-
gates since the growth of siloxane chains is simultaneously pro-
moted by AnSi solution aging time (S1). Only for PAnSi/AA5083
system the amount of corroded surface was higher in PAnSi-3
coated alloy. Smooth nascent pit-like sites, reflecting decomposi-
tion of a well-adherent film rather than its rupture, were observed
on less damaged regions (Fig. 9a and b). This result indicates that
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improved overall protection of AA5083 by PAnSi-10 film results
from a more stable Mg-rich metal/film interface, promoted during
the surface treatment. In the case of PAnSi-3/AA2024, accumulation
of spherical particles in a rounded, compact and apparently adher-
ent film zone were systematically observed (Fig. 9c and d). Corro-
sion products on the film surface prevail only outside the circular
cracks, indicating that degradation reactions are localized at the
film/solution interface. EDX analysis indicated Al (hydr)oxi-chlo-
rides and some copper on these sites (Fig. 9e and f). It was noticed
no carbon but silicon increasing up to about 3.5 at.% in the well-
developed particles (inset in Fig. 9d). These findings suggest that
the buffer effect and the possible selective action of aniline moieties
on Cl� inward migration [52] are enhanced by Cu enrichment due to
matrix dissolution near cathodic Al–Cu–Fe–Mn [42]. Thus, inhibi-
tion of such highly reactive sites by Cu-aniline galvanic coupling is
more likely.

Open circuit potential (OCP) monitoring as a function of time
(15 h) allowed to confirm different metal/film interface properties
as determined by the AnSi solution and the nature of the Al alloy.
The behavior of PAnSi/AA5083 specimens (Fig. 10a) gives evidence
to the improved barrier action of the film obtained with AnSi-10
solution due to more stable Mg-rich metal/film interface. Cross-
section SEM examinations revealed notable accumulation of
corrosion products at the PAnSi-3/AA5083 interface (Fig. 11a), in
agreement with progressive OCP oscillation with strong negative
transients to values close to that of the bare alloy. In the case of
AnSi-treated AA7075 substrates (Fig. 10b), OCP rapidly rises
towards the rest potential of bare alloy with positive transients after
about 12 h, being more marked in PAnSi-3/AA7075. The improved
barrier action with time indicates the evolution of PAnSi/AA7075
system towards the galvanic coupling Zn–aniline with more favored
O2 reduction. SEM cross-section examinations revealed corrosion
products mainly localized within the film (Fig. 11b). The apparent
detachment of the coating, according to film profile matching that
of the metallic substrate, points to an originally stressed interface
due to transport-controlled degradation processes. Coupled state
for an active repairing effect is also indicted for PAnSi/AA2024 spec-
imens by the progressive shift of potential fluctuations to values
close to that of bare alloy (Fig. 10c) [4]. Nevertheless, a more stable
metal/film interface is indicated by OCP positive oscillations of
about 100 mV, systematically below that of the bare alloy, over al-
most all the measurement time. Tightly bonded film with negligible
alloy corrosion was observed at the end of the test (Fig. 11c). These
results support the dislocation of cathodic oxygen reduction from
the metal/film to film/solution interface, assisted by oxidized ani-
line moieties in the hybrid network.

The excellent protection of PAnSi films, in particular PAnSi-3,
was definitely confirmed by examination of specimens submitted
to uninterrupted immersion in 0.6 M NaCl solution for 30 days. No
opacity due to oxide/salt precipitates was observed on PAnSi-coated
AA5083 surfaces at naked eyes, contrary to bare and OcSi-treated al-
loys. In addition, PAnSi-3 coated AA2024 and AA7075 exhibited a
bright, metallic-like, slight brownish appearance at the end of the
test. SEM analysis of PAnSi-3/AA7075 showed filiform corrosion
with very narrow filaments spreading out randomly from one or
more initiation sites (Fig. 12a), indicating exceptionally good long-
term stability under the present test conditions. Less effective PAn-
Si-10/AA7075 system was manifested by widespread blanket-like
undercoating corrosion (Fig. 12b). A similar finding was obtained
for PAnSi-10/AA2024 but with higher extent of local damage
(Fig. 13a and b), featured by undercoating Cu-rich deposits (1) of
irregular shape and pitting with film rupture (2). The two types of
attack were also noticed on PAnSi-3/AA2024 (Fig. 13c) though with
well-different morphology. Cu-rich deposits under the film exhibit
dendritic look and the pits, surrounded by a darker well-adhered
film zone were very small, as illustrated in Fig. 13d and e. The
structured ‘‘extraction’’ of Cu from the alloy surface (1) suggests bet-
ter interconnectivity of aniline moieties in the hybrid film with de-
crease of Al–Cu galvanic coupling. This mechanism was also
proposed for spin-coated Pani [3] and electrodeposited PPy [11].
The morphology (2) resembles that obtained under more extreme
conditions (Fig. 9c and d), with H+ reduction as source of alkalinity
during polarization to very negative potentials, but defects are in
a passive state. Accordingly, under open circuit conditions, the re-
oxidation of aniline moieties driven by cathodic oxygen reduction
enhances the anodic galvanic protection of PAnSi films. This result
supports previous observations on the role of oxygen in the galvanic
coupling of CPs and AA2024 [7,16,18a].

4. Conclusions

As-received wrought Al alloys were modified with an aniline-
based silane (AnSi) by a simple procedure. Very uniform thin films
with transparent appearance were obtained. Characterization
studies have revealed specific interactions with aniline moieties
determined by Al alloy composition and/or surface treatment con-
ditions. Metal–p(N) complexes are favored in the presence of Cu
and Zn, while oxo-complexes of weaker nature are formed with
Mg. The Al alloy corrosion is more retarded by hybrid PAnSi coat-
ings than by a typical organosilane-based film such as POcSi, con-
sistent with three-dimensional cross-linked macro-oligomers
constituted by aniline agglomerates and siloxane oligomeric
structures. The barrier action is improved by buffer effect on local
alkalinization, which is attributed to combination of labile protons
in N–H� � �N associates with OH� ions produced near cathodic
particles. The effect of Al secondary phases on the protection
capability of hybrid PAnSi films in a given local aggressive environ-
ment is manifested also. The dissolution of Mg2Si phase on the
AA5083 surface favors Mg-rich PAnSi/AA5083 interface acting as
oxygen barrier. Conversely, Zn- and Cu-aniline galvanic couplings
are responsible for the outstanding corrosion inhibition of
AA7075 and AA2024, respectively, by PAnSi films. Overall results
demonstrate the validity of combining silanes and monomers of
conducting polymers at a molecular level aimed at obtaining a
primer system with synergistic barrier and active actions, which
constitutes a promising alternative for chromium-free conversion
coatings.
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