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ester for the corrosion protection of an aluminium alloy
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The present work focused on the development of a partially bio-based polymer matrix for the corrosion pro-
tecton of the 3003 aluminium alloy. A dihemiacetal ester (1,10-dibutoxyethyl sebacate (DBES)) was added to
the formulation to afford, after an addidonal thermal treamment, further cross-linking and a repairing effect of the
polymer mawix. First, an epoxidized linseed oil was partially acrylated and subsequently copolymerized with
(3,4-dihydroxyphenetyl)-acrylamide and N,N-dimethyl acrylamide, with and without DBES under UV irradia-
tion. Under thermal treatment, the DBES released dicarboxylic acid able to react with epoxy functions. The
corrosion protection of the resulting coatings (with and without DBES and with and without the thermal
treaunent) was assessed by electrochemical impedance spectroscopy (EIS). The diagrams were obmined for
various immersion times in a 0.5 M NaCl solution. The coatings had good barrier properties, which remained
stable throughout the duration of the impedance measurements (two weeks). The addidon of the DBES in the
formulation, followed by the thermal treatment, resulted in an increase of the barrier properties, a decrease of
water uptake and a healing of some small matrix defects. The improvement of the anticorrosion ability of the
coating containing the DBES after the thermal treament was attributed to an additional cross-linking. This work
illustrates an original strategy for the development of self-healing bio-based coatings by using temporarily
protected functions (here, dihemiacetal ester functions).

1. Introduction

Vegetable oil-based polymers are increasingly used to develop
greener organic coatings for corrosion protection. Protective coatings
from bio-based polyurethanes [1-5], polybenzoxazines [6-£], alkyd
resins [9,10], epoxidized oils [11-14] or cardanol [15], and even chi-
tosan [16] have been recently reported in the literature. Epoxidized oils
are of particular interest. These oils can be obtained from a wide variety
of vegetable sources. Depending on their origin, they generally possess a
high functionality and are naturally highly hydrophobic due to their
triglyceride structures [17].

The first attempt to use an epoxidized oil for the production of
anticorrosive coatings has been reported by Thames and Yu in 1999
[18]. They used vernonia oil (VO) or epoxidized soybean oil (ESO) for
the preparation of cationic UV-curable coatings on a steel substrate.
From salt spray test, they concluded that the occurrence of surface
blistering decreased when the oil (VO or ESO) content was increased in
the coating. Ahmad et al. [19] have developed epoxy-amine coatings
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from epoxidized squamosa oil that showed acceptable corrosion pro-
tection of steel or aluminium alloy substrates in 10 wt.% NaOH, HCI or
NH4OH solutions, but lower protection in a 3.5 wt.% NaCl solution.
More recently, interesting protective properties were shown with acry-
lated epoxidized oils matrices cured by thermal or UV radical poly-
merization [11-14].

These coatings from vegetable oils, in the absence of corrosion in-
hibitors or fillers, usually present lower protective performance
compared to conventional materials affecting the long-term sustain-
ability [12,20]. To improve the corrosion protection, these new pro-
tective systems must have both good barier properties and good
adhesion to the metal substrate. Adhesion is an important parameter for
the metal/coating interface durability [21-23]. The acrylated epoxi-
dized oils do not have intrinsic functions to interact with the metal
substrate [13]. Thus, the addition or the copolymerization of a bio-based
adhesion promoter into a coating is of interest. Catechol derivatives
(naturally used by mussels to stick on rocks) have shown high adhesion
on inorganic surfaces [24,25] and they can easily be acrylated or



methacrylated [26-28]. Acrylated or methacrylated catechol de-
rivatives can afterwards be copolymerized with acrylated matrix [29] to
improve its adhesion.

To extend the service life of these bio-based coatings, self-healing
properties can be implemented [30,31]. One possibility is to add reac-
tive species into the polymer matrix, which will react “on demand” to
restore the barrier properties in case of defects [32]. The reactive species
often need to be protected through storage in capsules or hollow fibers
[33]. Despite their popularity, the use of containers has some drawbacks
such as a decrease in the mechanical properties of the coating as well as
a limitation in the amount of reactive species that can be introduced into
the polymer matrix [34]. Thus, the protection of reactive functions by
the use of thermally reversible chemical functions represents a valuable
alternative to capsules or hollow fibers. Hemiacetal ester functions are
known to thermally dissociate and release carboxylic acids and vinyl
ethers between 100 and 250 °C, depending on their structures [35,36].
For automotive coil-coating applications, Yamamoto and Ishidoya [37]
have converted carboxylic acids into hemiacetal ester by the reaction
with alkyl vinyl ethers in order to improve storage stability of coatings.
The blocked carboxylic acids prevented a premature reaction of the
acids with epoxide. The hemiacetal ester compounds, stable under
ambient conditions, can react on demand at elevated temperature to
reform the original carboxylic acids. Kovash et al. [38] have converted
solid diacids that are incompatible with epoxy matrices, into liquid
dihemiacetal esters, easier to formulate for the preparation of fully
bio-based thermosets. Komatsu et al. [39-42] have developed “on de-
mand” a thermally cross-linkable polymer carrying hemiacetal ester
functions asside chainswhich canreact with epoxides. To thebest of our
knowledge, the use of hemiacetal ester functions for the self-healing of
organic coatings for the corrosion protection has never been explored.

The present paper aims at developing and characterizing a partially
bio-based protective coating prepared by polymerization under UV. It
consisted of a partially acrylated epoxidized linseed oil, N,N-dimethyl
acrylamide used as reactive diluent and (3,4-dihydroxyphenetyl)
acrylamide as adhesion promoter. A dihemiacetal ester (1,10-dibutox-
yethyl sebacate) was introduced into the coating to investigate its abil-
ity, when thermally treated, to improve the barrier properties of the
coating and/or to self-heal the polymer matrix. Two coating systems
(with and without the dihemiacetal ester) were applied onto the 3003
aluminium alloy (AA3003) and four coatings were compared (with and
without the dihemiacetal ester and with and without a thermal treat-
ment). The corrosion protection performance of the coatings was
assessed by electrochemical impedance spectroscopy (EIS) during im-
mersion in a 0.5 M NacCl solution [43,44]. The glass transition temper-
atures (Tg) of the different coatings (on free-standing films) were
determined by differential scanning calorimetry (DSC).

2. Experimental
2.1. Materials

Dopamine hydrochloride, acryloyl chloride, acrylic acid, N,N-
dimethyl acrylamide, butyl vinyl ether and sebacic acid were obtained
from Sigma-Aldrich. N-dodecyl dihydrogen phosphate was purchased
from abcr GmbH. Merginate Elo (epoxidized linseed oil) was kindly
provided by Hobum Oleochemical GmbH. All reactants were used as
received.

A 3003 aluminium alloy (AA3003) was used as metal substrate. Its
chemical composition in weight percent was: Cu  0.05; Fe  0.7; Mn
1.5;Si  0.6;Zn 0.1 and Al to balance. The specimens consisted of 152
mm x 102 mm x 0.8 mm plates, purchased from Labomat. The samples
surface were abraded using emery papers until 600 grade and then
successively cleaned with acetone and ethanol.

2.2. Synthesis of the coating constituents

The epoxidized linseed oil was partially acrylated according to the
following protocol [45]: 100 g of the epoxidized linseed oil with an
epoxide equivalent weight (EEW) of 180 g/eq (5.6 10~} moles/eq) was
mixed with 20 g (2.8 10~ mol) of acrylic acid, 2.2 107! g(8.4 10* mol)
of triphenylphosphine as catalyst and 6.6 102 g (6.0 10* mol) of hy-
droquinone as polymerization inhibitor at 80 °C for 8 h in a round
bottom flask wrapped in aluminium foil and equipped with a condenser.
This mixture was then left at room temperature for 30 min before being
solubilized in ethyl acetate. The organic phase was washed four times
with a 10 wt.% NaOH solution to obtain a clear and colourless liquid
which was then dried using MgSO4. The solvent was evaporated in a
brown glass container under vacuum at 50 °C for at least 24 h.

(3,4-Dihydroxyphenethyl)acrylamide (DHPA) (Fig. la), used as
adhesion promoter, was synthesized (from dopamine hydrochloride and
acryloyl chloride) based on a previously described procedure [27]. 1,
10-Dibutoxyethyl sebacate (DBES) (Fig. 1b) was prepared (from butyl
vinyl ether and sebacic acid) according to a previously described pro-
tocol [46].

2.3. Coating samples

The coatings were prepared by first mixing DHPA with N,N-dimethyl
acrylamide (DMA). Then, the partially acrylated epoxidized linseed oil
(AELO) was added to this mixture. For the formulation containing the
DBES, it was added at the same time as the AELO. The mixtures were
deposited onto the AA3003 substrate using a baker applicator from
Brant Industry (10 cm width and 150 pm in height). Both formulations
(with and without DBES) were copolymerized using a Fusion UV LC6B
Benchtop Conveyor. Six passages at a speed of 1 m/min were carried
out. It should be emphasized the fact that no photoinitiator was used in
the formulations. Several studies demonstrated that acrylated mono-
mers can be photopolymerized by self-initiation [47,48].

For the thermal treatment, the samples were placed in an oven at 140
°C for 6 h. The choice of this temperature will be justified in Section 3.2.
To determine the glass transition temperature of the coatings, free-
standing films were also produced by using the same protocol but
replacing the aluminium substrate by polytetrafluoroethylene sheets.
Table 1 summarizes the composition, the average thickness as well as
the acronyms of the four coatings (with or without DBES and with or
without the thermal treatment). The coating thickness was measured by
an ultrasonic probe. In Table 1, mean thickness values were determined
from three samples and eight measurements at different locations on
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Fig. 1. Structure of: (a) DHPA and (b) DBES.



Table 1
Composition of the four coatings.

DBES-free coating DBES-free coating+ thermal treatment™

DBES-containing coating DBES-containing coating + thermal treatment”

(CPH) (TCF) (CHE) (TCHE)
AELO [wt. (g)/wt.%] 100/78 100/78 100/67 100/67
DBES [wt. (g)/wt.%] - - 20/13 20/13
DHPA [wt. (g)/wt. 2.6/2 2.6/2 2.6/2 2.6/2
%]
DMA [wt. (g)/wt.%] 26/20 26/20 26/18 26/18
Thickness 75+ 5 pm 75 £ 5 pm 62 + 8 ym 62 + 8 ym

140 °C for 6 h.

each sample. It can be noticed that in the presence of DBES, the coatings
thickness was slightly lower than that of the coatings without DBES. This
can be explained by a lower viscosity of these formulations. Despite the
difference in coating thickness, the impedance diagrams were not
normalized by the thickness. The variation of the impedance modulus,
induced by the difference in coating thickness would be comparatively
negligible with respect to the high measured impedance values.

2.4. Characterization techniques

'H NMR spectroscopy analyses were performed on a Bruker Avance
400 MHz spectrometer with a flip angle of 30°, an acquisition time of 4 s,
a pulse delay of 1 s and a scan number of 4. Chemical shifts were
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Thermogravimetric (TGA) measurements were achieved using a TGA
Q50 apparatus from TA Instruments. Heating ramps were performed
under air from 25 °C with a heating rate of 5 °C/min.

Differential scanning calorimetry (DSC) measurements were carried
out with a DSC 204 Netzsch apparatus under inert atmosphere (N). The
coating sample (approximately 7 mg) was deposited on a pierced
aluminium crucible. Two heating ramps from 100 °C to 100 °C were
successively performed with a heating rate of 10 °C/min. The cooling
ramps were run at the same rate but were not considered in the present
work. The glass transition temperature (Tg) was measured at the
maximum of the derivative of the thermograms (second heating ramp).
The uncertainty on the Ty determination, including repeatability on
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Fig. 2. (a) 1H NMR spectrum of the synthesized AELO, and (b) AELO structure.



three samples, was evaluated at +2 °C.

Electrochemical impedance measurements were performed with a
conventional three-electrode cell, in which the AA3003 coated sample
served as working electrode. A saturated calomel electrode and a
graphite rod were used as reference and counter-electrode, respectively.
All tests were carried out in a 0.5 M NaCl solution at room temperature.
The coating area in contact with the electrolyte was 14.6 cm?. Imped-
ance measurements were performed with a Biologic VSP apparatus. The
diagrams were obtained, under potentiostatic regulation, at the open
circuit potential, using a 75 mV peak-to-peak sinusoidal voltage
perturbation. For short immersion times, the diagrams were obtained in
a reduced frequency range (100 kHz to 10 Hz) every 4 min during 90
min and then, for exposure times ranging from 2 h to 354 h, over a larger
frequency range (100 kHz to 10 mHz). Reproducibility was checked
using at least two different samples. A good reproducibility was
observed and representative results are presented.

The impedance data analysis was performed using the EC-lab soft-
ware provided with the EIS apparatus.

3. Results and discussion
3.1. AELO characterization

The AELO, synthesized via partial acrylation of the epoxidized
linseed oil, was characterized by 'H NMR in CDCl; to determine the
amounts of acrylates and of remaining epoxides per triglyceride. The 'H
NMR spectrum of AELO is shown in Fig. 2a. The signal at 2.33 ppm (peak
a) corresponds to the three CHy in alpha position of the ester functions
and was used as reference to determine the amounts of grafted acrylates
(peaks c, d; and d) and of unreacted epoxides per triglyceride (peak b).
The average number of grafted acrylate functions per triglyceride was of
1.3. In radical polymerization process, one acrylate function reacts with
two other monomers. Thus, a functionality of 1.3 was sufficient to
produce a cross-linked system after curing. The average number of
unreacted epoxides per triglyceride was determined to be 2.9, which
was also sufficient to ensure an additional reaction. The AELO structure
derived from the 'H NMR analysis is given in Fig. 2b.

3.2. Thermal treatment: temperature selection

DBES dissociates when thermally treated to form sebacic acid and
butyl vinyl ether (scheme (a) in Fig. 3). Then, the sebacic acid released
into the coating can react with the epoxy groups of the AELO [38] as
shown in Fig. 3 (scheme (b)). Thermogravimetric measurements were
performed to determine the temperature at which DBES dissociates.

The thermogram in Fig. 4a shows a first mass loss (50 %), starting at
about 150 °C, attributed to the DBES dissociation and evaporation of
vinyl ether (Pg,¢ of butyl vinyl ether 51 hPa at 20 °C). The second mass
loss (50 %), between 200 °C and 260 °C, might be caused by evaporation
and/or degradation of the released sebacic acid [35]. To select the
temperature at which the DBES will be dissociated without significant
evaporation/degradation of the released acid, isothermal TGA analyses
were carried out at 125, 140 and 150 °C. Fig. 4b illustrates, as an
example, the result obtained at 140 °C. During the first 100 min, a mass
loss of about 50 % is observed, attributed to the DBES dissociation and
vinyl ether evaporation. Then, a slow and linear mass loss is observed,
attributed to the sebacic acid evaporation/degradation. From these two
domains, both the dissociation time and the proportion of acid loss (in
percent of the initial acid weight) during dissociation were determined.
The corresponding values for the three temperatures are compared in
Fig. 4c. It can be seen that for all temperatures, the amount of released
acid which evaporates/degrades is not critical (<16 %). The thermal
treatment at 125 °C induces the lowest acid loss (9 %), but the longest
dissociation time (370 min). In contrast, at 150 °C, the dissociation time
is the shortest (70 min), but the acid loss is the highest (16 %). The
treatment at 140 °C leads to a dissociation time (95 min) close to that
obtained at 150 °C and to an acid loss (10 %) close to that obtained at
125 °C. Consequently, the temperature of 140 °C was chosen as a good
compromise for the DBES dissociation and will then be used for the
thermal treatment of the coating.

3.3. DSC characterisation

The free-standing films were characterized by DSC. Fig. 5 compares
the thermograms of the homopolymerized AELO (Fig. 5a) to that of the
CF coating (Fig. 5b). The corresponding derivatives are shown in Fig. 5¢
and d, respectively. The homopolymerized AELO was characterized by
one Tg only, around 39 °C. In contrast, the CF coating displayed two
Tgs: Tg1 at 40 °C and Ty at -20 °C, respectively. Two transitions have
also been observed by Liu et al. [49] for an acrylated epoxidized soybean
oil copolymer. The higher transition temperature was ascribed to the
main copolymer chain, while the lower transition temperature was not
discussed. The glass transition at about 40 °C (Fig. 5d) was identical to
the one observed for the homopolymerized AELO. The copolymerization
reactivity ratios of butyl acrylate (chosen as a model of AELO) and the
reactive diluent (DMA) (rButyl acrylate 1.0l andrpya  1.16) indicated a
statistical copolymerization [50], making thus possible the use of the
Fox equation to calculate the theoretical Ty of the copolymer. The
amount of DHPA (2 wt.%) was considered negligible. The calculated T,
value (statistical copolymer composed of 79 wt.% of AELO (Tg 40
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1,10-dibutoxyethyl sebacate Sebacic acid Butyl vinyl ether
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Fig. 3. Scheme of: (a) thermal dissociation of DBES and (b) epoxy-acid reaction.
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°C) and 21 wt.% of DMA (T, of the homopolymer
18 °C. This agrees with the Ty value (Fig. 5d).

The Ty values obtained from the DSC thermograms for the different
coatings are reported in Table 2. The four coatings are characterized by
two Tg. For CF and TCF coatings, similar Ty and Tgy values are
observed. This indicates that, in the absence of the DBES, the thermal
treatment did not modify the coating structure. The significantly lower
T, values for the CHE sample show the plasticizing effect of free DBES.
For the thermally treated sample (TCHE coating), both Tg; and Ty
increased compared to the CHE sample (Table 2). This result might be
explained by an antiplasticization effect due to both the loss of DBES and
to an additional cross-linking (sebacic acid release and reaction with the
AELO matrix (Fig. 3)). The T values of the TCHE coating are higher than
those measured for the CF and the TCF coatings corroborating the
additional cross-linking induced by the DBES dissociation.

118 °C [51])) was

3.4. Barrier properties and corrosion protection

The different coatings were characterized by EIS during immersion
in a 0.5 M NaCl solution. The influence of the immersion time in the
electrolytic solution, the addition of DBES, the thermal treatment, the
appearance of corrosion and finally the healing effect of DBES will be
successively presented and discussed.

3.4.1. Influence of the immersion time

Typical EIS diagrams are shown in Fig. 6 for the CF coating and for
three immersion times. A single time constant can be observed on the
impedance diagrams, which is classically associated to the response of
an intact coating. The diagrams are almost superimposed for the three
immersion times and the values of the impedance modulus at low fre-
quency (on the plateau) are about 2 10% Q cm?. These results indicate
efficient and stable barrier properties.

3.4.2. Influence of DBES addition and of the thermal treatment

The influence of the presence of DBES in the matrix (with and
without thermal treatment) was also investigated by EIS measurements.
Fig. 7 compares the impedance diagrams obtained for the four coatings
after 24 h of immersion in a 0.5 M NaCl solution. Whatever the coatings,
the diagrams are characterized by a single time constant characteristic
of an intact coating. As noted above for the DSC results (same T values),
there is no significant difference between the diagrams obtained for the
CF and TCF samples (the diagrams are superimposed), which confirms
that, in the absence of DBES, the thermal treatment did not modify the
physical structure and the barrier properties of the coating. The
impedance diagram of the CHE sample is quite similar to those obtained
for CF and TCF coatings. Although the DSC results showed that the
addition of DBES had a plasticizing effect (higher mobility of the poly-
mer network), there is no repercussion on the barrier properties of the
coating (CHE sample). This can be explained by the fact that the EIS
experiments were performed at room temperature, far above the Ty of
the samples (rubbery state), and for which the plasticization effect
would become negligible. In Fig. 7, a noticeable increase of the
impedance modulus at low frequency is observed for the TCHE sample
(8 10® @ cm?) compared to the CHE sample (2 10° Q em?). It would be
linked to the additional cross-linking due to the DBES dissociation and to
the reaction of the released sebacic acid with the matrix, as already
mentioned. The impedance modulus at 50 mHz (on the plateau) was
extracted from the impedance diagrams obtained for various immersion

Table 2
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Fig. 6. Impedance diagrams (Bode plots) for the CF coating after 24 h, 90 h and
354 h of immersion in a 0.5 M NaCl solution.

times in the 0.5 M NaCl solution. The values are reported in Fig. 8. The
difference between the TCHE sample and the three other samples re-
mains constant over immersion time in the 0.5 M NaCl solution showing
that the greater barrier properties of TCHE sample are maintained over
immersion time.

3.4.3. Water uptake and diffusion coefficient

The water uptake for the different coatings was calculated from the
high frequency part of the impedance diagrams. Coating capacitance
(C,) values were calculated at 10 kHz using Eq. (1) where Z” correspond
to the imaginary part of the impedance, f to the frequency and |Z| to the

impedance modulus.
7
= (@)
2xf|Z|

Once the coating capacitance was known, the dielectric constant of
the coating (&.) was calculated from the usual relationship:
C.o
&o

(2)

Ec

where €9 and 6 represent, respectively, the vacuum permittivity and the
thickness of the coating. First, the dielectric constant of the coating was
plotted as a function of the square root of the immersion time, assuming
a Fickian water uptake [52]. The dielectric constant of the coating at its

Glass transition temperatures of the different coatings measured during the second heating ramp at 10 °C/min.

DBES-free coating (CF) DBES-free coating+ thermal treatment” (TCF)

DBES-containing coating (CHE)

DBES-containing coating + thermal treatment” (TCHE)

Ty (°C) —40 -38
T Q) —20 -19

-61 -26
-35 —14

* 140 °C for 6 h.
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Fig. 7. Impedance diagrams (Bode plots) obtained for the four coatings after 24
h of immersion in a 0.5 M NaCl solution.
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initial state (dry coating) was determined at tjymersion 0, from a linear
extrapolation of the first points. Then, the volumic water uptake was
calculated by using a linear rule of mixtures (Eq. (3)), taking into ac-
count the coating and the absorbed water [53-55].

& &
Bawer  ———— ®

Evater )

Where ¢, is the permittivity of the coating at a given immersion time, &,
is the permittivity of the dry coating. The water permittivity, &yqr Was
assumed to be constant and the value used was 80 [56]. The comparison
of the water uptake for the different coatings is shown in Fig. 9. The
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Fig. 9. Water uptake calculated from the impedance data using Eq. (3).

water uptake was calculated by using the mean coating thickness. The
accuracy due to thickness variation is in the order of magnitude of the
repeatability between two independent samples (about 0.1 vol.%).

For all the samples, the water uptake reaches a plateau, after about 2
h of immersion. On the plateau, the values of the water uptake vary
between 1 and 2 % depending on the coating. These low water uptake
values (considering the fact that the coatings were in the rubbery state
[57]) can be explained by the overall hydrophobicity of the coating
(oil-based polymer) which tends to repel water molecules. The CF and
TCF formulations present similar water uptake values of about 2 vol.%,
in agreement with the fact that, in the absence of DBES, the thermal
treatment has no effect on the matrix. These two samples absorbed more
water compared to the CHE sample (around 1 vol.%). This result might
be explained by the fact that DBES is a water-immiscible compound,
thus increasing the overall hydrophobicity of the CHE coating and
preventing water ingress. The water uptake for the TCHE sample
(around 1.2 vol.%) is higher (+0.4 vol.%) than that determined for the
CHE coating. This increase could be attributed to the presence of hy-
drophilic functions (hydroxyl groups) [38] in the AELO matrix after the
epoxy-acid reaction as it can be seen in the scheme in Fig. 3b. The water
diffusion coefficient, D, was estimated from Fig. 9 using Eq. (4) [58].

0049
()"

The D values are in the same order of magnitude for all the coatings (4
1013 m? s1). Similar diffusion coefficients have been reported for
acrylate based-matrix using gravimetric measurements [59-61].

4

3.4.4. Appearance of corrosion

At longer immersion time, a change in the impedance diagrams was
observed for several formulations. The diagrams were characterized by
the presence of a new time constant which can be linked to the occur-
rence of corrosion. However, the appearance of this phenomenon pre-
sented a random character, even for the same sample (for example,
Figs. 6 and 10 can be compared for the CF sample). This random event
might be attributed to weak zones in the coatings (due to the samples
preparation) facilitating the penetration of aggressive species, particu-
larly Cl-, triggering the corrosion of the AA3003. An example of the EIS
diagrams for the CF coating obtained with the occurrence of corrosion is
shown in Fig. 10. For this sample, the corrosion appeared between 24 h
and 87 h. A slow evolution of the diagrams is observed between 87 h and
183 h of immersion. The impedance diagrams were fitted by the two
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Fig. 10. Impedance diagrams (Bode plots) obtained for the CF coating after
different immersion times in a 0.5 M NaCl solution (corrosion appeared be-
tween 24 h and 87 h of immersion).

equivalent electrical circuits, commonly used to analyse intact and
damaged coatings (Fig. 11) [43,44]. The diagram obtained for 24 h of
immersion was fitted with a non-ideal RC circuit whereas the curves
obtained for 87 h, 142 h and 183 h were fitted using two non-ideal RC
circuits to analyse the two time constants. The values of the parameters,
extracted from the diagrams, are reported in Table 3.

When corrosion occurred, a third time constant is observed in the
low frequency range (100-10 mHz). This time constant is linked to the
corrosion processes occurring at the AA3003/coating interface. In
neutral solution, the cathodic reaction (oxygen reduction) is controlled
by diffusion. This process is generally characterized by a time constant
in the low frequency range [62]. Here, only the beginning of this third
time constant can be seen. For sake of simplicity, the impedance dia-
grams were analysed until 1 Hz or 100 mHz, only.

In the equivalent circuits, R, is the electrolyte resistance, Rpqr is the
electrolyte resistance in the pores and R; corresponds to the charge
transfer resistance, linked to the corrosion process. A constant phase
element (CPE) was used instead of a capacitance to take into account the

) Q
-}
R

pore

(a

non-ideal behaviour of the interface. The CPE is given by:

1
ZcrE ——a 5
T G @) )

Where « is related to the angle of rotation of a purely capacitive line on
the complex plane plots and Q is a constant expressed in Q' em2 s, Q.
and a, correspond to the CPE of the coating and Qg and aq; to the CPE of
the double layer capacitance.

Rpore and R, (Table 3) kept relatively high values after the appearance
of corrosion. This suggests that the corrosion process was limited to a
small area. This is also in agreement with the low Qg values. A double
layer capacitance on bare metal substrate is usually around 50-100 10~°®
F em2. Even if Qg values do not strictly correspond to capacitance values
(g 0.92 instead of 1 for a pure capacitance), the huge difference
between 50-100 10~° F cm™ and the Qg values (Table 3) confirmed the
small-corroded area. At the end of the test, after the removal of the
electrolyte, a single localized spot was visible on the surface. The Qg
values, which depend on the exposed metal surface area, increased
slowly between 87 h and 183 h, indicating a slow evolution of the
corrosion process, which in turn indicates that the appearance of
corrosion did not lead to coating delamination and/or corrosion prop-
agation. The fact that the appearance of corrosion did not induce a rapid
degradation of the AA3003/coating interface, suggests a significant
adhesion of the coating on the metal substrate [23]. This can be
attributed to the use of DHPA, as adhesion promoter. It is important to
emphasize that without DHPA and DMA, all coatings easily peeled off
from the AA3003 substrate.

Fig. 12 shows some impedance diagrams obtained for the CHE and
TCHE coatings. Corrosion appeared between 90 h and 162 h for the CHE
sample and between 66 h and 72 h for the TCHE sample. These
impedance results underline the random appearance of corrosion. It is
noteworthy that, for both systems, after the corrosion initiation, there is
only a slight evolution of the impedance diagrams with increasing im-
mersion time in the aggressive solution (Fig. 12). Again, this suggests the
beneficial and important role of the adhesion promoter, independently
of the presence of DBES and of the thermal treatment.

To investigate a potential healing effect of DBES, impedance dia-
grams of the CHE coating were obtained before and after the thermal
treatment (same sample). The impedance diagrams are shown in
Fig. 13a and b before and after the thermal treatment, respectively. For
this sample, the corrosion appeared relatively early after immersion: the

Table 3
Parameters values obtained from the impedance diagrams for the CF coating
(Fig. 10) by using the equivalent electrical circuits given in Fig. 11.

Immersion time 24h 87h 142 h 183 h
Rpore (Q cm?) 1.2108 2.910° 2.110° 1.310°
Q. (Fs®™ Yem?) 1510 1 1.410 ' 1510 ' 2,010 1°
e 0.95 0.95 0.95 0.95

R, (Q cm?) / 1.8 107 2.2 107 1.9 107
Qa (Fs® Yem?) / 2.410 ° 2,610 ° 3.210 °
Aal / 0.92 0.92 0.92

(b) Q
7T,
R

Re

pore

|
R

Fig. 11. Equivalent electrical circuits corresponding to: a) an intact coating and b) a damaged coating and used to analyse the impedance data in Figs. 10 and 13.
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Fig. 13. Impedance diagrams (Bode plots) obtained for the CHE coating during immersion in a 0.5 M NaCl solution (a) before the thermal treatment and (b) after the

thermal treatment on the same sample.

diagram presents two time constants after 20 h of immersion, only. The
experiment was stopped after 20 h of immersion and the thermal
treatment was applied to the CHE sample. Then, this thermally-treated
coating was again immersed in the NaCl solution and impedance dia-
grams were obtained after 2 h and 20 h of immersion in the 0.5 M NaCl
solution (Fig. 13b). The diagrams were fitted by the equivalent electrical
circuits presented in Fig. 11. The extracted parameters are compared in
Table 4. The Ryore value of the CHE sample before the thermal treatment
and in the absence of corrosion was of 1.4 108 Q cm? This value

decreased with the appearance of corrosion (0.1 10 Q cm?) but, after
the thermal treatment and 2 h of immersion in the NaCl solution, the
Rpore value is higher (3.6 10% Q cm?) than that measured after 2 h of
immersion before the thermal treatment. In addition, even if the two
time constants are observed after the thermal treatment (Fig. 13b), the
Qg value was about three times lower than that obtained for 20 h of
immersion, before the thermal treatment. These observations, on the
same sample, support a repairing effect of the polymer matrix. Due to
the presence of DBES, the thermal treatment induced an additional



Table 4

Parameters values obtained from the impedance diagrams for the same CHE sample before and after the thermal treatment (Fig. 13) by using the equivalent electrical

circuits given in Fig. 11.

Before the thermal treatment 20 h

After the thermal treatment 2 h After the thermal treatment 20 h

CHE sample Before the thermal treatment 2 h

Rpore (@ cm?) 1.4 108 0.10 10°
Q. (Fs“® Yem?) 1.410 1.210 1°
X 0.96 0.97

R (Q cm?) / 0.4 10®
Qa (Fs® Pem?) / 6.210 1°
(V%11 / 0.93

3.6 10° 0.14 108
1410 1 1410 1
0.96 0.96
2.310° 13108
1910 % 2110 10
0.97 0.97

cross-linking and the self-healing of small defects or heterogeneities in
the coating.

To summarize, it was shown that, in the absence of DBES, the ther-
mal treatment did not modify the coating properties. In contrast, when
DBES was introduced into the coating, the thermal treatment led to: (i)
an increase of the glass transition temperatures (Tg; and Tg), (ii) an
increase of the impedance modulus (higher barrier properties) and (iii) a
slight increase of the water uptake during immersion in the NaCl solu-
tion. All these modifications were attributed to the reaction of the
released acid from the DBES hemiacetal ester functions with the epoxide
functions worn by the acrylated epoxidized linseed oil. EIS results
showed that this additional cross-linking can heal the bio-based matrix
(small defects or heterogeneities in the coating), which partially restored
its protective efficiency.

4. Conclusions

The corrosion protection of an AA3003 substrate by a partially bio-
based coating prepared from copolymerization of a partially acrylated
epoxidized linseed oil with N,N-dimethyl acrylamide and (3,4-dihy-
droxyphenethyl)acrylamide was studied by EIS. In the absence of DBES,
this coating showed interesting barrier properties, high stability and low
water uptake (due to its high hydrophobicity) during immersion in the
NaCl solution. The incorporation of DBES did not lead to significant
modifications of the barrier properties of the coating, but lowered the T,
(plasticization) and the water uptake (higher hydrophobicity). The
ability of DBES to induce additional cross-linking with latent epoxide
functions under thermal treatment was demonstrated both by EIS
measurements (higher barrier effect) and DSC analysis (higher T,
values). After the appearance of corrosion, the thermal treatment of the
partially bio-based coating allowed a partial healing of the matrix and
the barrier properties were at least partially restored, thereby demon-
strating that the DBES was responsible for the observed effect (self-
healing). After the corrosion initiation, there was no delamination of the
coatings, which was indicative of a significant adhesion of the coatings
on the AA3003 substrate. This can be attributed to the improved affinity
of the formulation to the substrate brought by (3,4-dihydroxyphenethyl)
acrylamide.

The good performance of these coatings from vegetable oils without
fillers or corrosion inhibitors shows the feasibility of developing new
bio-based protective coatings. The promising effect of hemiacetal ester
functions could be used in the development of self-healing systems.
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