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Abstract

Coatings formulated with either SrCrO, or a mixture of Cr(VI)-free pigments were compared
in an impedance study. In addition to classical EIS measurements carried out in the
metal/coating/electrolyte configuration, the study involved measurement of the impedance of
the coatings in the dry state, both before exposure to the electrolyte (0.5 M NaCl solution) and
after a 1-month exposure followed by a 12-month drying. The results were analysed with
reference to models that assumed resistivity variations along the coating thickness. The
resistivity-position dependence was close to a power law for dry coatings and close to
exponential for wet coatings. In the latter, and for short immersion times, the exponential
variation was located in the outer coating region, at shorter distances from the
coating/solution interface, and then, for longer immersion times (> 1 week), extended to the
whole coating thickness. The effect of SrCrO, leaching on the properties of the coating is

discussed. For both coatings, the barrier effect remained high for a 1-month exposure.
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1. Introduction

In the aeronautic industry, an important challenge today is to develop new efficient coatings
with the replacement of hexavalent chromium, as inhibitive pigment, due to future
environment legislation. The corrosion protection performance of chromate-free coatings has
to be compared to chromated systems, which constitute the “reference”. In the present paper,
a comparison is provided for the impedance behaviour of two waterborne coatings with
different pigments in their formulation. One of them (henceforth denoted CC) contained
SrCrO4. Most results obtained with CC were already described in reference [1], and are
recalled in the present work only for the sake of comparison. The other coating (henceforth
denoted NCC) contained a mixture of pigments, replacing SrCrQ,, and is described here for
the first time. Following the same methodology described in [1], the impedance of each
coating was measured first under dry conditions, i.e. by contacting the outer coating face with
mercury, obtaining an AA2024/coating/Hg system, to assess permittivity and resistivity of the
as-prepared coating. Then, the impedance was measured under the ordinary wet conditions,
i.e. in the AA2024/coating/solution configuration, as a function of the immersion time in 0.5
M NaCl solution, for a duration up to 1 month. Finally, after leaving the previously exposed
samples to dry during ca.12 months in air, the coating impedance was measured again in the
AA2024/coating/Hg configuration, to assess possible permanent changes in the coating
properties, induced by the prolonged exposure to the NaCl solution. The results relevant to
these dried samples, henceforth called “aged”, are originally presented in this paper for both
NCC and CC coatings.

This study was focussed on the use of different models for analysing the impedance data. The
analyses highlighted major differences in the time dependence of the barrier properties of CC

and NCC, which were ascribed to chromate leaching. Therefore, the amount of chromate



released from the CC was determined by UV-visible spectroscopy for various exposure times

to 0.5 M NaCl solution.

2. Experimental
The coating samples used and the impedance measurement protocol are presented in this

section.

2.1. The coating samples

Both CC and NCC consisted of a two-component water-based paint, manufactured by
Mapaero SAS, Pamiers, France, using a polyaminoamide (Versamid® type) as base and a
bisphenol A epoxy polymer as hardener, titanium oxide (12 wt. %), talc (11 wt. %) and silica
(1 wt. %). In the CC, SrCrO4 (16 wt. %) was added as inhibitive pigment, whereas in the
NCC, SrCrO,4 was replaced by a mixture of zinc oxide and a phosphosilicate (10 wt. %). The
coatings were deposited onto 2024 T3 aluminium alloy plates. The chemical composition in
weight percent of the alloy was: Cu: 4.90; Mg: 1.31; Mn: 0.56; Si: 0.08; Fe: 0.26; Zn: 0.10;
Ti: 0.01 and Al to balance. The specimens consisted of 125 mm x 80 mm x 1 mm plates
machined from a rolled plate. Before painting, the samples were degreased at 60°C (pH = 9)
for 15 min, rinsed twice with distilled water, then etched in an acid bath at 52 °C for 10 min,
and rinsed again with distilled water. The liquid paints were applied by air spraying. After

curing at 60°C, the coatings were 18-22 um thick.

2.2. Electrochemical impedance measurements
A two-electrode configuration was used in the measurement of the impedance of dry coatings.
A cylindrical Plexiglass tube was fixed on top of the coated sample, exposing a surface area

of 5.94 cm?, and filled with Hg into which a Cu wire was dipped to create electrical contact.



Impedance measurements, carried out using a Solartron 1255 Frequency Response Analyzer
and a 1296 Dielectric Interface, were obtained with a 0 V dc bias and a 100 mV peak-to-peak
sinusoidal perturbation. Frequency was swept downwards from 10° Hz to 1 Hz, recording 10
points per decade. For this dielectric measurement (AA2024/coating/Hg configuration), the
signal to noise ratio worsened below 1 Hz due to the high impedance to be measured (> 1
GQ). Therefore, frequencies lower than 1 Hz were not investigated in the experiments.
Impedance measurements in the conventional metal/coating/electrolyte configuration were
performed in a classical three-electrode cell, realized by fixing a cylindrical Plexiglas tube on
top of the coated sample, and filled with a 0.5 M NaCl solution. The working electrode was a
24 cm? portion of the sample. An SCE and a Pt sheet were used as reference and counter
electrode, respectively. A Biologic VSP apparatus was used to measure the impedance of the
coated samples, for exposure times ranging from 2 hours to ca. 1 month. Measurements were
performed under potentiostatic conditions, at the open-circuit potential, with a 30 mV peak-
to-peak sinusoidal perturbation. Frequency was swept downwards from 10° Hz to 0.1 Hz,
recording 8 points per decade. All data were found to satisfy the Kramers-Kronig relations.

A non-commercial software developed at the LISE CNRS, Paris, was used for analysing the
impedance data relevant to both dry and wet coatings. The LISE CNRS software allows the
use of models consisting of combinations of passive circuit elements and analytical
expressions, and the assessment of the best fitted values of the model parameters, but does not
provide confidence intervals for them.

To model the dry as-prepared coatings, exhibiting impedances very close to a CPE behaviour,
and to determine their physical quantities, the power-law model was regressed to the

impedance data, using the following formula [2]
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where «, &, pc and ps are adjustable parameters, with the following meaning: o CPE
exponent, & permittivity of the dry as-prepared coating, o and ps, resistivity of the dry as-
prepared coating at the metal/coating and coating/Hg interfaces, respectively. The numerical

coefficient g, given as
g=1+288(1-a)**"

tends to unity when o approaches unity [2]. Resistivity profiles were calculated from the best-

fitted numerical values of these adjustable parameters, according to equation (2):

-1
:05 pc pc (2)
where the power-law exponent yis given by

oL
l-a (3)

and & = x/¢ is the dimensionless position along the coating thickness 6, measured from the
metal/coating interface.

The power-law model was previously used in the analysis of the impedance of hybrid sol-gel
coatings under wet conditions [3, 4]. Those coatings were significantly less protective than the
industrial coatings described in this paper. The model used for analysing the impedances

obtained under wet conditions will be described in Section 3.3.

2.3. Chromate leaching experiments and UV-visible analysis

The leaching experiments were performed in similar conditions as those used for the
electrochemical measurements. A cylindrical Plexiglas tube was fixed on top of the CC
sample and filled with 100 mL of a 0.5 M NaCl solution. 5 mL of the solution were
periodically removed and just after 5 mL of a new 0.5 M NaCl solution was added to maintain

a constant volume at 100 mL. The tests were carried out for exposure times ranging from 2



hours to ca 1 month. The concentrations of released chromate ions were determined by UV-
visible spectroscopy using a Shimadzu UV 1800 at A = 371 nm. A calibration curve was built

by analysing standard strontium chromate solutions. Dilution effects were taken into account.

3. Results and Discussion

3.1. Impedance of NCC and CC under dry conditions: influence of ageing

Figs. 1 and 2 show the impedance measured under dry conditions (i.e. in the
AA2024/coating/Hg configuration) for the NCC and CC, respectively. For each system, the
samples were characterized as-prepared, before immersion in the 0.5 M NaCl solution and
after ageing, i.e. after immersion in the electrolyte during 1000 h, rinsing with deionized
water and drying during 12 months, in air, at room temperature. These figures clearly show
that ageing caused much stronger changes for CC than for NCC.

For both as-prepared NCC and CC samples, the impedance was close, but not identical, to
that of an ideal capacitor. Owing to the quasi-constancy of the phase angle over a five-decade
frequency range, the experimental results were analysed with respect to the power-law model
corresponding to a strict constant-phase element (CPE) behaviour [2]. For the as-prepared
samples, the best fitted curves, shown as continuous lines in Figs. 1 and 2 provide a good
agreement between model and data. Table 1 reports the best fitted numerical values of the
adjustable parameters ¢, &, pc and ps, for both coatings. These values were used to calculate
the resistivity profiles of the dry as-prepared coatings, shown in Fig. 3, which show constant
values (about twice larger for CC than for NCC) throughout most of the coating thickness,
and a resistivity decrease (about one order of magnitude) in proximity of the coating/Hg
interface, affecting about one tenth of the coatings thickness. Corfias et al. [5] and Le Pen et
al. [6] showed by thermostimulated current measurements on polyurethane-based or on epoxy

waterborne coatings that chromates interacted with the binder, due to their high polarity,



creating strong electrostatic interactions. These interactions stabilized the structure and
enhanced the texturation of the coatings, decreasing the molecular mobility of the polar
groups. The modification of the coating microstructure was not observed with neutral fillers
[6]. Thus, the difference in the resistivity profiles of CC and NCC observed in Fig. 3 can be
explained by the presence/absence of chromates. As a consequence, this structuration might
be responsible for a global increase of the barrier properties (decrease of the diffusion rate of
the electrolyte through the coating) of CC and thus, the barrier properties of the two coatings
are expected to be different during exposure to a 0.5 M NaCl solution.

Table 1 shows that as-prepared CC and NCC had different permittivity value &, ca. 20%
lower for CC than for NCC, possibly due to the different chemical nature of the inorganic
pigments (which accounted for 16% and 10% of the coating weight, respectively).

After ageing, the impedance of the NCC was qualitatively similar to that of the as-prepared
sample, though with a decrease in modulus, and still very close to a CPE behaviour,
suggesting that the physical properties of this coating were little affected by the prolonged
immersion in NaCl solution, once the NCC was allowed to dry. The best fitted curves
obtained by analysing the data with respect to the power-law model are shown as dotted red
lines in Fig. 1, and the best fitted numerical values of the adjustable parameters are reported in
Table 1. The p. value of the NCC was roughly halved after aging, while the ps value
decreased more significantly. The permittivity & was higher for the aged than for the as-
prepared NCC, which suggests that some water remained trapped in the coating (incomplete
drying).

The impedance of the CC underwent profound alteration upon aging, proving that its
properties were severely and irreversibly affected by immersion in NaCl solution, most
probably due to extensive dissolution of SrCrO,4. A greying of the part of the sample in

contact with the electrolyte was observed which corroborates the release of chromates from



the coating. Loss of part of this chemical, initially present in a 16 wt. % amount in the
coating, probably left voids in the polymer matrix, which were filled by the electrolytic
solution during immersion. Although most water was removed during drying, some
conductive phase may have remained within the aged CC, causing a marked departure from
the CPE behaviour of the as-prepared CC and an impedance decrease more evident than for
NCC. The aged-CC impedance could not be analysed using the power-law model. However,
it is obvious, from the comparison of the impedance data shown in Fig. 2 that the parameters
determined for the as-prepared CC (Table 1) were modified during immersion in the
electrolyte.

To quantify the release of chromates, the 0.5 M NaCl solution in contact with the CC sample
was analysed by UV-visible spectroscopy, after various exposure times. The data are plotted
in Fig. 4 as a function of the square root of time. A linear dependence is observed between 6
and 500 h indicating that the release of chromate was mainly controlled by the inhibitor
diffusion within the coating. The extrapolation of the straight line to t = 0 would suggest the
initial concentration of chromates in the solution to be ca. 8 pg cm™, while it was actually
zero. This result can be explained by a rapid dissolution of the chromates which were close to
the outer surface of the coating. For the longest immersion times (t > 500 h), the release of
chromates slowed and the chromate concentration approached a plateau. The strontium
chromate released at the end of the experiment was 4-5 wt. % of its initial value, i.e. 0.64-0.80
wt. % of the coating mass. Several workers [7-13] investigated the chromate release from
polymer matrices and reported that Cr release was high at the very beginning of immersion
(some minutes) and slowed down as the immersion time increased. Our results agree with
these previous findings. The leaching rate was strongly affected by the binder properties and,
to a minor extent, by the solution composition (pH, chloride content), and the temperature [7-

11].



3.2. Behaviour of CC and NCC under wet conditions

Fig. 5 illustrates the variation of the open-circuit or free-corrosion potential (Ecor) ina 0.5 M
NaCl solution for the NCC and CC coatings. For both samples, a well-defined Ecor value
became measurable after ca. 2 h immersion, indicating that water reached the metal surface.
Ecorr increased significantly during the first 24 h of immersion (shift towards less negative
values) and then moved in the opposite direction. For 2 h immersion, the Ecr value (-0.55
VISCE) was roughly that of bare AA2024 in aqueous solution of low conductivity. Ecorr Was
more negative for CC than for NCC at all immersion times. On the basis of what is known on
the action of chromates in solution [14-20] or in protective coatings [21-22], the result can be
explained by the action of chromates at the metal/coating interface. The chromates inhibit
both partial reactions of the corrosion process. Since the cathodic reaction (oxygen reduction
mainly on the intermetallic particles) is that more strongly affected, Ecorr IS more negative in
the presence than in the absence of chromates.

Fig. 6 compares the evolution of the impedance diagrams of the NCC and CC coatings,
measured at the open circuit potential (Ecor), for three immersion times in a NaCl 0.5 M
solution. For 10 h of immersion, the impedance modulus was almost identical for the two
coatings and only a slight difference could be seen in the phase angle plots. Then, during the
first week, the impedance modulus progressively decreased with immersion time. For the
NCC, the impedance modulus stabilized between 1-week and 1-month immersions (the
relevant plots almost perfectly overlapped). Instead, for the CC, the impedance modulus kept
diminishing with immersion time. For both coatings, the phase angles became more strongly
frequency dependent at longer immersion times. No well-defined CPE behaviour was

observed, under wet conditions, in any frequency range.
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3.3. Quantitative analysis of the impedance data for the coatings in wet conditions

Fig. 7 shows the model employed in the analysis of the impedance under wet conditions.
Although it is presented as an equivalent circuit, the impedance model does not comprise only
passive elements because Zy is the so-called Young impedance. The basic concepts
underlying the Young model were explained in [1] and are briefly recalled here. In the most
general case, the coating was assumed to consist of two layers. An inner layer with thickness
d, located next to the metal/coating interface, had pand ¢ independent of the position, and
was modelled with a parallel R¢//C; combination. Its resistivity was identical to that of the dry
as-prepared coating (o), because it was not yet affected by penetration of ions, in addition to
water. An outer layer had a resistivity profile, caused by inhomogeneous penetration of the
electrolytic solution, progressively stronger for & approaching 1. Assuming, in this outer
layer, an exponential p—§ dependence, its impedance was represented by a Young impedance.
The whole coating had a uniform permittivity &,, no longer identical to that of the as-prepared
coating due to water penetration (either pure or with dissolved ions). The model presented
here differs from that described in [1] for the presence of a resistance (Rpore) in parallel with
Zy. The resistance Ryore accounts for the pores extending from & = d/sto £ =1, i.e. crossing
the entire outer layer. Such a resistance was not considered in [1] because its inclusion in the
model had no effect on the best-fitted parameters obtained with the CC samples. In other
words, even if included, Rpore Was too large to influence the overall impedance and could not
be determined, at least in the 1 Hz — 65 kHz range considered in [1] (0.1 Hz in the present
work). The overall impedance of the circuit shown in Fig. 7 is given by the series combination

of the impedances of the two layers and the electrolyte resistance Re, i.e.

-1

-1
H —(6-d)/ 4
Z-d Pe ot —[ 4 |n(1+‘“)‘9wg°pOe ﬂ R, (4)

1+ joe,sp.) |R jos &, 1+ jws, 0P,

pore

11



The first term of the right hand side, corresponding to the inner layer, is proportional to d and
therefore vanishes when the resistivity becomes position dependent across the whole coating
thickness. The second term accounts for the parallel combination of the Young impedance
and Rpore. Once d becomes zero, this term represents the impedance of the entire coating. The
coating resistivity at the metal/coating interface is denoted by oy, which may or may not be

equal to p.

3.4. Comparison between NCC and CC

Equation (4) was regressed to experimental data recorded in the 0.1 Hz < f < 65 kHz
frequency range, using A, &, Rpore and d as adjustable parameters relevant to the coatings. The
best-fitted curves are shown in Fig. 6 as dotted lines, demonstrating good agreement between
data and model. Fig. 8 compares the p—¢& profiles calculated according to equation (4) using
the best fitted parameters A and d, the resistivity p. of the as-prepared coatings, and ps,

defined as the resistivity of the coating at the interface with the NaCl solution, given by:
o
Ps = Po eXp(—z) 5)

For increasing immersion times, the p—¢ profiles of the NCC showed:
(i) amarked decrease of ps which, already after 10 h, was five orders of magnitude lower
than for the dry, as-prepared sample,
(i) progressive disappearance of the inner layer, reduced to about one third of the coating
thickness after 10 h, and to virtually zero after 1 week, and
(iii) stabilization of the properties of the coating for immersion times longer than 1 week.
For CC, the resistivity profiles were very close to those presented in [1] even though the
analysed frequency domain was larger in the present work. This result shows that the

increased frequency domain and the introduction of Rpyere in the model did not affect the
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impedance analysis significantly. In contrast, impedance data obtained for the NCC could not
be satisfactorily reproduced without including Rpore in the model, whatever the analysed
frequency range.

The p—& profiles show lower psvalues for CC than for NCC, particularly for immersion times
longer than one week. Moreover, at the metal coating/interface the CC resistivity value py was
ten times lower than that of the dry coating (o). By taking into account the impedance result
obtained for aged CC sample, measured under dry conditions (Fig. 2) and the chemical
analysis of the solution which showed the progressive release of chromates (Fig. 4), it can be
concluded that SrCrO4 leaching affected the resistivity profile throughout the whole coating
thickness. The dissolution of chromates could also decrease the coating resistivity. For both
coatings, the development of a resistivity profile, more marked than that observed with the
dry coating was attributed to an inhomogeneous uptake of the electrolyte [1]. More
particularly, as reported in [1, 4], the penetration of water and ions occurred on different time
scales, in agreement with previous studies [23-27]. The water penetrated fast into the coating
and affected permittivity more strongly than resistivity. Na* and CI ions diffused more slowly
and affected exclusively resistivity [1].

Fig. 9 shows the dependence of the zero-frequency limit of the Young impedance, Zy(0), (a)
and of Rpore (b) on immersion time, for NCC and CC. As the immersion progressed, Zy(0)
decreased for both coatings, but the decrease rate was higher for CC (which had initially a
higher Zy(0) value) than for NCC. Thus, the two plots in Fig. 9a crossed each other. At the
end of the immersion test, Zy(0) was almost an order of magnitude higher for the NCC than
for the CC. The observed difference is mainly ascribed to the release of chromates.

Fig. 9b shows that Ryore Values were quasi-independent of time for the both coatings, and

markedly lower for NCC than for CC (after 1 month immersion, Ryore Values were 4 x 10° Q

cm?® and 2.5 x 10° Q cm? for NCC and CC, respectively). According to these results, SrCrO,
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enhanced the barrier properties of the coating, in comparison with neutral fillers, in agreement
with previous findings [5, 6]. Studying the impedance of free-standing films, Le Pen et al. [6]
showed that the barrier properties of a chromated system exposed to a 0.5 M NaCl solution
remained higher than those of coatings without chromates. As previously discussed for the
dry coatings, chromates caused hardening of the coating, i.e. they decreased the molecular
mobility of the binder, thanks to their high polarity that enhanced the interactions with the
polymer chains [5, 6]. Thus, the higher values of Ryoe for CC compared to NCC can be
attributed to an enhancement of the texturation of the coating in the presence of chromated
ions.

Fig. 10 compares the p—¢£ profiles calculated for NCC and CC, at an immersion time of 1
week. For each coating, three curves are shown. The squares represent the resistivity
associated to the Young impedance (ov) i.e. the resistivity due to the inhomogeneous
penetration of water and salts. The circles represent the resistivity due to through pores (opore),
obtained from Rpere according to:

R

P = ©

where Rpore refers to the unit surface and the whole coating thickness is considered because,

after 1 week, d was reduced to 0. The black solid line represents the total resistivity, given by:

1
i
For NCC (Fig. 10a), the py—¢ and pyore—& profiles cross each other. The resulting p—¢ profile
is close to ppore—< in an inner layer extending from &= 0to £=0.25, and close to py—¢&in the
remaining outer part of the coating. At the metal/coating interface, the total resistivity profile

was controlled by the presence of Rpore. For CC (Fig. 10b), py is smaller than ppore through the

entire coating thickness and becomes comparable to it only in close proximity of the
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metal/coating interface. Therefore, the poy—& and p—¢& profiles are close to each other.
Comparison of the plots in Fig. 10 shows that ppre had little effect on the CC resistivity, but
significantly affected the resistivity profile of the NCC.

The p—¢£ profiles of both coatings are directly compared in Fig. 11 where, in addition to the
curves relevant to 1 week immersion, those obtained for 1 month immersion are shown (the
two NCC curves overlap). The NCC resistivity is lower than that of the CC in the inner, more
resistive part of the coating, and is higher than that of the CC in the remaining, less resistive
part which, though thicker, contributes to the overall impedance to a lesser extent.

Taken together, Figs. 9, 10 and 11 show that data analysis leads to a decomposition of the
overall impedance of NCC and CC into contributions that are significantly different for the
two coatings. Since Fig. 6 shows comparable experimental plots for NCC and CC at 10 h and
1 week immersion times, doubts might arise on the reliability of a model that produces
different descriptions for experimentally similar systems. However, the experiments carried
out on aged coatings in the AA2024/coating/Hg configuration did show that NCC maintained
its properties after prolonged exposure (Fig. 1); whereas, CC became significantly less
resistive (Fig. 2). These results validate the variation of Zy(0) vs. immersion time shown in
Fig. 9a and, consequently, the p—& profiles calculated therefrom.

Fig. 12 presents the immersion-time dependence of the zero-frequency limit of the
impedances (Zwt) 0f NCC and CC, calculated according to equation (4), with correction of
Re. It is seen that the two curves are close to each other, although they correspond to
significantly different combinations of the Zy and Ryore COntributions. For immersion times > 1
week, Zia Values agree perfectly well with the value of the impedance modulus in the low
frequency range (Fig. 6). Thus, these curves underscore that similar global impedances may

arise from combinations of different elements (resistances, impedances).
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Finally, it is interesting to point out that for CC, even if the leaching of chromates induced
changes in the microstructure of the coating (resistivity decrease), the barrier properties
remained high due to structuring effect of these species. For the NCC, the barrier properties

were also high, and, after 1-month immersion, the substrate was not corroded.

4. Conclusions
The analysis of the impedance behaviour of chromated and unchromated water-borne coatings
for AA2024 required the use of different models for results obtained in the dry state or in the
classical metal/coating/electrolyte configuration. The impedance of as-prepared dry coatings
was sufficiently close to a CPE behaviour that the “power-law model” [2] applied. The same
model was suitable also for aged Cr(V1)-free coatings, but not for aged samples loaded with
SrCrQq, since their impedance markedly differed from that of a CPE. Modelling the
impedance of wet coatings required assuming the existence of two layers: (i) next to the
metal, an inner layer with homogeneous resistivity, the thickness of which became negligible
when exposure was prolonged, and (ii) an outer layer with an exponential resistivity profile,
caused by inhomogeneous penetration of the NaCl solution. A parallel combination of a
Young impedance and a resistance of through pores (Rpore) accounted for the impedance of
the outer layer. Although the overall impedances of NCC and CC coatings were rather close
to each other, data analysis showed that they resulted from different contributions. Rpre Was
almost independent of immersion time and ca. 10 times larger for CC than for NCC. The
Young impedance was initially larger but then decreased at a higher rate for CC than for
NCC, to become ca. 10 times lower after one month. The observed behaviour for CC was
ascribed to the leaching of SrCrO4, which was confirmed by the chemical analysis of the

solution.
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Table 1. Best-fitted values of the adjustable parameters in Eq. (2) obtained by regressing the

power-law model to experimental data for the dry as-prepared coating.

Sample Pc Ps
o &
(€2 cm) (©2cm)
NCC 12 11
0.981 6.1 58x10 4.0x10
As-prepared
NCC " o
Aged 0.981 7.3 3.3x10 1.0x 10
ge
CC
0.987 4.9 1.0x 10" 1.1x10%
As-prepared
CcC
nd nd nd nd
Aged ?

a: The power-law model did not provide a good fit for the aged CC sample. Therefore, best

fitted parameters were not determined (nd).
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Figure captions

Fig. 1. The impedance modulus (a) and phase angle (b) obtained for the dry as-prepared and
aged NCC coating (18 pum thick). The experimental data are compared with the regression
result with the power-law model according to Eq. (1).

Fig. 2. The impedance modulus (a) and phase angle (b) obtained for the dry as-prepared and
aged CC coating (21 um thick). The experimental data for the as-prepared sample (®) are
compared with the regression result with the power-law model according to Eq. (1).

Fig. 3: Resistivity vs. dimensionless position (& = x/d) along the coating thickness calculated
according to Eqg. (2) for the dry as-prepared NCC and CC coatings.

Fig. 4. Immersion time dependence of the amount of chromium released from a 24 cm? CC
sample in contact with a 0.5 M NaCl solution.

Fig. 5. Corrosion potential (Ecorr) as a function of immersion time in 0.5 M NaCl for the
AA2024 samples protected by NCC and CC.

Fig. 6. Impedance response in Bode format for the AA2024 coated samples (NCC and CC)
obtained after 10 h, a week and a month immersion in 0.5 M NaCl. The dashed lines are the
best fitted curves calculated according to Eq. (4).

Fig. 7. Schematic representation of the two-layer model. The coating is assumed to consist of
an inner layer with uniform resistivity p = p. and an outer layer with the parallel combination
between a resistance of pore and a part which has an exponential dependence of resistivity on
position.

Fig. 8. Resistivity profiles through the coatings inferred from the impedance analysis as a
function of immersion time in 0.5 M NaCl solution: (a) NCC and (b) CC.

Fig. 9. Comparison of: (a) the zero-frequency limit of the Young impedance (Zy(0)) and (b)
Rpore @s a function of immersion time for NCC and CC.

Fig. 10. Dependence of the coatings resistivity on the dimensionless position along the
coating thickness, for NCC (a) and CC (b) after a week immersion in 0.5 M NaCl. In each
part, the contributions of Young impedance and Ryoe are compared with the resulting total
resistivity profile.

Fig. 11. Dependence of the NCC and CC total resistivity on the dimensionless position along
the coating thickness, for two immersion times in 0.5 M NaCl solution indicated on the figure.
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Fig. 12. Dependence of the zero-frequency limit of the impedance of NCC and CC on
immersion-time in 0.5 M NacCl, calculated according to Eq. (4).
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Fig. 1. The impedance modulus (a) and phase angle (b) obtained for the dry as-prepared and

result with the power-law model according to Eq. (1).
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Fig. 2. The impedance modulus (a) and phase angle (b) obtained for the dry as-prepared and
aged CC coating (21 um thick). The experimental data for the as-prepared sample (®) are
compared with the regression result with the power-law model according to Eq. (1).
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Fig. 3. Resistivity vs. dimensionless position (§ = x/8) along the coating thickness calculated
according to Eqg. (2) for the dry as-prepared NCC and CC coatings.
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Fig. 4. Immersion time dependence of the amount of chromium released from a 24 cm? CC
sample in contact with a 0.5 M NacCl solution.
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Fig. 5. Corrosion potential (Ecorr) as a function of immersion time in 0.5 M NaCl for the
AA2024 samples protected by NCC and CC.
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Fig. 6. Impedance response in Bode format for the AA2024 coated samples (NCC and CC)
obtained after 10 h, a week and a month immersion in 0.5 M NacCl.
The dashed lines are the best fitted curves calculated according to Eq. (4).



Figure 7

Fig. 7. Schematic representation of the two-layer model.
The coating is assumed to consist of an inner layer with uniform resistivity p = p. and an
outer layer with the parallel combination between a resistance of pore and a part which has an
exponential dependence of resistivity on position.
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Fig. 8. Resistivity profiles through the coatings inferred from the impedance analysis as a
function of immersion time in 0.5 M NaCl solution: (a) NCC and (b) CC.
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Fig. 9. Comparison of: (a) the zero-frequency limit of the Young impedance (Zy(0)) and (b)
Rpore 8s a function of immersion time for NCC and CC.



Figure 10

\(2)]
1

. E
10%EF 1 Pag I
]

OUQOOOOOOOOOOOOOOOOOOOOOOOOOO@

ol 3y

p/Qcm

Solution

|

o -NCC

1
—p-NCC I
1 ]

ppore

1
1
1
1
1
I = p,-NCC
1
1
1
|

00 02 04 06 08 10
£/ dimensionless

p/Qcm

& p,-CC
ppore-CC
— - CC

00 02 04 06 08 1.0
& [ dimensionless

Fig. 10. Dependence of the coatings resistivity on the dimensionless position along the
coating thickness, for NCC (a) and CC (b) after a week immersion in 0.5 M NaCl. In each
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Fig. 11. Dependence of the NCC and CC total resistivity on the dimensionless position along
the coating thickness, for two immersion times in 0.5 M NaCl solution indicated on the figure.
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Fig. 12. Dependence of the zero-frequency limit of the impedance of NCC and CC on
immersion-time in 0.5 M NacCl, calculated according to Eqg. (4).



