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A B S T R A C T

In this paper, the feasibility to apply a laboratory synthesized Phenol-paraPhenyleneDiAmine (P-pPDA) ben-
zoxazine by spin coating on anodized aluminum substrates followed by thermal curing, has been investigated.
Prior to coating, sulfo-tartaric anodizing has been carried out aiming at growing porous oxide layers either on
1050 or 2024-T3 aluminum substrates.

Optimization of the performance of the benzoxazine coatings to protect the aluminum substrates was
achieved by working out conditions preventing delamination of the coatings – as observed for non anodized
coated substrates – and reducing its curing temperature to a level compatible with the requirements of the
aerospace industry.

Compared to bare substrates coated with P-pPDA, it is shown that highly capacitive and durable barrier
properties can be obtained for the same kind of coatings when applied on the anodized substrates. Moreover, in
order to respect the thermal sensitivity of aeronautical aluminum substrates, such as 2024-T3, the curing
temperature can be limited to 140 °C only if the substrates are previously anodized in a sulfo-tartaric acid bath.

1. Introduction

Aluminum alloys are widely used in aircraft applications, especially
for series 2xxx (Cu main alloying element) and 7xxx (Zn main alloying
element). These alloys offer improved mechanical properties compared
to “pure” aluminum (AA1050), but are strongly sensitive to corrosion
[1–3] and, therefore, need to be protected. For this purpose, a wide
range of organic coatings has been developed and applied onto alu-
minum substrates providing a passive and/or active corrosion protec-
tion. Up to now, epoxy resins are the most commonly used thermoset
polymers for such kind of applications [4,5].

Recently, polybenzoxazine resins have been reported to show sev-
eral remarkable properties such as low water uptake, a high thermal
stability, low shrinkage during curing [6] and a low dielectric constant
[7]. These characteristics make them very suitable for coating protec-
tion applications [8,9]. However, those resins also suffer from some
drawbacks, such as a high brittleness, a high curing temperature, and,
in the case of bisphenol-based benzoxazine, an irreversible degradation

occurring during curing, accompanied with the release of volatile imino
species [8], causing severe defects to appear within the polymer
(bubbles, cracks) reducing its reliability. Such defects can be avoided by
selecting a more appropriate molecular design. Indeed, benzoxazine
monomers are obtained by the simple condensation of formaldehyde, a
phenol group and a primary amine, conferring a wide versatility to
benzoxazine monomer compositions [10–13]. For instance, phenol-
para-phenylenediamine based benzoxazine monomers (P-pPDA), have
been recently reported in the literature [9,12,13] showing a higher
thermal stability during curing leading to coatings with promising
barrier properties. However, after several days of immersion in a NaCl
solution, delamination processes at the metal/coating interface have
been reported in the literature, leading to a loss of corrosion protection
[9]. Another drawback related to this kind of benzoxazine is the high
temperature needed for a complete crosslinking of the network. As
shown previously [9], this temperature is higher than 220 °C and re-
duces the mechanical properties of aluminum alloys rich in copper,
such as 2024-T3.
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In order to reduce the risk of delamination, the P-pPDA organic
coating was applied on an anodizing layer in this study. Anodizing is a
surface treatment also used for improving the corrosion resistance of
aluminum alloys. The process consists in an electrochemically driven
growth of an oxide layer at the surface of the metal by applying an
anodic potential. Performing this treatment in an acid bath allows the
dissolution of the grown oxide. In the ideal case of pure aluminum,
competition between growth and dissolution of the oxide leads to a
particular ordered structure divided into two parts: a barrier layer in
direct contact with the metal, and a porous layer of hexagonal columnar
cells perpendicular to the substrate [14,15]. However, the presence of
alloying elements such as copper may disturb this regular growth and
lead to different oxide morphologies [16].

Chromic anodizing (in chromic acid electrolyte) has mainly been
used as a very efficient and robust corrosion protection process [17].
However, because of health and environmental issues, such kind of
treatment will be prohibited in the near future [18]. Alternative solu-
tions have to be developed reaching aircraft standards related to health
and environmental concerns. Other acid electrolyte baths have been
investigated to replace chromic acid for these applications, such as
sulfuric acid [19], sulfo-tartaric acid [20] or sulfo-boric acid [21]. In
addition to the low cost of these substances, the combination of the
strong sulfuric acid with the weak tartaric acid, limiting the oxide
dissolution, offers a better control of the porosity without altering the
conductivity of the electrolyte [22]. Oxide layers obtained from sulfo-
tartaric baths have shown a better corrosion resistance compared to
those obtained from classical sulfuric acid baths [23,24] and have al-
ready been accepted by the aerospace industry as an efficient alter-
native to a chromic acid bath. Sulfo-tartaric anodizing is usually per-
formed at 37 °C under an applied potential difference of 14 V for about
20 or 30 min. The obtained layers have a thickness ranging from 2 to
7 μm [24,25].

In order to ensure a good corrosion protection, anodic layers can be
sealed to obstruct the porosity of the layer. Hot water sealing is the
simplest sealing bath [26–28], but several other types of baths con-
taining additives have been studied and developed as reported in the
literature [29–32]. When aluminum parts are intended to be painted in
the final product, anodizing layers are not sealed but coated with a
protective organic primer. As demonstrated at an industrial level, the
anodic layer allows increasing the organic coating anchoring due to its
high porosity. Nevertheless, there are few scientific papers reporting
the improvement of the barrier properties of the global system due to
this good matching between the inorganic layer and the organic one.
The organic layer is commonly made of an epoxy resin, containing
chromium trioxide as corrosion inhibitor [33]. Because of the content of
this last toxic chemical in the epoxy layer, such kind of substances
should be substituted as well. Several surface technologies are emerging
as potential alternatives, such as sol-gel coatings [34–36] and new
polymeric organic coatings [37–40].

This work proposes, as an alternative for epoxy coatings, a new
corrosion protection system where P-pPDA benzoxazine is coated on

anodized aluminum substrates with the aim of limiting delamination
processes occurring after application on not anodized surfaces offering
more durable barrier properties. In order to emphasize the role of the
anodic layer in the prevention of the loss of the barrier properties,
equivalent thickness coatings of P-pPDA have also been applied on bare
substrates and characterized to be compared with coatings on anodized
aluminum.

The substrate of interest in this paper is AA2024-T3, containing
copper as the main alloying element, which enhances the mechanical
properties, and, for this reason, is mainly used in the aircraft industry.
However, this kind of substrate needs to be covered by a protecting
system showing good barrier properties and, at the same time, avoiding
curing at too high temperatures. For this reason, part of the study has
also been devoted to assess the barrier performance of partially cured P-
pPDA benzoxazine, applied on either bare or anodized substrates.
However, AA2024-T3 substrates can also be used with a clad deposit of
AA1050 on top of its surface in order to improve its corrosion protec-
tion. Therefore, both kinds of alloys have been investigated as substrate
materials.

2. Experimental

2.1. Preparation process of aluminum substrate

Two aluminum alloys, provided by SONACA S.A. (Gosselies,
Belgium) have been selected: AA1050 and AA2024-T3. Details of their
chemical compositions are in Table 1.

Aluminum samples (60 mm× 45 mm× 1 mm) were treated prior
to anodizing in order to enable the formation of a homogeneous oxide
layer. The different steps are: degreasing in acetone, etching in 1 M
NaOH at 40 °C for 1 min, desmutting in Turco® Liquid Smut-Go NC
Deoxidizer at room temperature for 15 s with rinsing in deionized water
between each step.

Anodizing of samples in a sulfo-tartaric bath was carried out using
the following concentrations: 40 g/L H2SO4 + 80 g/L C4H6O6. The bath
temperature was controlled using an outer water flow with set tem-
perature. A fixed anodizing potential difference was applied using a
Laboratory Power Supply EA Elektro-Automatik PS-2016-100.
Anodizing parameters have been fixed as follows: bath temperature at
40 °C and applied potential difference at 10 V for 25 min. Those settings
are close to the ones commonly used in the industry [25].

After pretreatment and subsequent anodizing, samples were rinsed
in deionized water, dried with pulsed air and directly coated with an
organic solution of benzoxazine precursor in chloroform. This solution
was prepared by dissolving 8 g of P-pPDA-benzoxazine precursor
(Fig. 1) – synthesized as described in a previous paper [13] – in 40 mL
of chloroform, stirring and heating under reflux for 4 h at 70 °C fol-
lowed by cooling down to room temperature, maintaining stirring for
12 h. This solution was applied on substrates by deposing 1 mL on the
samples, spin coated at 2000 rpm for 30 s.

After deposition and drying of the precursor coating, thermal curing

Table 1
Elementary chemical composition in weight percent of used aluminum alloys.

Alloy Cu Fe Si Mn Mg Cr Zn Ti Others

1050 0.05 0.4 0.25 0.05 0.05 < 0.05 0.07 0.05 0.03
2024-T3 3.8−4.9 0.5 0.5 0.3−0.9 1.2−1.8 0.1 0.25 0.15 0.15

Fig. 1. One pot synthesis of P-pPDA precursor.
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was carried out stepwise to obtain a cross-linked polymer by successive
thermal curing steps: at 140 °C for 60 min, 180 °C and 220 °C, with each
time a dwell of 120 min, and, finally, at 230 °C for 30 min. Afterwards,
samples were allowed to slowly cool down to room temperature. This
curing cycle corresponds to the standard crosslinking treatment of the
resin [9], and will be called standard (Std) in this article. Other thermal
treatments with lower curing temperatures were also performed and
will be detailed later. The samples were thermally treated in a Heraeus
Instruments LUT 6050 oven in horizontal position to avoid outflow and
loss of benzoxazine during the treatment.

2.2. Characterization

2.2.1. Textural analysis of anodized and coated samples
Anodized and coated samples were observed using SEM-FEG

(Hitachi SU8020 with cold cathode) without metallization. Cross sec-
tion observations were performed by cutting samples using cryogenic
breaking: after one minute immersion in liquid nitrogen, samples were
clamped and bent to rupture. Using Image J 1.48 v software, the
thickness of the polymer layers has been measured on SEM-FEG mi-
crographs. Thickness and pore size of oxide layers have been measured
from the SEM-FEG surface and cross-section micrographs respectively,
whereas the surface porosity has been obtained from area calculation
on surface micrographs treated to binary pictures using Image J 1.48 v
software.

2.2.2. Electrochemical properties and modeling
A conventional three-electrode cell was used for the electrochemical

tests. The working electrode was the investigated sample (exposed area
of 7.07 cm2), the counter electrode was a platinum plate and all po-
tentials were measured with respect to an Ag/AgCl/Satured KCl
(+0.197 V vs SHE) reference electrode. The cell was placed in a
Faraday cage in order to minimize external electromagnetic inter-
ference on the system. The impedance measurements were carried out
over frequencies ranging from 100 kHz to 10 mHz, at ambient tem-
perature. The impedance spectra were acquired by using a potentiostat
coupled with a frequency response analyser (Parstat 2273 from
Ametek), computer-controlled with Powersuite® software.
Electrochemical impedance measurements were performed after dif-
ferent immersion times in 0.1 M NaCl solution on the different systems.
The signal amplitude was 30 mV rms. Three samples of each type have
been characterized in order to check the reproducibility of the EIS re-
sults. The presented EIS spectra correspond to the representative be-
havior of each type. Impedance measured data have been fitted using
equivalent electrical circuits. The impedance values of electrical com-
ponents have been iterated to fit experimental impedance data using a
fitting software: ZSimpWin 3.50.

2.2.3. Determination of the solvent resistance
The chemical resistance of the organic coatings, which is related to

the cross-linking of the resin, has been assessed by solvent rubs using
methyl ethyl ketone (MEK) according to ASTM D5402 standard.

2.2.4. Glass transition temperature and crosslinking degree estimation
Calorimetric studies were carried out at a heating rate of 10 °C/min

from 0 up to 315 °C using a differential scanning calorimeter (DSC
Q200 from TA Instruments) under nitrogen flow of 50 mL/min. An
Indium standard was used for calibration.

3. Results and discussion

3.1. Morphology of anodic oxide layers

Fig. 2a and b show the surface and a cross-section respectively of an
anodic film obtained on AA1050 after 25 min of anodizing in a sulfo-
tartaric acid bath at 40 °C under 10 V. It can be observed that the oxide

layer shows a homogeneous thickness of about 3 μm, comparable to
those usually reported in the literature [24] and following the rough-
ness of the substrate.

The influence of the substrate composition on the anodic layer has
been studied. Fig. 3a and b show the surface and cross-section of an
anodic film obtained on AA2024-T3 under the same anodizing condi-
tions as previous (25 min, 40 °C and 10 V). A difference in oxide mor-
phology, compared to the layer obtained on AA1050 can clearly be
observed in Fig. 2a and b. Effectively, anodic layer surfaces on AA2024-
T3 present several defects and micron sized pores, which can be at-
tributed to the presence of copper-rich intermetallic particles and the
dissolution of grain boundary precipitates [41]. From the cross section
micrograph, it can be observed that the tubular structure of the nano-
pores, as in anodized AA1050, is not present in anodized AA2024-T3
and is replaced by a sponge-like morphology, explained by the gen-
eration of oxygen gas at copper-rich sites during anodizing [16].
However, despite this visual difference, oxide layers on AA1050 and
AA2024-T3 appear to have very similar characteristic dimensions, as
detailed in Table 2.

3.2. Morphology of Std cured P-pPDA coating on oxide layers

The thickness of the deposited organic layer was estimated from

Fig. 2. SEM-FEG micrographs of the a) surface (×50,000) and the b) cross-section
(×20,000) of the oxide layer on AA1050 obtained from anodizing at 10 V for 25 min in a
bath at 40 °C.
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SEM-FEG micrographs of P-pPDA coated on different anodized alu-
minum substrates (AA2024-T3 and AA1050). The measured average
thickness of the Std cured P-pPDA coating is 2 μm ± 0.2 μm in both
cases.

The interface between the organic coating and the oxide layer after
curing was observed using SEM-FEG. Fig. 4a and b show cross-section
SEM-FEG micrographs of cured P-pPDA coatings on anodized AA1050
and AA2024-T3 alloys respectively. From these pictures, a uniform
coverage of the organic layer all over the oxide surface is observed at
micrometric scale. The interface between organic and anodic layers
seems to be even more cohesive when obtained on AA2024-T3 sub-
strates. The surface of the anodic layer obtained on AA2024-T3 appears
to be rougher, even at nanometric scale, probably providing a higher
interaction area compared to AA1050 enabling some penetration of P-
pPDA through the pores in favor of a more cohesive interface.

3.3. Electrochemical behavior of P-pPDA coated on aluminum cured with
the standard temperature cycle

3.3.1. EIS of P-pPDA coated aluminum without anodic layer and Std cured
Fig. 5a and b shows the evolution of the EIS spectrum over im-

mersion time obtained from EIS on pretreated, but not anodized, A-
A1050 and AA2024-T3 respectively, each coated with P-pPDA and
cured using the standard treatment. At the initial time of immersion,
the coatings show very good barrier properties, with high time con-
stants covering a large range of frequencies and values of the im-
pedance modulus at low frequency (estimation of the resistance of the
system) of the order of 107 ∼ 8 Ohm cm2. However, after one week of
immersion, this last value has already decreased of one order of mag-
nitude. After several days of immersion, the time constant corre-
sponding to the coating becomes narrower and a second time constant
appears in the impedance phase plot at lower frequencies, witnessing of
delamination and corrosion processes taking place at the metal/coating
interface. Impedance data can be fitted using the equivalent electrical
circuit presented in Fig. 6 where Rp and Qc represent the resistance of
the pores and the capacitance of the coating respectively. Rox and Qox

are the resistance and the capacitance respectively of the oxide layer at
the surface of the substrates. Rct and Qdl are the charge transfer re-
sistance and the double layer capacitance at the electrolyte/metal in-
terface, respectively. However, the strong scattering of the impedance
data points at low frequencies results in a poor accuracy of the fitted
impedance for this last time constant. Thus, this time constant has not

Fig. 3. SEM-FEG micrographs of the a) surface (×50,000) and the b) cross-section
(×30,000) of the oxide layer on AA2024-T3 obtained from anodizing at 10 V for 25 min
in a bath at 40 °C.

Table 2
Anodic layers characteristics obtained on AA1050 and AA2024-T3 with the same ano-
dizing settings (10 V at 40 °C for 25 min).

Substrate Thickness (μm) Pore diameter (nm) Surface porosity (%)

AA1050 3.2 ± 0.1 12.9 ± 1.6 12.3
AA2024-T3 2.8 ± 0.1 12.2 ± 2.0 17.1

Fig. 4. SEM-FEG micrographs of the cross-section of P-pPDA coated (Std curing) on an-
odized AA1050 (a) and anodized AA2024-T3 (b) (anodizing settings: 10 V, 25 min,
40 °C).
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been considered and the impedance data points of the lowest frequency
decade have been excluded from the fitting procedure. Rs represents the
resistance of the electrolyte, which is about 1 102 Ohm cm2. Constant
Phase Elements (CPE) were used instead of pure capacitances in order
to take into account the non-ideal behavior of the organic layer and the
electrochemical double layer. In the literature, the impedance of a
constant phase element is written as =

−Z Y iω1/ ( )Q
n

0 where Y0 is the
CPE admittance and the CPE exponent n is the frequency dispersion
factor varying from 0 to 1. If n=0, the CPE behaves as a resistor. If
n=1, the CPE is a pure capacitance [42]. In this case, n is higher than
0.9, reflecting a very capacitive behavior. Fig. 7 compares the evolution
of the calculated pores resistance Rp and coating capacitance Qc (with
corresponding n values) for coatings applied on bare AA1050 and on

bare AA2024-T3. The values of the resistance determined for the two
substrates are high at initial immersion time for a coating having a
thickness of 2 μm (more than 1 108 Ohm cm2) and so the systems in-
itially act as good barriers. However, these values strongly decrease
down to 104 Ohm cm2 at the end of the immersion period. Concerning
the coating capacitances, it can be observed that this value is very
slowly increasing in the case of coatings on bare AA1050 substrates
(with very slight changes in n value as well), whereas it exhibits a
significant increase in the case of coatings on bare AA2024-T3, ac-
companied with a decrease of the n value down to 0.90. Such evolutions
in Qc and n values are confirming the occurrence of delamination
processes at the metal/coating interface and/or degradation of the
coating integrity. Indeed, it seems difficult to relate the capacitance
increase over days of immersion to water uptake, since this phenom-
enon occurs during the first hours of immersion. The water uptake of
the same resin coatings has already been calculated using Brasher &
Kingsbury equation in a previous paper [9] where it was estimated to
be lower than 1%. For longer immersion times, an increase in the ca-
pacitance value, accompanied by a decrease in n factor, is then rather
attributed to the delamination and/or the degradation of the coating
[43–45]. A comparable behavior has also been observed for a thicker
layer of P-pPDA and explained more deeply in a previous study [9]
which was only related to an AA1050 substrate. The same behavior of
the pore resistance versus immersion time is observed for both alloys,
whereas the higher reactivity of AA2024-T3 substrates appears to lead
to a faster delamination and/or degradation rate of the coating, ex-
plaining the stronger increase in Qc values and decrease in n values
compared to AA1050 substrates and the corresponding n decrease.

3.3.2. EIS of P-pPDA coated aluminum with anodic layer and Std cured
Fig. 8a and b shows the evolution of impedance plots over immer-

sion time obtained from EIS on anodized AA1050 and anodized A-
A2024-T3 respectively (settings: 10 V, 40 °C, 25 min) each coated with
P-pPDA and, again, Std cured. During the first hour of immersion, the
impedance moduli at low frequency are higher than 109 Ohm cm2, and
one time constant covers the whole range of frequencies from 0.01 Hz
to 105 Hz. For longer immersion periods, even after 28 days and for
both alloys, the impedance modulus at low frequency stays very high
(over 109 Ohm cm2) and the absolute value of the phase angle remains
higher than 70° in the whole range of frequencies. This electrochemical
behavior highlights the excellent barrier properties of anodized and
coated systems, showing a big improvement in terms of resistance,
capacitance and durability compared to organic or anodic layers alone.
Indeed, unsealed anodic layers obtained by sulfo-tartaric anodizing on
AA1050 have already been characterized by EIS in a previous study
[46], exhibiting a less capacitive behavior in the investigated frequency

Fig. 5. Evolution of EIS spectra over immersion time in 0.1 M NaCl electrolyte of P-pPDA
coated (Std curing) on bare AA1050 (a) and AA2024-T3 (b).

Fig. 6. Equivalent electrical circuit used to fit impedance data of P-pPDA coated on bare
aluminum substrates.

Fig. 7. Evolution of the calculated pores resistance Rp and coating capacitance Qc (with
corresponding n values) over immersion time in 0.1 M NaCl electrolyte for P-pPDA
coatings (Std cured) applied on bare aluminum substrates.
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range, a lower impedance modulus at low frequency (inferior to 107

Ohm cm2 at the beginning of immersion) and less stable behavior with
immersion time. In the case of unsealed anodized AA2024-T3, corrosion
starts in the first hours of immersion.

The higher impedance modulus at low frequency could be explained
by the higher total thickness (3 μm of oxide + 2 μm of coating) of an-
odized and coated systems compared to clear coatings (only 2 μm), and
by the fact that the electrolyte does not fill the porous part of the anodic
layer as it is obstructed by the resin. The improvement of durability is
likely to be related to the favorable interaction between organic and
anodic layers. Indeed, the high surface roughness of the oxide as ob-
served from SEM-FEG pictures (3.2) leads to an improved cohesion
between the polymer layer and the anodic layer, therefore preventing
or limiting delamination processes.

When looking in more detail to the phase angle diagram in the case
of P-pPDA coated on anodized AA1050 (Fig. 8a), we can distinguish a
local minimum in the mid frequency range. Indeed two strongly over-
lapping time constants can be distinguished whereas the value of the
modulus at low frequency remains very high (1010 Ohm cm2). This
original electrochemical behavior might be associated to the formation
of resistive pathways through the organic layer where the electrolyte
can pass and finally reach the anodic layer. The slightly resistive ten-
dency in the mid frequency range is then attributed to these resistive
pathways through the resin layer, while the fully capacitive behavior
observed from mid to high frequency range is associated to the capa-
citance of the two superimposed organic and anodic layers. The second
time constant in the low frequency range could be attributed to the
anodic layer reached by the electrolyte through the organic layer. Since

the porous part of the oxide layer has not been sealed, the contribution
of the barrier layer is expected to be predominant.

The impedance data have been fitted in order to evaluate the dif-
ferent resistive and capacitive behaviors. The EEC displayed in Fig. 9a
has been used for fitting impedance data at initial time of immersion,
where Rs is the resistance of the electrolyte, and Qbl and Rbl are the
capacitance and the resistance of the bi-layer respectively. A CPE is
used to take into account the non-ideal behavior of the system. For one
week and one month of immersion, impedance data have been fitted
using the EEC presented in Fig. 9b, where Qbl is the capacitance of the
bi-layer (a CPE is used as well), Rpc is the resistance of the pores
through the resin coating, and Qan and Ran the capacitance and the
resistance of the anodic layer respectively. The exact EEC corre-
sponding to this system should probably be more complex, especially
concerning the anodic layer. For example, diffusion phenomena are
likely to be involved in the columnar pores of the anodic layer. A partial
and progressive sealing of the pores by hydration of the alumina could
also be expected as it has already been shown [46]. Two time constants
are commonly used to model the electrochemical properties of such
layers [46]. However, because of the strong overlapping of the time
constants, the contribution of the porous and barrier parts of the oxide
layer could not be separated. The global contribution of those two parts
of the spectra have then been included in one single time constant (Qan

and Ran) where the use of a CPE reflects the complex behavior of the
anodic film. The results of the impedance data fitting are shown in
Table 3. After one week and one month of immersion, the resistance of
the coating pores (Rpc) is of the order of 107 Ohm cm2, which is sig-
nificantly higher compared to the resistance obtained on bare alu-
minum for an equivalent immersion time (order of 104 Ohm cm2). Even
though the anodic layer cannot completely prevent resistive pathways
to appear and propagate, it seems to limit this phenomenon and its
impact on the barrier properties. Concerning the parameters of the time
constant associated with the anodic layer, the value of n is around 0.8,
illustrating the complex electrochemical behavior of this layer. A very
low capacitance (order of 10−10 F cm−2 s(n−1)) and a very high

Fig. 8. Evolution of EIS spectra over immersion time in 0.1 M NaCl electrolyte of P-pPDA
coated (Std curing) on anodized AA1050 (a) and anodized AA2024-T3 (b) (anodizing
settings: 10 V, 40 °C, 25 min).

Fig. 9. Equivalent electrical circuit used to fit impedance data of P-pPDA coated on an-
odized AA1050 after one day (a), one week (b) and one month (b) of immersion in 0.1 M
NaCl electrolyte.
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resistance (order of 1010 ∼11 Ohm cm2) are obtained for the oxide
layer. In the literature [46] values of the order of 10−7 F cm−2 s(n−1)

for the capacitance and 107 ∼ 8 Ohm cm2 for the resistance are ob-
tained for anodic layers. This difference is easily explained by the fact
that in our case the area of anodic layer analyzed by the EIS mea-
surements is only the oxide area reached by the electrolyte through the
resin coating, whereas the whole anodic layer area is characterized in
the case of uncoated samples. This area ratio leads to much lower ca-
pacitance values and higher resistance values. For anodized AA2024-T3
substrates coated with P-pPDA, this kind of evolution is not observed.
When fitting impedance data of this system using the EEC of Fig. 9a,
values of about 1.3 10−9 F cm−2 s(n−1) for Qbl (with n=0.98) and
about 4 1010 Ohm cm2 for Rbl are obtained over the whole immersion
time. This longer durability can be attributed to the rougher surface of
the oxide layer, providing a stronger anchoring of the resin and pre-
venting the propagation of resistive pathways and delamination. The
presence of copper in the alloy, which is the reason for its poor corro-
sion resistance as a bare substrate, leads to a much favorable mor-
phology of the oxide layer as an anodized substrate, offering more
durable barrier properties.

3.4. Reducing the curing temperature

3.4.1. Reduced curing of coated bare aluminum
AA2024-T3 aluminum alloy cannot withstand a too high tempera-

ture for a long time without losing its high mechanical properties. This
mechanical failure is attributed to the modification of hardening pre-
cipitates from θ’ phase, having a semi-coherent interface with the alu-
minum matrix, to θ phase having an incoherent interface with the
matrix [47]. Therefore, the long and high temperature Std curing cycle
of P-pPDA is not compatible with the thermal sensitivity of the AA2024-
T3 substrate for aeronautical applications. In order to avoid the dete-
rioration of the mechanical properties of the alloy, a partial curing of
the resin at lower temperatures has been considered. Three new curing
cycles with limited curing temperature have been compared in order to
emphasize the relevance of a partial curing of the coating. Table 4 sums
the alternative curing cycles and corresponding ASTM D5402 results,
estimated glass transition temperature and crosslinking degrees ob-
tained by DSC. For a complete curing, the Tg value reaches 215 °C and
decreases down to 125 °C for the curing cycle performed at 140 °C. The
results confirm that only a partial curing is obtained for each of the

selected cycles. The lowest crosslinking degree obtained at 140 °C is
around 50%. In order to check that a sufficient degree of cross-linking
was achieved with each partial curing cycle, the solvent resistance of
benzoxazine coatings applied on AA1050 were determined by using the
MEK test. For all curing cycles, coatings endure 100 double-rubs,
whereas non-cured coatings are dissolved after only 14 double-rubs.
Therefore, all partially and fully cured coatings exhibit a high solvent
resistance and consequently sufficient cross-linking degree.

Partially cured coatings with a thickness of 2 μm of P-pPDA have
been applied on bare aluminum substrates and characterized using EIS
in a 0.1 M NaCl electrolyte. Because of the too high reactivity and
corrosion rate of bare AA2024-T3 substrates immersed in saline solu-
tions, AA1050 substrates have first been preferred for EIS measure-
ments in order to limit the corrosion and focus on the coating behavior.
Indeed, for coatings applied on bare AA2024-T3 and cured with dif-
ferent partial curing cycles, corrosion started on all samples after a few
hours of immersion, offering no interesting comparison of the coatings
barrier properties regarding the curing degree. Fig. 10 shows the
comparison of impedance plots obtained by EIS from coatings cured
with different cycles. All coatings appear to have very similar electro-
chemical behavior at the beginning of the immersion in the saline
electrolyte solution. However, electrochemical properties evolve dif-
ferently depending on the curing temperature of the applied coating. In
order to follow and compare the evolution of electrochemical properties
of the coatings, impedance data have been fitted using the Equivalent
Electrical Circuit shown in Fig. 6. Again, n values were higher than 0.9.
Fig. 11 compares the evolution of the pores resistance Rp and coating
capacitance Qc over immersion time for all coatings. A significant de-
crease in Rp is observed for all coatings, while Qc remains stable. At the
initial immersion time, coatings cured at 180 °C and Std curing cycles
show the highest Rp values of about 3 1010 Ohm cm2. However, the
coating cured following the standard curing cycle presents the strongest
decrease in Rp and drops down to values lower than 103 Ohm cm2.
Coatings cured using curing cycles at 140 °C or 160 °C show similar
behavior for long times of immersion (more than two weeks) despite a
significant difference of more than one order of magnitude during the
first days of immersion. Finally, the coating cured using the 180 °C
curing cycle shows the lowest decrease in Rp and keeps values higher
than 108 Ohm cm2.

These results show that, regarding barrier properties and their
durability, an optimal curing temperature exists. Indeed, in order to

Table 3
Results of the fitting of the impedance data obtained by EIS measurements on cured P-pPDA coated on anodized AA1050 after one hour, one week and one month of immersion using
EECs displayed in Fig. 9.

Immersion time Qbl nbl Rbl – – –

nF cm−2 s(n−1) GOhm cm2

1 hour 1.28 0.98 77.6 – – –
– Qbl nbl Rpc Qan nan Ran

nF cm−2 s(n−1) MOhm cm2 nF cm−2 s(n−1) GOhm cm2

1 week 1.19 0.98 33.7 0.15 0.79 80.5
1 month 1.18 0.99 90.3 0.17 0.81 104

Table 4
Curing cycles and corresponding solvent resistance (ASTM D5402).

Curing cycle Designation Glass transition temperature
(°C)

Crosslinking degree (%) Double-rubs
endured

1 h at 140 °C + 2 h at 180 °C + 2 h at 200 °C + 30 min at 220 °C + 30 min
at 230 °C

Standard (Std) 215 100 100

1 h at 140 °C + 4 h at 180 °C 180 °C 185 93 100
1 h at 140 °C + 4 h at 160 °C 160 °C 166 70 100
5 h at 140 °C 140 °C 125 48 100
No curing – – 0 14
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present high barrier properties, the crosslinking degree should be high
enough (around 90%). On the other side, if the crosslinking degree is
too high, mechanical stresses are likely to be higher at the coating
substrate interface due to the thermal expansion mismatch between
both materials and to the fact that these stresses are less dissipated in a
more rigid polymer. The observed optimum can then be attributed to
the existence of a good compromise between the crosslinking degree of
the coating on the one side and the limitation of the mechanical stresses
generated in the coating and at the interface with the substrate during
the curing process on the other side, leading to an efficient and cohesive
barrier. This optimal curing temperature is close to 180 °C, which is
slightly too high for the targeted application.

3.4.2. Reduced curing of coated anodized aluminum
The same kind of experimental investigation has been performed on

anodized substrates. Coatings of P-pPDA with a thickness of 2 μm have
been applied on AA1050 and AA2024-T3 anodized at 40 °C under 10 V
for 25 min. EIS spectra of anodized substrates coated with P-pPDA
cured with the four different curing cycles are shown at initial and final
immersion times on AA1050 and AA2024-T3 as shown in Figs. 12 and
13 respectively. All systems exhibit very similar behavior. At initial
immersion time, EIS spectra are almost exactly superimposed regardless
the curing degree, and this strong similarity is observed on both alloys.

In the case of anodized AA1050, the distinction of two time con-
stants after one month of immersion is observed for all curing cycles
except for curing at 180 °C. This exception is in accordance with the
optimal barrier properties observed for this curing cycle on bare sub-
strates. P-pPDA coatings cured with this thermal treatment do not ap-
pear to suffer from any appearance or propagation of resistive pathways
over immersion time, leading to enhanced barrier properties and

durability.
On anodized AA2024-T3, it can clearly be observed that all EIS

spectra are almost exactly superimposed at initial and final immersion
times. Comparable, highly capacitive and durable properties appear to
be obtained regardless the applied curing cycles. For coatings applied
on anodized AA2024-T3, partial curing can therefore be used for ob-
taining protective coating systems, without loss in barrier properties,
and this is likely to be related to the cohesive interface between the
organic coating and the oxide porous layer.

4. Conclusions

Phenol-paraPhenyleneDiAmine-based benzoxazine has been suc-
cessfully spin-coated and, first, cured at 230 °C on anodized AA1050
and AA2024-T3 substrates. The nano-porous morphology of anodic
layers obtained from sulfo-tartaric anodizing enhances the interaction
surface with this new kind of organic resin. Such an improved interface
promotes adhesion and prevents delamination processes to occur at the
interface between the anodized layer and the benzoxazine layer.
Therefore, the electrochemical properties of this system appear to be
highly capacitive and more durable for periods of over one month of
immersion in 0.1 M NaCl electrolyte whereas the organic coating
thickness is limited to only 2 μm.

Moreover, P-pPDA coatings applied on anodized AA2024-T3 –
known for its high mechanical properties but high corrosion sensitivity
– exhibited an even more durable behavior, explained by the additional
micro and nano-porosity of the anodic layer for this alloying compo-
sition, leading to an even more cohesive interface between the coating

Fig. 10. Comparison of EIS spectra obtained on bare AA1050 coated with P-pPDA cured
with four different cycles after one day of immersion in 0.1 M NaCl electrolyte.

Fig. 11. Evolution of the calculated pores resistance Rp and coating capacitance Qc over
immersion time in 0.1 M NaCl electrolyte for coatings of P-pPDA coated on bare AA1050
and cured with four different cycles (CPE: n > 0.9). Fig. 12. Comparison of EIS spectra obtained on anodized AA1050 coated with P-pPDA

cured with four different cycles after one hour (a) and one month (b) of immersion in
0.1 M NaCl electrolyte.
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and the oxide.
In order to respect the thermal sensitivity of the AA2024-T3 sub-

strate, curing cycles at lower temperatures than 230 °C have been used
leading to partially cured P-pPDA coatings applied on both bare and
anodized substrates. On bare substrates, an optimal curing temperature
has been identified around 180 °C. Interestingly, on anodized sub-
strates, all curing cycles led to highly capacitive and durable electro-
chemical properties of the system, offering a wider range for adapting
the curing process of the resin, for instance to the substrate properties.
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