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ABSTRACT

Coatings composed of polyurethanes derived from polyesters of crambe oil and pre-polymer obtained
from hexamethylene diisocyanate and castor oil were prepared (1:2 and 1:3, respectively) and applied
on the Al alloy 1200. The corrosion resistance of the coated panels was studied by linear polarization and
conventional electrochemical impedance (EIS). The fraction of an active area of the substrate was around
0.017% and 0.013% for the 1:2 and 1:3 coatings, respectively. The performance of pristine samples was
also studied by electrochemical impedance spectroscopy. An artificial scratch was performed on pristine
samples and the local corrosion activity was studied by localized impedance spectroscopy (LEIS) and
scanning vibrating electrode technique (SVET) in NaCl solutions. Filiform corrosion was observed for the
panel coated with the modified polyester and pre-polymer 1:3 after 12 h of test. The scratched sample
of modified polyester and pre-polymer 1:2 showed better performance in NaCl solution and the coating

seems to present a self-healing response to the artificial damage.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

One of the most effective methods for the protection of a mate-
rial and/or metallic materials against corrosion is the application
of coatings [1]. To investigate the mechanism by which the coating
protects the materials surface from initiation of corrosion, dif-
ferent localized techniques can be applied, such as the scanning
vibrating electrode technique (SVET)[2,3], scanning reference elec-
trode technique (SRET) [4,5], scanning electrochemical microscopy
(SECM) [6,7], electrochemical microcell [8] and local electrochem-
ical impedance spectroscopy (LEIS) [9-12].

The SVET vibrating probe detects the potential gradient gener-
ated on the surface as consequence of the redox processes and thus
itis possible to measure both the anodic and cathodic ionic flux and
therefore the corresponding current densities. The main advantage
of using SVET is that the local corrosion activity can be studied
without the need to polarize or perturb the sample. SVET has
been used to study different localized corrosion processes [13,14]
but provides little mechanistic information. On the other hand,
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localized electrochemical impedance spectroscopy (LEIS) by using
a dual probe can detect the working electrode response due to
an external bias perturbation. This provides relevant information
related to the localized corrosion rates and mechanisms. LEIS has
been applied extensively on uncoated (i.e. bare) substrates, how-
ever only recently it was applied to coated metals [9,12,15,16].
Being a local technique, LEIS can be used to characterize any intrin-
sicor extrinsic defect, which can alter the dielectric, electric, orionic
nature of the coating material/coating-substrate interface. Paired
with SVET, both techniques provide relevant information on the
corrosion behavior of coated samples.

Presently, energy and environment concerns are driving the
search of corrosion protective coatings based on “green formu-
lations”. On the other hand, there is a need of developing more
advanced coatings for conventional and to answer the require-
ments of several new Hi-Tech applications as emphasized by
Montemor [17]. Thus, in this work natural-derived products are
used to develop a coating formulation to protect Al and its alloys.
The polyurethanes, materials derived from polyols and diiso-
cyanates, due to their great versatility can be used as coatings
for many applications, and become more attractive if polyols are
synthesized from vegetable oils. In this way, coatings synthesized
from vegetable oils [18-21] are interesting for many applications
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Table 1

Coatings composition: hydroxylated polyesters with pre-polymer H3 blended together oxygenated solvents. (For catalysts proportions see Supplementary material).

Polyester molar composition

Pre-polymer:NCO:0H:3:1 Polyols wt% solvents wt%
molar proportion?

acronym Cco TMP
PEC1 1 3
Organic coatings in weight proportion

acronym PEC1 H3
PEC1 H3 1:2 1 2
PEC1 H3 1:3 1 3

PhA acronym COA TMP PG
3 H3 453817 30

2 NCO given by HDI and OH (polyols) given by CAO, TMP and PG. HDI = hexamethylene diisocyanate, (CAS number: 822-06-0); CO =crambe oil; TMP = trimethylolpropane;
CAO = castor oil; PhA = phthalic anydride; PG = propyl glycol; solvents: ethyl acetate (10 wt%), butyl acetate (10 %wt) and ethyl glycol acetate (10 wt%).

(A)

Fig. 1. Micrographs of the coatings surface: (A) PEC1 H3 1:2 and (B) PEC1 H3 1:3.

because they are renewable and inexpensive, constituting and
alternative to raw materials derived from petroleum.

In a recent study [18], the electrochemical behavior of differ-
ent polyurethane coatings derived from polyesters produced from
crambe oil with (PEC1 or PEC2 derivatives) trimethylolpropane
(TMP) and phthalic anhydride (PhA), and mixed with H3 (pre-
polymer: hexamethylene diisocyanate (HDI) with castor oil and
oxygenated solvents - ethyl glycol acetate, butyl acetate and ethyl
acetate) in the OH/NCO proportions 1:2 and 1:3 were investigated
in 3.5% NaCl solution. The PEC1 H3 1:2 and PEC1 H3 1:3 coatings
showed superior performance. Although thinner than PEC1 H3 1:2,
the PEC1 H3 1:3, which contained higher quantity of H3, was the
most protective coating. This result was attributed to the higher
amount of pre-polymer (H3) that may have increased the cross-
linking structure, hindering electrolyte uptake through pores and
defects of the coating that delayed the corrosion onset.

An estimation of porosity of coatings can be done from elec-
trochemical results using several approaches depending on if the
substrate is active or not [22-27]. The measured current density
on the coating/substrate system is equal to the sum of the anodic
and cathodic partial current densities at the coating/electrolyte
and substrate/electrolyte interfaces, respectively. Equations are
normally developed for active substrates because they take into
consideration the fraction of the substrate surface exposed to
the electrolyte, but can also be obtained for inert and passive
coatings. Therefore, the porosity of coatings can be estimated by
using different electrochemical techniques such as linear polariza-
tion, Tafel plots, potentiodynamic polarization and electrochemical
impedance spectroscopy [22-27]. Notter and Gabe [28] clearly
described the nature and effect of porosity on the corrosion resis-
tance of electrodeposited coatings. The methods developed for
detecting porosity of coatings may be divided into three main cate-
gories: physical porosity tests using microscopy; chemical methods
using different test reagents [28]| and electrochemical methods

(B)

[22,28-35]. These results encouraged us to estimate the porosity
of the coatings by using electrochemical techniques.

Moreover, in this work, the localized corrosion activity on
artificially-induced defects was studied by SVET and LEIS. The cor-
roded surface was observed by scanning electron microscopy (SEM)
and analyzed by energy dispersive X-ray (EDX) analysis.

2. Experimental
2.1. Materials

The ASTM 1200 H14 aluminum alloy (Biometal S.A.) has
the following nominal chemical composition (wt%): 0.05 Cu,
(Fe+Cr+Si+Mg=0), 0.05 Mn, 0.05 Ti, 0.10 Zn, other components
0.5-0.15, and balance Al The surface of the Al alloy plates (10 cm x
10 cm) was successively wet-ground down to 1200 gradation using
silicon carbide sandpaper. Between each grind step, the sample
surface was thoroughly washed with distilled water, rinsed with
acetone and at the last step gently wiped with filter paper and
stored in desiccator. Then, the organic films were applied on the
surface by an applicator, and subjected to cure at room temperature
for 24 h (see details in Supplementary material).

2.2. Organic films preparation (details in 1S. Supplementary
material)

Organic films prepared with hydroxylated polyesters, obtained
from crambe oil modified (PEC1) with trimethylolpropane (TMP)
and phthallic anhydride (PhA), and the pre-polymer H3 composed
by hexamethylene diisocyanate (HDI), castor oil (CAO), propane
glycol (PG) and in oxygenated solvents such as ethyl acetate + butyl
acetate +ethyl glycol acetate were blended in weight proportions
1:2 or 1:3 to give the coatings: PEC1 H3 1:2; PEC1 H3 1:3, respec-
tively [ 18], which are described in Table 1.
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Fig. 2. SEM cross-section images for PEC1 H3 1:2 and PEC1 H3 1:3 coatings.

2.3. Electrochemical study

The electrochemical behavior of the coatings was analyzed by
small amplitude linear polarization (SALP) measurements, con-
ventional electrochemical impedance spectroscopy (EIS) and the
electrochemical localized techniques: LEIS and SVET.

For SALP and EIS, a conventional three-electrode electrochem-
ical cell Model K0235, in which bare and coated aluminum alloy
(geometrical area of 1cm? exposed to the electrolyte) were used
as working electrode, an Ag|AgCI|KCl 3 moll~!, connected to the
electrolyte through a Luggin capillary, was the reference, and a Pt
spiral the auxiliary electrode. All potentials were referred to the
Ag|AgCl|KCl 3 moll-! reference electrode. The electrolyte was an
unstirred and non-deaerated 3.5 wt% NaCl (~0.6 mol1~1) aqueous
solution, and the measurements were conducted at 25 °C. The lin-
ear polarization curves were obtained in triplicate with a scan rate
0.166 mVs~! (ASTM G59-97) in the potential range of + 20 mV/Eqcp
after 30 min of immersion. The polarization resistance, R, was used
to estimate the coatings porosity (P), understood as the active frac-
tion area of the coated electrode accessed by the electrolyte. The
P values were estimated from the impedance modulus and solu-
tion resistance: |Z|smuz — Rs taken from the impedance modulus
- frequency plots for short immersion times. Conventional EIS
measurements were performed during longer immersion times,
up to a sharp decreasing of the Egcp value [18], using a GAMRY
REF 600 potentiostat/galvanostat by applying a 10 mV(r.m.s.) sinu-
soidal potential perturbation signal to Eqcp, from 1x 10°Hz to
5 x 1073 Hz, and recording 10 points/frequency decade. These data
were employed to evaluate the coatings performance with the
immersion times.

SVET and LEIS studies of the coatings were performed, respec-
tively, in 0.05 and 0.005 moll~! NaCl aqueous solution for 24 h at
25°C. Prior to the electrochemical study the samples were washed
with ultrapure water (Millipore quality, p>18 M2 cm) and dried
with pure argon. Samples of proper sizes were cut using a BUEHLER
Diamond Wafer Blade Series 15LC diamond no. 11-4276 system.
Prior to the localized corrosion studies the conductivity of the
solution was measured using an EUTECH INSTRUMENTS PC700
conductivimeter.

2.4. SVET measurements

The measurements were performed using a SVET system from
Applicable Electronics Inc., controlled by the ASET software (Sci-
ence Wares). To perform the measurements, the samples were
glued to a holder and the exposed area (a square of approximately
1 mm?) was delimited by insulating the remaining surface using a
mixture of beeswax. The current density maps were measured by
scanning the microelectrode over the scratched and non-scratched
areas. The scratch (0.5 mm long x ~ 0.2 mm large) was done with a
microindenter by applying 5.4 N, allowing exposing the bare metal.
The exposed area was continuously assessed with a microscopic
video system and the measurements were performed in a 36 x 36
grid, generating 1296 points. An insulated Pt-Ir probe, with plat-
inum black deposited on a spherical tip of 10 um diameter and
coated with polymeric material, was used as vibrating electrode.
The probe was placed 100+ 3 pm above the surface, vibrating in
the planes perpendicular (Z) and parallel (X) to the surface of the
sample with the probe vibration frequencies of 124 Hz and 325 Hz,
respectively. Only the data collected at the vibration perpendicular
(Z) to the sample was considered and presented in this work.
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Table 2

Rp and E;_, ¢ values obtained in 3.5% NaCl solution for AA1200 substrate and coated substrate with polyurethane coatings after 30 min of immersion. The measurements were

done in triplicate, and three linear polarization curves were obtained for each sample.

Sample Rp.s and Ry coat-s (2cm?) Rp/(2cm?) (|Z]5mmz) Ei_o/(V vs. Ag|AgCI|KCl 3mol ')
Al alloy (4.0x103+0.5 x 103) 4103 (—0.684+0.001)
PEC1 H3 1:2 (1.10 x 108 + 0.02 x 108) 2.3 %107 (~0.067 +£0.003)
PEC1 H3 1:3 (2.64 x 107 +£0.03 x 107) 3.2 x 107 (~0.090+0.002)
10°~ was measured between the reference and working electrodes (i.e.,
the potential of the working electrode). Details on the customized
104_: configuration of the LEIS probe used in this work have been previ-
ously described [36]. The probe was stepped across a well-defined
N 103; Maximum value for a measurable fb ) ?ézitc;fgll:etﬁe;?gg;ncluccllin(;gfthe scratch. Afier point scan r~neasure—
E , g and defected region (~6 mm long x~ 0.3 mm
E 1 [ large) at different frequencies, an excitation frequency of 5 kHz was
= 10°4 " " = chosen for obtaining the LEIS maps (area scan: 32 points x 16 lines)
W ] in diluted NaCl solution (p=0.000607 Scm~") each 2 h for 25h of
o) 10— gy "_ = m m immersion. The surface area exposed to the solution was ~10 mm?.
W3 1 All electrochemical studies were conducted at 25°C.
10° 4 Maximum value for a measurable f, |
E ’ 2.6. Morphological analysis and thickness
-1
10 _20' (') ' 2'0 ' 4'0 ' 6|0 ' 8|0 '160'150'1"10'1('50'1{30 The coatings were previously characterized by Fourier Trans-
. form Infrared Attenuated Total Reflectance (FTIR-ATR) before and
Time / hours after applying high anodic polarization potentials and no significant
(A) changes in the spectra were observed [18].
The coating surface was analyzed before and after testing by
scanning electron microscopy (SEM) using FEG-SEM JEOL model
s JSM 7001 microscope. SEM images were obtained at 15kV. The
10 coating surface was also analyzed, before and after SVET and LEIS
] measurements using a digital LEICA model DMS300 microscope.
104—5 The thicknesses of the coatings were determined from cross-
3 R section images obtained with a scanning electron microscope
N 103_; Maximum value for a measurable fb,h . Hitachi (SEM/S-2400) using 20 kV.
I 3
. 10%d [ 3. Results and discussion
4 E
o) 10" ] . . 3.1. Thickness of coatings, coatings porosity and performance
P I e N L
s o Fig. 1 depicts the micrographs of the polyurethane coating
10 3 Max. value for a measurable fb,l applied on ASTM 1200 H14 aluminum alloy. It is possible to see
1 that the surface did not evidence cracks, even when SEM images
10" +———— were taken with 10 wm.

50 0 50 100 150 200 250 300 350
Time / days
(B)

Fig. 3. Effect of the exposure time on the breakpoint frequency f,; or fi, .

2.5. LEIS measurements

LEIS measurements were performed with a Solartron 1286 elec-
trochemical interface with a Solartron 1250 frequency response
analyzer coupled with a Uniscan electrochemical station. The LEIS
system was composed of five electrodes, consisting of a conven-
tional three-electrode arrangement (reference electrode, counter
electrode, and the coated sample as working electrode under a
potentiostatic control) and a Pt bi-electrode (LEIS probe) to mea-
sure the local potential gradient in solution above the surface. The
reference electrode was a saturated calomel electrode (SCE) and
the counter electrode was a Pt mesh. The distance between the
two electrodes of the LEIS probe was 1.5 mm. The probe was placed
close, as possible, to the sample surface, being the same distance for
both point and area scan for each coating. The potential difference

Fig. 2 shows the cross-section images of both PEC1 H3 1:2 and
PEC1 H3 1:3 coatings. The determined thicknesses were between
26.2 and 23.4 pm for PEC1 H3 1:2 and from 11.1 to 15.8 um for
PEC1 H3 1:3, respectively.

Based on the thickness values PEC1 H3 1:2 would be able
to offer higher barrier effect. However, cyclic polarization [18]
and conventional EIS measurements indicated that PEC1 H3
1:3 provided better corrosion protection in aerated 3.5wt%
NaCl solution. The values of Ecorr and icor Were, respectively,
—0.11V/Ag|AgCIIKC13 moll-1and 1.8 x 10~ Acm~2 (PEC1 H3 1:2),
and —0.05 V/Ag|AgCI|KCl 3moll-! and 1.6 x 102 Acm~2 (PEC1 H3
1:3) after 1h of immersion. At low frequencies, the modulus of
impedance for the PEC1 H3 1:2 sample was around 3 x 107  cm?
for t<50h, and ~5 x 106 Q cm? for t>60 h of immersion, while for
PEC1 H3 1:3 it was around 6 x 107  cm? for t<243 days, and
decreased to |Z| = 3 x 108 © cm? for t>300 days of immersion [18].
The higher content of H3 pre-polymer allowed higher cross-linking,
and, as the PEC1 H3 1:3 coating was thinner than PEC1 H3 1:2, a
more closed and rigid structure is expected. This may be the rea-
son for extending the life time of this coating to around 250 days
before failure, while PEC1 H3 1:2 failed in a few days. It was also
mentioned that if a more closed structure is present in the PEC1
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Fig. 4. Phase angle (theta) at low, medium and high frequencies with immersion time, in 3.5 wt% NaCl soluiton.

H3 1:3 coating, it will delay electrolyte uptake as a consequence
of lower porosity and/or smaller pores, which would promote pore
blocking at early corrosion stage [18]. Thus, estimation of poros-
ity at short immersion times is relevant to characterize the barrier
properties of the coating.

The fraction of the substrate area exposed to the electrolyte
(porosity) was estimated from the R, values measured from small

amplitude linear polarization (SALP) and from electrochemical
impedance [37]. For a passive or electrochemically inert coating,
the porosity (P), can be given by the ratio of the polarization resis-
tances of the coated (Rpcoat-s) and uncoated (Rp,s) samples [26].
Therefore,

R
p=F=
Rp,coat—s

(1)
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Fig. 6. (A) SVET maps of scratch artificially generated on the PEC1 H3 1:2 coating, obtained in 0.05 molI-! NaCl solution for different times. Current density in wA/cm? and
optical micrograph of the same area; (B) Optical micrograph of the surface at the end of SVET experiments (24 h), and (C) SEM imagens after SVET measurements for 24 h.
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being,
dE
RP.coat-s = (—dicoat-s E(i>0) (2)
and
dE
Rp.s = (_) 3
Ps dis / g(i-0) 3)

Prepresents the fraction of the substrate exposed to the electrolyte
(area of the defected coating, Aq) in relation to the total area (Acota)
of the electrode. It means that

RS coat-
Rp,coat—s = % (4)
d
and
RO
Rps =22 (5)
P Atotal

where Rop_coat_s is the polarization resistance per unit area of the
defected coating, Ay is the defected area of the coated sample
exposing the substrate to the electrolyte, R0 is the polarization
resistance per unit area of the substrate and Ay, is the total area of
the electrode. Table 2 shows the polarization resistances (Rp) deter-
mined from the small amplitude linear polarization after 30 min
of immersion used to estimate the porosity and the potential at
I— 0. This potential is different of E¢orr Since it is measured at short
immersion times, when the system is not stable yet.

Coatings studied in this work can be considered electrochem-
ically inert and the substrate behaves as a passive system until
chloride ions reach the coating/substrate interface, damaging the
aluminum oxide film. Previous studies indicated that PEC1 H3 1:2
and PEC1 H3 1:3 coatings provided protection, respectively, at least
for the first 2 and 250days of immersion in 3.5% NaCl solution
[18]. It means that polarization resistances determined after short
immersion times (30 min) can be related to the small pores present
in the coating and, therefore can be used to estimate the porosity of
the coating. By using Eq. (1) the porosity was estimated to be 0.004%
for PEC1 H3 1:2 and 0.015% for PEC1 H3 1:3. Porosity values were
also obtained from the impedance diagrams (Supplementary mate-
rial, Fig. 2S) using the modulus of impedance |Z| at low frequency
(5 mHz) for short immersion time (30 min): 2.3 x 107  cm?2 (PEC1
H3 1:2)and 3.2 x 107  cm? (PEC1 H3 1:3), resulting in the porosity
values of 0.017% and 0.013%, respectively, which are in reasonable
agreement with the those obtained from SALP.

Conventional EIS measurements as function of immersion time
were also obtained for both PEC1 H3 1:2 and PEC1 H3 1:3 coat-
ings in 3.5wt% (~0.6 mol1~1) NaCl aqueous solution. Figs. 1S and
2S (Supplementary material) illustrate, respectively, some com-
plex plane and Bode plots in the absence of an artificial scratch.
The performance of the coated samples was also evaluated using
different procedures of analysis of conventional EIS measurements
with the immersion time. One of them was based on the breakpoint
frequency concept [38] and applied to evaluate different coatings
[35,39,40]. The breakpoint frequency fj, is the frequency at which
the phase angle firstly falls to 45° and can show a good corre-
lation between f;, and the delaminated area of the coating from
the metal substrate [38]. It represents the boundary where occurs
the first transition from a capacitive region to a resistive region
when the frequency goes from high to low values. Fig. 3 shows the
breakpoint frequency values for PEC1 H3 1:2 (Fig. 3A) and PEC1
H3 1:3 (Fig. 3B) coatings, in which it can be seen that the transition
occurs at medium-high frequency after around 70 h and 240 days of
immersion for PEC1 H3 1:2 and PEC1 H3 1:3 coatings, respectively.
The PEC1 H3 1:3 coating showed higher performance. Taking in
consideration the behavior of PEC1 H3 1:2, the value of maximum
fon Was considered as the frequency where the corrosion spot at

2h - SVET ma
500 — R 4784

- I:? 2 h - OM of the area

d/pm

B 24 h - OM of the area

-10
-15
-20
-25

Fig. 7. (A) SVET maps of scratch artificially generated on the PEC1 H3 1:3 coating,
obtained in 0.05 mol I~ NaCl solution. Current density in pA/cm? and micrographs
of the same area; (B) Optical micrograph of the surface at the end of SVET experi-
ments (24 h), and (C) SEM imagens after SVET measurements for 24 h.

the substrate was first observed, and then around 10 Hz was con-
sidered the limit of f,,;. The fact that the f,}, is not so high at long
immersion times suggests that only small fractions of the coatings
were damaged.

The phase angle variation at high, medium and low frequency
values[41,42] canalso be used to evaluate the coating performance.
Fig. 4 shows the variation of the phase angle at ~5mHz, 100 Hz
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Fig. 8. Images of PEC1 H3 1:2 surfaces obtained before (A and B) and after (C and D) LEIS measurements in 0.005 mol1~! NaCl solution for 25 h. (A, B and C) optical and (D)

SEM images. (B) Area scan measurement.

and 10 kHz frequencies for PEC1 H3 1:2 (Fig. 4A) and PEC1 H3 1:3
(Fig. 4B) coatings.

For PEC1 H3 1:2 the phase angle values decreased slowly with
time at high frequencies, decreased at medium frequencies (around
100Hz) after from 60 to 72 h of immersion and were very low at
low frequency values. The variation of the phase angle at medium
frequency and the change in f,; values occurred at approximately
the same immersion time, indicating that both may be related to
the coating performance. For PEC1 H3 1:3 similar behavior was
observed, however, the changes were observed near 250 days of
immersion.

Fig. 5 shows the Egcp variation for the PEC1 H3 1:2 and PEC1
H3 1:3 coatings during 24 h of immersion in unstirred and non-
deaerated 0.05 mol1-! NaCl solution, the same condition of SVET
measurements. In the absence of scratch the Eqcp values for PEC1
H3 1:2 increased with time from —0.5 to ~-0.17V vs. Ag|AgCI|KCl
3 moll-! while for PEC1 H3 1:3 remained between 0.10 and 0.0V
vs. Ag|AgCl|KCl 3moll-!, indicating that the electrolyte did not
reached the substrate. The Eqgcp values for both PEC1 H3 1:2 and
1:3 are much more positive than the value measured for the sub-
strate (-0.65V vs. Ag|AgCI|KCl 3 moll-1). The potential difference
can be related to the barrier effect of the coating bringing a large
IR drop. The high barrier effect may also suggest high ability of the
coatings to protect the substrate against corrosion in the chloride
solution. In fact it was demonstrated for PEC1 H3 1:3 (Fig. 2S) which
showed a modulus of impedance higher than 5 x 107  cm? even at
higher NaCl concentration. When a scratch was done on the surface
of the coatings, the Eqcp for PEC1 H3 1:2 decayed from near —0.05
to ~—0.6V vs. Ag|AgCI|KCI 3 moll-! and then oscillated between
—0.55to —0.64 V, while for PEC1H3 1:3 the Egcp was around —0.64 V
vs. Ag|AgCI|KCI 3 mol 11 all the time, and the amplitude of potential
oscillations were lower than for PEC1 H3 1:2 and damped after 7 h.

The oscillation of the open circuit potential for scratched-PEC1 H3
1:2 sample can be due to the attack to the substrate and re-covering
of the coating.

3.2. Corrosion studies by localized techniques

3.2.1. SVET study

3.2.1.1. PEC1 H3 1:2 coating. Fig. 6A depicts illustrative SVET maps
and micrographs obtained during the immersion in 0.05moll-!
NacCl solution. Corrosion products were not visible inside and out-
side of the scratched regions and the maps did not show significant
differences. Only a small anodic spot (at the top of the scratch) and
a small cathodic spot (at the bottom) were identified, indicating
that the scratch was protected. In Fig. 6B the coating seemed to
re-cover the original scratched surface, and with time there was a
slight increase of both anodic and cathodic activity, but no relevant
damage over the scratch could be identified.

The EDX analysis of the spot 1 (scratch zone in Fig. 6C) showed
the following elemental composition: C (7.9 wt%), O (62.5 wt%), Na
(10.8 wt%), Al (2.8 wt%), Si (4.0wt%) and Cl (12.1 wt%) and on the
spot 2 (scratch-free zone in Fig. 6C) was: C (7.5wt%), O (78.1 wt%),
Al (9.6 wt%) and Si (4.9 wt%). In and out of the scratch, the quantity
of C was the same, indicating that the coating re-covered great part
of the damaged coating, while the amount of O, Al and Si were lower
in the scratch zone probably due to the presence of the salt from
the electrolyte which could deposited on the substrate.

3.2.1.2. PEC1 H3 1:3 coating. Fig. 7 shows SVET maps and opti-
cal micrographs at different times from 2 to 24 h (Fig. 7A), optical
(Fig. 7B) and SEM images (Fig. 7C) of the scratched surface of the
PEC1 H3 1:3 coating after 24 h of immersion in chloride solution.
The SVET maps showed well defined anodic and cathodic currents,
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Fig. 9. LEIS maps of the aluminum alloy coated with PEC1 H3 1:2 on both non-scratched and scratched areas in aerated 0.005 mol1-! NaCl solution at different immersion

which indicate substrate activity mainly for t > 12 h that increased
with immersion time. Filiform corrosion was clearly evidenced in

also revealed corrosion propagation, which indicates that the coat-
the optical micrographs at the end of the experiments. The maps

ing protective behavior could not be recovered as before. Moreover,
an important accumulation of corrosion products was noticed. The



432 J.V. Nardeli et al. / Corrosion Science 111 (2016) 422-435

Fig. 10. Images of PEC1 H3 1:3 surfaces obtained before (A and B) and after (C and D) LEIS measurements in 0.005 mol 1-' NaCl solution for 25 h. (A, B and C) optical and (D)

SEM images. (B) Area scan measurement.

corrosion phenomena observed (Fig. 7B and C) is characteristic of
filiform-type corrosion in uncoated and coated Al alloys [43-49],
due to electrolyte penetration under the coating, causing its delam-
ination.

The EDX analysis of the spot 1 (scratch zone in Fig. 7C) showed
the following elemental composition: C (1.4 wt%), O (57.0 wt%), Na
(3.2wt%),Al(27.5wt%)and Cl(11.1 wt%) and on spot 2 (scratch-free
zone in Fig. 7C) was: C (9.2 wt%), O (78.9 wt%) and Al (12.0 wt%).C
and O decreased and Al increased with the presence of Cl and small
amount of Na in the scratch zone compared to the scratch-free
one. These results indicated that the coating was damaged and was
unable to re-covering.

The NaCl solution (pH~ 7) contains dissolved oxygen and the
contact with the pure aluminum substrate leads to oxygen reduc-
tion, as cathodic reaction, and dissolution of aluminum as anodic
reaction [50]:

02(g) + 2H20(1) +4e” — 40H7(aq)(6)
Al(s) — Al3+(aq) +3e7(7)
Al3+(aq) + 3H20(1) — AI(OH)3(S) +3H7(8)

Globalreaction : 4Al(s) + 302(g) +6H, 0(1) — 4A1(OH)3(S)(9)

The hydrolysis of the aluminum ions decreases the local pH of
the anodic sites making the medium even more aggressive inside
the pit [50], and therefore, the corrosion process is accelerated,
leading to accumulation of corrosion products and internal stresses.
The SEM image (Fig. 7C) suggested that accumulation of corrosion
products impeded coating regeneration in the scratched region.
The lower thickness and/or higher rigid structure may also be

responsible for poor recovery and the PEC1 H3 1:3 was not as
protective as the PEC1 H3 1:2.

By analyzing the formulation of PEC1 H3 1:3 and PEC1 H3 1:2
by infrared spectroscopy, Nardeli et al. [18] concluded that these
coatings do not show NCO-free groups [51], and it is known that
the presence of trimethylolpropane (TMP) and anhydride phthalic
(AF) in PEC1 extends the chain and increases the crosslinking. The
greater amount of N—CO groups in the PEC1 H3 1:3 coating for-
mulation, due to the higher quantity of H3, results in a more rigid
structure and lower thickness (see Fig. 2). The isocyanates are con-
sidered to be responsible for the hard part of polyurethanes (PU)
structure and aliphatic isocyanates show better elastomeric prop-
erties than the aromatic ones [52]. On the other hand, isocyanates
are reactive with moisture and have been reported as a very attrac-
tive material to develop self-healing coatings [53]. The increase in
the amount of N—CO groups in the PEC1 H3 1:3 coating formu-
lation results in a more rigid structure and lower thickness [52].
We believe that the relatively lower N—CO groups in PEC1 H3 1:2
results in a more open structure that may increase its thickness.
On the other hand, the relative greater amount of PEC1 portion in
this coating compared to in PEC1 H3 1:3 may increase its flexibility.
The triglycerides derivatives, as crambe oil, also contribute to the
higher number of OH groups [54], which can be consumed by the
humidity and by the increase of NCO groups. As mentioned above,
in the proposed coatings there are no N—CO-free groups [18,48], the
self-healing may occur by hydrogen bonds formation between OH
groups of the coating. Therefore, we hypothesize that the highest
content of OH-free groups in the PEC1 H3 1:2 coating and its higher
flexibility compared to PEC1 H3 1:3 may be responsible for possible
the self-healing properties. On the other hand, PEC1 H3 1:3 coating
has higher amount of N—CO groups inits formulation that decreases
the amount of OH-free groups and increases the rigidity making
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more difficult the hydrogen-bonding formation, and therefore, no
self-healing property was shown.

Fig. 11. LEIS map of the aluminum alloy coated with PEC1 H3 1:3 on both non-scratched and scratched areas in aerated 0.005 mol1-! NaCl solution at different immersion

3.2.2. LEIS study

3.2.2.1. PEC1 H3 1:2 coating. Fig. 8 shows scratched PEC1 H3 1:2
coating surfaces before and after LEIS measurements in aerated
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0.005 mol1-! NaCl solution for 25 h. Y and X values delimit the stud-
ied region and can vary from one to another sample, but cover both
non-scratched and scratched areas of the coating.

Fig. 9 depicts the admittance mode of tridimensional LEIS maps
of PEC1 H3 1:2 coating obtained in chloride solution at different
times of immersion up to 25h.

The admittance outside the scratched area was low indicating a
high impedance of the coating and thus good protective properties.
The maximum of admittance was observed on the scratched area
and its value decreased with the immersion time, indicating that
the substrate became protected, probably due to coating recovery
as confirmed by SEM imaging (Fig. 8D). This effect is responsible
for the reduction of the corrosion activity of the substrate in the
present conditions. This result agrees quite well with the localized
SVET measurements and confirms the self-healing property of this
coating.

3.2.2.2. PEC1H3 1:3 coating. Fig. 10 shows coating similar pictures
for PEC1 H3 1:3.

As for PEC1 H3 1:2 corrosion activity was only observed at the
scratch but no relevant delamination could be measured.

In Fig. 11 the admittance of PEC1 H3 1:3 coating is higher in the
scratch and very low outside. The values were nearly constant with
the immersion time, revealing that the corrosion process was not
hindered and that the coating was not recovered.

The results indicated that both localized techniques provide
complementary information. SVET evidenced that PEC1 H3 1:2 is
a coating able to repair over the defected areas and LEIS showed
an increase of the local impedance with immersion time. On
the other hand, LEIS showed that PEC1 H3 1:3 keeps almost
constant admittance values, i.e., corrosion proceeded, and SVET
provided additional information, and due to its better spatial reso-
lution detected filiform corrosion, showing that corrosion occurred
underneath the coating and that this coating was less protective.

4. Conclusions

Organic polymeric coatings prepared from crambe oil modified
with trimethylolpropane (TMP) and phthalic anhydride (PhA), and
hexamethylene diisocyanate in oxygenated organic solvents (H3)
applied on ASTM 1200 H14 aluminum alloy in the proportions 1:2
and 1:3 of PEC1 and H3 and studied in NaCl solution by open cir-
cuit measurements, and by SVET (24 h) and LEIS (25 h) inside and
outside a scratch.

The thickness values revealed that PEC1 H3 1:3 is almost a half
thickness of PEC1 H3 1:2 coating, suggesting a more rigid and com-
pact structure.

For long immersion times and in non-scratched coatings, PEC1
H3 1:3 showed better performance than PEC1 H3 1:2, while in the
presence of an artificial scratch the PEC1 H3 1:2 coating showed
better performance compared to PEC1 H3 1:3, as observed by the
SVET analysis. This analysis has also indicated that PEC1 H3 1:2
coating recovered on the artificially-generated scratch, while the
PEC1 H3 1:3 coating showed filiform corrosion forimmersion times
above 12 h.

The PEC1 H3 1:2 coating showed decreasing admittance values
with immersion time in NaCl medium, but with higher admittance
values, suggesting coating recovering. The admittance values for
PEC1 H3 1:3 coating were almost constant during the time course
of experiment and the corrosion over the scratched area was not
hindered.

SVET and LEIS provide complementary information that evi-
denced the differences in the corrosion process related to the
coating composition.

These natural-derived organic coatings are potential materials
for protecting aluminum alloys against corrosion in chloride solu-
tions besides to be basically produced from vegetal oils, arenewable
raw material.
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