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In this work, the correlation between electrolyte transport properties and the variation of pigment volume
concentration (PVC) in a series of organic coatings is explored. Using an odd random phase electrochemical
impedance spectroscopy (ORP-EIS) approach, the diffusion of ions independent from water take-up is analysed. A
higher PVC resulted in a more homogeneous coating morphology, which could be associated with a faster
diffusion of ions following a Fickian regime and enhanced water uptake. In the case of lower pigment loading, the

obtained heterogenous morphology of the coating introduced new challenges to the physical interpretation of the
proposed electrochemical equivalent circuit.

1. Introduction

Organic coatings are widely applied in corrosion protection practices
[1,2]. To satisfy aesthetic requirements and implement desired func-
tions, different additives and in particular pigments are embedded in the
coating. The addition of pigments can introduce both advantages and
disadvantages to the system. Literature attests the influence of
pigmentation on mechanical properties, thermal properties and glass
transition temperature, film formation, stress build up and coat-
ing/electrolyte interactions [3]. To provide high corrosion resistance,
coatings should afford adequate barrier properties against the penetra-
tion of corrodents from surrounding environment. Therefore, under-
standing the influence of pigmentation on the electrolyte transport is
crucial, but stays elusive. While polarity and free volume of the polymer
matrix are the main factors influencing the water uptake of clearcoats
[4-6], the list expands in the presence of pigments. The distinct pig-
ment/polymer interfacial chemistry and the adhesion properties at these
interfaces are among the influential factors. Emad et al. have proposed
the pigment/binder interfacial zone as a host area for water which fa-
cilitates the transport of electrolyte and increases the leaching, leaving
cavities for further direct transport properties [7]. Meng et al. have
shown that the modification of mica as the incorporated pigment causes
slower absorption rate and less water uptake. The decrease in water
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uptake is associated with the improved compactness of the coating due
to the formation of chemical bonds at the pigment/binder interface [8].
The other mechanism proposed for an altered ingress of the electrolyte
in the pigmented coating is the stress built up. Lacombre et al. published
a series of articles in which they studied the influence of pigmentation in
organic coatings through a thermodynamic approach [9-11]. They have
correlated the initial faster diffusion of water to the stress built up in the
pigmented epoxy samples, increasing the entropy of diffusion. It was
shown that with incorporation of 20 wt% TiOs, the barrier properties of
the coating diminish more rapidly in comparison with the clearcoat [9].
Morsch et al. have verified the correlation between stress built up in
pigmented coatings and water transport, using microscale
polyethylene-coated silica pigment in an epoxy-amine coating. In this
study, AFM-IR in combination with thermal analysis confirmed the
preferential and random uptake of water through the polymer network
rather than the pigment/binder hybrid interphase [12]. Since addition
of the pigments to the coating can significantly alter its barrier proper-
ties, pigment volume concentration (PVC) becomes an impactful
parameter [3,4,13]. Van der Wel et al. have discussed the influence of
PVC in two different categories of pigmentation, ideal and non-ideal
pigmentation. In ideal pigmentation, the increase in PVC can decrease
the diffusion coefficient (D) of water due to the increase in the effective
path length. On the other hand, the increase in the volume fraction of
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impermeable pigments decreases the water solubility (S). Therefore, the
permeability (P) will decrease with an increase in PVC. The decrease in
permeability is restricted by the critical pigment volume concentration
(CPVC). Above the CPVC, the permeability increases significantly due to
the poor wetting of the pigments and formation of voids. In non-ideal
pigmentation, particle flocculation results in the formation of vulner-
able interfaces, providing a faster diffusion path than the polymer matrix
[4]. One should notice that the true output of this classification depends
on a plethora of factors such as type, size, and physicochemical prop-
erties of the pigments which needs to be explored in each particular
system. Different case studies are reviewed in the work of Perera et al.
[3].

As summarized above, water uptake in pigmented coatings has been
exploited throughout the years. However, mechanistic insights about
the individual diffusion of ions apart from water, its influence on the
barrier properties of the coating, and the correlation between the
coating morphology/structure and ion diffusion, requires comprehen-
sive studies. In this paper, the goal is to explore the relationship between
the separate movement of the ions and water and the morphology of the
coating when the PVC changes.

Electrochemical impedance spectroscopy is a widely applied non-
destructive technique to investigate the transport properties of organic
coatings in situ [14-20]. In this paper, an odd random phase electro-
chemical impedance spectroscopy (ORP-EIS) approach is employed to
investigate the transport properties of different coatings. ORP-EIS has
been extensively applied for studies related to coatings, interfaces,
batteries and electrochemical purification of metals [21-30]. Using
ORP-EIS, the application of a multisine signal shortens the measurement
time which effectively decreases the potential influence of
non-stationarities on the system. On the other hand, the excitation of
only the odd harmonics along with the random omission of 1 out of 3
consecutive harmonics provides valuable information on the standard
deviation on the output signals of excited and non-excited odd and even
frequencies. This information determines the contribution of different
noise levels to the system [31-33]. In presence of non-stationarities, the
impedance data can be resolved over time to provide instantaneous
impedance data [34,35]. When exposing organic coatings to the elec-
trolyte, initial fast water uptake and its diffusion coefficient as well as
the ion diffusion can be studied using instantaneous impedance [23,25].

This work will focus on three different coatings with varying PVCs
(10%, 20% and 30%) as well as the clearcoat applied on acidic pickled
aluminium substrates. A two-layer electrochemical equivalent circuit
(EECQ) is used to differentiate between the diffusion of water and ions.
This model has proven to be a powerful tool to evaluate the independent
ion diffusion using an integrated spectro-electrochemical approach and
to explore the contribution of buried interfaces to the general electro-
chemical state of coated structures in our previous publications [25,28].
In the present study, the combination of ORP-EIS, scanning electron
microscopy (SEM) images and glow discharge optical emission spec-
troscopy (GDOES) depth profiles is used to generate insights about the
morphology induced dynamics.

2. Materials and methods
2.1. Sample preparation

AA2024 alloy test panels cladded with a commercially pure
aluminium grade (WL 3.1364-1) were degreased with isopropanol fol-
lowed by 15 min degreasing in an alkaline agent at 60°C. Afterwards,
alkaline etching was conducted for 1 min at 60°C. Eventually, acidic
pickling was performed in a fluoride containing solution for 5 min at
35°C. After each step (degreasing, etching and acidic pickling), the
samples were rinsed in an agitated deionised water bath for 3 min.

The epoxy-amine based coatings were formulated with different PVC
levels of 0, 10%, 20% and 30% using pigments and extenders and the
naming of the samples are EA-CC, EA-10P, EA-20P and EA-30P,
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respectively. The critical pigment volume concentration (CPVC) of this
blend is 56% and hence the respective PVCs are well below the CPVC.
The compositions of the coatings are summarized in Table 1. The coat-
ings were prepared according to the following procedure: the in-
gredients of component A were added under stirring into a 370 ml glass
jar. The pigments were dispersed to a fineness of grind less than 25 pm
by shaking, on a Skandex® paint shaker using 400 g of Zirconox® pearls
(1.7-2.4 mm) as the grinding medium which was separated from the
mixture after the dispersion. Component B (hardener) and component C
(thinner) were prepared separately and added to component A under
stirring. Hereafter, the substrates were coated with epoxy-amine based
coatings using a spray robot, targeting a dry thickness of 30 pym. All
samples were applied at ambient conditions at 23 °C and 55% RH. The
samples were cured in an oven (1 h at 80 °C) after a 1 h flash-off period.
The glass transition temperature (Tg) of the samples was measured using
modulated temperature differential scanning calorimetry (MT-DSC)
with a DSCQ2000 from TA-instruments and was equal to 43.3 °C, 41.2
°C, 42.1 °C, and 43.2°C for EA-CC, EA-10P, EA20P, and EA-30P,
respectively. Since the deviation of the measured T, of the standard
reproducible free film is 1.4 °C, the Tg’s of these samples are considered
similar. The similar T, for samples with different PVCs and the clear coat
as well as the absence of further residual activity and curing in MT-DSC
measurements confirms that no modification has occurred in the curing
of the samples due to the presence of pigments/extenders.

2.2. Electrochemical measurements

The ORP-EIS measurements were carried out in a conventional 3
electrode setup with a Pt mesh used as the counter electrode, and an Ag/
AgCl (sat. KCl, E® = 0.197 V vs NHE) electrode as the reference elec-
trode. A NI PCI-4461 data acquisition card connected to a custom-built
compact analog potentiostat placed inside the Faraday cage was used for
the data acquisition. This potentiostat is equipped with electrometer-
grade input amplifiers. The signal used for ORP-EIS is a periodic

Table 1
Composition of the organic coatings as provided by the coating manufacturer,
AkzoNobel. The quantity of the ingredients is reported in grams.

Application Description Clearcoat PVC= PVC= PVC=
Component A 10% 20% 30%
Solvent MIBK 76.1g 71.8¢g 67.0¢g 61.6¢g
Binder (epoxy  Medium solid liquid  51.8 g 489¢g 45.6 g 42.0g
resin) epoxy resin based
Equivalent on Bisphenol A
weight 187 g/eq
Dispersing Polymeric 06¢g 12g 19g
agent dispersant
Pigment Titanium dioxide 10.1¢g 21.3g 33.7g
(Rutile) / TiO,
Filler/ Barium sulfate / 110¢g 234¢g 370¢g
extender BaSO4
Filler/ Talcum / 6.8¢g 144 ¢g 228¢g
extender Mg3Si4010(OH),
Flow additive Polyacrylate 02g 02g 02g 02g
solution
Hardener
Component B
Solvent Xylene 381¢g 359¢g 335¢g 30.8g
Curing agent Cycloaliphatic 37.4¢g 35.3¢g 329¢g 30.3g
Equivalent amine
weight 135 g/eq
Thinner
Component C
Solvent 4-methylpentan-2- 79¢g 75¢g 223¢g 446 g
one
Solvent Xylene 40g 378 11.2 g 223g
Exact PVC 0.0 10.0 20.1 30.2
NV content vol% 30.3 30.3 30.9 30.3
Epoxy/amine ratio 1.0 1.0 1.0 1.0
Dry film density (g/  1.12 1.39 1.66 1.93
ml)
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broadband signal with randomly generated phases. In this signal, only
odd harmonics of the base frequency are excited while one out of three
consecutive harmonics is randomly omitted. The data acquisition is
performed using a custom software operating under Python 3.7. The
frequency range of the signal, amplitude and the number of periods were
5 mHz-1 kHz, 20 mV (rms), and 6, respectively. A 0.05 M NaCl solution
was used as the electrolyte with a measurement surface area of 0.785
cm?. The OCP of the samples was measured for 10 s and the measure-
ments were started in less than 1 min after exposure of the samples to the
electrolyte at room temperature.

ORP-EIS provides supplementary information on different noise
levels contributing to the system’s response such as stochastic noise,
non-linearities and non-stationarities. In the measurements showing
non-stationarities, the current response contributes to both excited and
non-excited frequencies, forming so called “skirts” around the excited
frequencies in the frequency domain. These skirts are modelled using
Legendre polynomials and the results are deconvoluted in the time
domain. In this way, the time-varying impedance (instantaneous
impedance) is calculated. During the short immersion times (first 6 h)
where the samples act non-stationary, instantaneous impedance is
calculated and used for the electrochemical equivalent circuit (EEC)
modelling. For the details on the calculation of instantaneous imped-
ance, readers are referred to the work of Breugelmans et al. [34,35]. The
statistical evaluations (one-way ANOVA test) were done using GraphPad
Prism.

The fitting of the experimental data to the proposed mathematical
models is performed through non-limiting fitting using the Imfit module
in python 3.7.

2.3. Scanning electron microscopy (SEM) imaging

The microstructure of the coatings was observed on the cross-section
by scanning electron microscopy (SEM) using a JEOL JSM-IT300 system.
The back scattered electron detector (BSD) was employed with an ac-
celeration voltage of 15.0 kV.

The cross-section of the samples was obtained by a cutting machine
and the cut samples were mechanically ground with silicon-carbide
papers down to 4000 grit and polished with a 1 ym diamond paste.
Afterwards, the samples were ion milled using Hitachi ArBlade5000

non-pigmented layer E

5.1um

pigmented layer
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cross-section polisher with 5.0 kV acceleration voltage of argon beam.
Such a low value was chosen because of the polymeric content of the
organic coatings.

2.4. Glow discharge optical emission spectroscopy (GDOES)

A glow discharge optical emission spectroscope (GDOES) with a GD
Profiler 2 from HORIBA with a standard 4 mm diameter copper anode
was used to obtain the elemental depth profiles. Argon gas plasma with
an energy of ~50 eV, average pressure of 650 Pa and an applied power
of 35 W were employed as source conditions for this analysis and each
measurement was reproduced two times.

3. Results and discussion
3.1. Investigating the distribution of the pigments

The first insight into the morphology of the coatings and the distri-
bution of pigments in the samples was obtained using scanning electron
microscope (SEM) images of the cross-section. For EA-10P and EA-20P, a
layered structure is visible consisting of a layer in the upper section of
the coating where pigments are not present (non-pigmented layer), and
a mixed layer in the bottom (pigmented layer). These two layers are
displayed in Fig. 1.a. In EA-10P, the non-pigmented layer has an average
thickness of 6.9 ym. In EA-20P, there is no clear line between the two
layers, and the transition between the layers is not homogenous.
Furthermore, with increase in pigmentation, at some spots marked with
red circle in Fig. 1.b., the pigmented layer is extended towards the non-
pigmented layer and the thickness of the non-pigmented layer is around
1 pm. In EA-30P, the coating structure is more homogeneous and only
one pigmented layer is present with some areas only filled with the
binder. The SEM images elucidate that for lower PVCs, sedimentation of
the pigments has happened in the system. The change in the structure of
the coatings with variations of PVC (bi-layer like structure), makes these
samples interesting to investigate their electrochemical response in a
corrosive media since different diffusion properties are to be expected.
The SEM images (d-f) from the surface of the coatings also confirm the
former results.

Fig. 1. Cross-section SEM images of the (a) EA-10P, (b) EA-20P and (c) EA-30P and the top view from the coating surface for (d) EA-10P, (e) EA-20P and (f) EA-30P.
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3.2. Investigating the electrochemical response of the coatings
The Bode plots and Nyquist plots for the four samples exposed to

0.05 M NaCl electrolyte are shown in Fig. 2 and Fig. 3, respectively. To
better understand the influence of pigmentation, ORP-EIS is also

(a)

(b)
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performed on the clearcoat (EA-CC). For EA-CC, the phase angle remains
high and between — 80° and — 90° in almost the whole frequency range
during the 111.82 (~112) days of immersion. The impedance in the low
frequency region is around 10 GQ cm?. The high value of the impedance
at low frequency region, logarithmic decrease in impedance versus
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Fig. 2. Bode plots of: (a)&(b) EA-CC, (c)&(d) EA-10P, (e)&(f) EA-20P, and (g)&(h) EA-30P during different exposure times.
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Fig. 3. Nyquist plots of: (a) EA-CC, (b) EA-10P, (c) EA-20P, and (d) EA-30P during different exposure times.

increasing frequency and high phase angle over the whole frequency
range of the experiment, indicate high barrier properties of the EA-CC
sample, even after long exposure times. However, small variations in
impedance modulus and phase angle are visible.

For the EA-10P sample, similar to EA-CC, the impedance modulus in
the low frequency region and the phase angle, maintain their high values
during the immersion period. In EA-20P and EA-30P, the decrease in
impedance in the low frequency region as well as the decrease in phase
angle is more pronounced compared to the two former samples. On the
other hand, EA-30P illustrates a faster decrease in impedance modulus
in comparison with EA-20P with similar period of exposure to the
electrolyte. The diminishing barrier properties of the coatings with in-
crease in pigmentation is more obvious in the Nyquist plots shown in
Fig. 3.

The ORP-EIS data of the four samples are modelled with the elec-
trochemical equivalent circuit shown in Fig. 4, known as the two-layer
model. This EEC has been used to model similar impedance plots in
the literature [23,25,28,36-38]. The details of the data treatment pro-
cedure to verify the application of the two-layer model is explained in
the work of Chen et al. and Wouters et al. [23,39]. The two-layer model

is based on the presence of two layers in the coating, which are modelled
in a series configuration towards the metal oxide/coating interface.
These two layers have different resistivity profiles which can originate
from different phenomena. Concerning organic coated metals exposed
to an aqueous electrolyte, one of the possible origins of this dual
behaviour is found to be the delayed diffusion of ions with respect to the
water. The outer layer of the coating poses an exponential resistivity
distribution in presence of ions, while the inner layer has a different
resistivity profile because of the absence of ions. In presence of the
exponential resistivity distribution, a Young impedance can model the
behaviour of the sample [40]. Madelat et al. have used this model to
deconvolute and analyse the separate diffusion of ions in polyethylene
glycol diacrylate (PEGDA) coatings with thicknesses equal to 100 and
150 pm [25]. On the other hand, they have shown that with the increase
in thickness of the coating to 200 um, the two-layer EEC cannot follow
the diffusion of ions further and rather models the two compositio-
nally/structurally distinct layers of the coating. Hence, this EEC is
interesting to investigate these pigmented epoxy-amine coatings, since
the resistivity distribution in these coatings can have two different ori-
gins: diffusion of ions and layers with different structure/morphology.
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electrolyte

substrate

Fig. 4. Schematic description of the two-layer model. §, thickness of the
coating; d, thickness of the inner layer, R, resistance of the inner layer of the
coating; C, capacitance of the inner layer of the coating; Zy, Young impedance
for the outer layer of the coating; Re, electrolyte resistance.

To evaluate the goodness of fit, the noise+non-stationarities levels
are used as a statistical tool. As mentioned in the experimental section,
only odd harmonics of the base frequency are excited in ORP-EIS and
one out of three consecutive harmonics is randomly omitted. In this way,
different noise levels can be calculated from the standard deviation of
the response recorded over excited and non-excited frequencies, i.e.,
stochastic noise, non-stationarities and non-linearities. Since non-
stationarities are the standard deviation over excited frequencies, they
show the variation of the actual data. Therefore, if the residual of the
model is at the same order of magnitude as the noise + non-stationar-
ities, the error of the model is not exceeding the variation of the data,
verifying a good yield between the fit and the experimental data [21,31,
32,35]. With increase in immersion time, the system becomes stationary
and the model residual does not overlap with noise+non-stationarities
over the whole frequency domain. There, the model can be considered
accurate as long as the relative residual remains below 10%.

3.2.1. Investigating the electrochemical response of the clearcoat (EA-CC)

The ORP-EIS data are fitted to Eq. 1 [41-43] to extract the time
evolution of the output parameters. The parameters evolution is illus-
trated in Fig. 5 for EA-CC. With reference to the schematic of the
two-layer model in Fig. 4, d is the thickness of the inner layer. If the
difference in the two layers is assumed to be due to the presence of ions,
the inner layer would be the ion free zone of the coating and the time
evolution of d would represent the ingress front position of the ions. In
this case, with arrival of the ions at the metal oxide/coating interface, d
approaches to zero. The maximum value of d can be equal to the
thickness of the coating (8). € is the dielectric constant of the coating. €
for organic coatings is mostly reported between 3 and 8 [44]. However, €
changes by ingress of the electrolyte, considering the high value of the
dielectric constant of water (78.4 at 25°C). The increase in ¢ is often
correlated to the uptake of water [45,46]. The exponential resistivity
distribution in the outer section of the coating can be explained using Eq.
2. [40,47]. With reference to this equation, A or the characteristic length,
is indicative of the sharpness of the resistivity profile. In general, with
further penetration of the ions in the coating, the resistivity gradient
over the thickness decreases, which corresponds to an increasing evo-
lution of A. p,  on the other hand, is the resistivity of the coating.
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Eventually, R, corresponds to the resistance of the electrolyte.

1+ jweeopcexp( — %)
7 = dip‘ — - In s +R, @
1+ jweeop,  jweg 1 + jweepp,

plx) = pﬁ,exp( - %) (2)

With reference to Fig. 5.a. for EA-CC, the evolution of d starts around
25.5 pm and doesn’t go below 23 um during the entire immersion time.
The measured thickness of the coating is 30 + 3 ym using scanning
electron microscopy (SEM) images. To fit the data with the two-layer
model, the thickness of the coatings is assumed constant and equal to
30 um. About the value of d not starting from 30 pym it should be
considered that at each time spot, d shows where the ingress front of the
ions is positioned and the time between pouring the electrolyte in the
corrosion cell, closing the Faraday cage and 10 s of the OCP measure-
ment, gives some time to the ions to penetrate deeper before starting the
measurement. Based on the evolution of d, the penetration depth of ions
is around 7 pm after 112 days of immersion in electrolyte. € has an
increasing trend during the first 48 h and stays constant for almost
650 h. Hereafter, a sudden increase leading to the second plateau is
reproduced in 3 samples. This sharp increase may be an indication of the
swelling and/or interfacial dynamics such as delamination and accu-
mulation of water. Further investigations are thus required to identify
the origin of this sudden increase. A and p, values are fluctuating
around 0.5 and 1e12 Q m, respectively. However, a general increasing
trend can be seen for A. The increase in A indicates further diffusion of
ions. Prior to the sharp increase in ¢, R, is also stable and its changes can
be considered negligible.

GDOES measurements are performed on the reference EA-CC sample
not exposed to the electrolyte (EA-CC-Ref) and on the sample exposed to
the 0.05 M NacCl electrolyte for 120 days (EA-CC-120d) to gain insights
about the distribution of the penetrating species and validate the profile
obtained for d. Based on the composition of the coatings, depth profiles
are obtained for C, O, N, and Al. The depth profiles of Na and Cl in the
reference and sample exposed for 120 days is presented as well. As
shown in Figs. 6, 3 zones are determined. Zone I is where the C and O
intensities are decreasing. It takes 100 s for the intensity of these ele-
ments to reach a plateau. For N, there is no clear trend of changes
obvious, and its intensity is stable all along the thickness. The average
thickness of this sample is 30 um. Considering that 930 s of sputtering
should approximately correspond to 30 um, the thickness of zone I is
around 3.2 pm. In zone II, all the elements demonstrate constant in-
tensity. Zone III is considered as the region where the intensity of Al
(from the substrate) starts to rise. Based on GDOES results, the compo-
sition of the coating in the upper part (thickness ~3.2 ym) is different.
Indeed, the intensity of C and O is higher while the intensity of N is
stable all over the thickness. In the samples exposed to the electrolyte for
120 days, the intensity of Na and Cl has increased in comparison with
the reference. However, the depth of penetration of Cl is more than Na.
For Cl, the depth of penetration is approximately around 8 pm (250 s of
sputtering). The depth of penetration of ions was calculated from ORP-
EIS measurements to be around 7 um. As such, this value corresponds
well to the depth profiles of the exposed sample where the depth of
penetration of Cl is approximately around 8 um. The enhanced diffusion
of ions in the upper section of the coating can be correlated to its distinct
chemistry. Since GDOES confirms the output of ORP-EIS, the composi-
tionally different layer on the top does not impose a dominating influ-
ence on the resistivity distribution profile and hence two-layer EEC can
follow the diffusion of ions. Concerning the deeper penetration of
chlorides, it has been discussed in the literature that Cl" has a smaller
hydration cell compared to Na*t, which can result in their faster diffusion
[48,49].
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Fig. 5. Output parameters of the fitting of the EA-CC ORP-EIS data to Eq. 1: (a) Thickness of the inner layer d, (b) dielectric constant &, (c) characteristic length A, (d)
coating resistivity p., and (e) electrolyte resistance Re. The parameter errors are shown as errorbars on each datapoint.

3.2.2. Investigating the electrochemical response of the pigmented coatings
For EA-10P, as shown in Fig. 7, d starts from 22 um and decreases to
11 pm after 90 h, staying approximately constant during the remaining
immersion time. Therefore, based on the results shown in this figure, the
inner layer does not disappear during exposure time. The value of ¢ is
initially equal to 4.69. With further diffusion of water, it increases to
£~ 5.27 and stays constant with negligible fluctuations. The constant
value of € can be an indication of saturation of the coating with water. A
has an increasing trend, showing that the resistivity profile becomes
more uniform. This value is stable after about 90 h. p, has an initial
decreasing trend and stabilizes around 1e12 Qm. The behaviour and the
value of the parameter p, is similar between EA-CC and EA-10P.
GDOES results for EA-10P are displayed in Fig. 8 for the reference
sample not exposed to the electrolyte (EA-10P-Ref) and the sample
exposed to the electrolyte for 120 days (EA-10P-120d). In this figure, 4
zones are determined. In zone I, the intensity of O and C have a
decreasing trend and the elements related to the pigments (Ba, Ti, Mg,
Si) have their minimum intensity. Similar to EA-CC, the intensity of N is

constant in zone I. In zone II, all the elements except Al show an abrupt
increase in their intensities. In zone III, the intensity of the elements
either is constant or shows a slight increase. Zone IV identifies the
substrate by the increase in the intensity of Al. The border of each zone is
determined approximately. As such, in EA-10P-Ref sample it takes 520 s
of sputtering to reach the interface (zone IV) while for EA-10P-120d, it
takes 570 s of sputtering to approach the Al substrate. The difference in
the sputtering time to reach the buried interface in these two samples is
due to the difference in the thickness of the applied coating. To avoid
complexity only the line corresponding to 520 s for EA-10P-Ref is shown
on this figure.

These data unravel the layered structure of the coating and zone II
can be considered as a transition zone between the two layers with
different compositions. Based on the GDOES results, EA-10P has an
outer layer where pigments are absent and the sputtering of this outer
layer takes about 200 s. Considering that the sputtering rate in presence
and absence of inorganics significantly differs, the sputtering rate of EA-
CC can be used to calculate the thickness of this outer layer which results
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Fig. 6. GDOES elemental depth profiles of EA-CC sample: (a) depth profile of O, N, C and Al; (b) depth profile of Na; (c) depth profile of Cl for the reference sample

and the sample exposed for 120 days.

in a value of around 6.4 um. This value corresponds well to the SEM
images where the thickness of the non-pigmented zone was reported to
be 6.9 um. For the transition zone, the sputtering rate of the EA-30P
sample is used, since in that sample inorganic pigments are present all
over the thickness as displayed in SEM images, Fig. 1. In EA-30P,
approximately 400 s of sputtering is associated with 30 um. Using this
sputtering rate, zone II in EA-10P samples has a thickness close to
8.2 um.

Fig. 8.c. and Fig. 8.d. display the depth profiles of Na and Cl. It’s clear
that the intensity of these ions penetrating from the surrounding elec-
trolyte is higher in the exposed sample in zone I. In zone II and zone III,
the intensity of Na and Cl follow the same evolution as the other ele-
ments. The increase in the intensity of Na and Cl in zone II and III should
be further investigated since this increase occurs simultaneously with
increase in the amount of the pigments present in these zones, indicating
that these ions are most likely incorporated in the pigments’ composi-
tion. The increase in the concentration of these ions in zone II and III
makes it difficult to calculate the depth of the penetration of the ions, as
the intensity of the ions present in zone II and III is higher than the in-
tensity of the diffusing ions from the surrounding electrolyte. However,
the depth profile of Na in the exposed sample overlaps with its depth
profile prior to exposure in the reference sample, after 100 s of sput-
tering. From this graph, the depth of penetration of Na is calculated
around 3.2 pm with respect to the sputtering rate of EA-CC. Absence of a
well-defined baseline in the depth profile of Cl due to the increasing
trend of the intensity, prevents us from estimating the penetration depth
of chloride ions. GDOES results for EA-CC showed that the depth of
penetration of Na and Cl are not equal, and chlorides can proceed faster
and deeper. Hence, the depth of penetration of Cl in these coatings
cannot be simply considered as equal to Na and might be deeper.

ORP-EIS results show that the thickness of outer layer does not go
above 19 um during the whole immersion time. This value roughly
corresponds to the thickness of the outer layer plus the thickness of the
transition layer (6.4 +8.2 =14.6 um). This correspondence indicates
that the two-layer model follows the diffusion of ions till their arrival at
a certain depth after which the resistivity distribution is dominated by
the change in the morphology/structure. From this point, the two-layer

EEC models the two compositionally different layers in the coating
instead of modelling two compositionally identical layers whose only
difference is the presence and absence of penetrating ions. It should be
mentioned that the composition between two layers changes gradually
as shown by the presence of a transition zone. Therefore, it can be
concluded that the resistivity distribution arising from the change in the
composition of the coating imposes a limiting condition to the EEC
modelling and the interpretation of the results should be done carefully.
Hence, stabilization of d at values around 11 um in EA-10P EEC fitting
results actually show the transition to the second layer of the coating
instead of showing the penetration depth of ions.

Similar to EA-10P, d starts around the value of 20-22 um for the
other two pigmented coatings. For the EA-20P sample, the inner layer
fades out between 954.37 and 1025.75 h (39.77-42.74 days) and for EA-
30P, the inner layer disappears between 524.4 and 593.34h
(21.85-24.72 days) after immersion as shown in Fig. 7. After this time,
the two-layer model is not able to explain the behaviour of the samples
further. Hereafter, a modification of the model is required to include the
physical representation of the changes in the electrochemical response
of the system. Madelat et al. have shown that with arrival of the ions at
the buried interface, the changes in the electrochemical state of the
system can be due to the interfacial influences [28]. The initial value of
is different for each sample. Addition of the pigments is increasing the
measured dielectric constant, as EA-30P has the highest dielectric con-
stant. The & of the components of the coating can affect the measured ¢,
e.g., € of TiO, is higher than the one of the organic coating and with
increase in concentration of the pigments, the measured & will also in-
crease [50]. For EA-20P and EA-30P, ¢ has an increasing trend during
the measurement. A has an increasing behaviour in EA-20P and EA-30P,
while having higher values in the latter. Higher values of A mean that the
concentration gradient of ions in the outer layer is smaller, resulting in a
more uniform resistivity profile. Therefore, with reference to this
parameter, the concentration of ions penetrating to the EA-30P should
be higher than all the other samples. On the other hand, the trend of the
changes in p, is also similar among all 4 samples while EA-30 has the
lowest value. p, as the resistivity of the coating is influenced by different
factors such as the coating composition and the water uptake. R, is



N. Madelat et al.

Corrosion Science 227 (2024) 111699

30 (a) 1 (b)
25 10+
9_
20 8
£
215 w 74 r'"/_/——,
T
10- R R 6
51
5- il
0+ ; : . : ; ; 3L . ; ; ; ;
0 200 400 600 800 1000 1200 1400 0 250 500 750 1000 1250 1500
(c) t/h (d) t/h
3 1E14
1E134
i A
£ 1E124 e
§ c
- < 1E11
1_
1E104
0 T T - 1E9 T : : : : -
0 500 1000 1500 0 250 500 750 1000 1250 1500
(e) t/h t/h
20
— EA-10P
16 - — EA-20P
— EA-30P
NE 12
c
2 8| P ——
4
0l— . .
0 500 1000 1500
t/'h
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constant for all samples.

Fig. 9 presents the GDOES depth profiles for the EA-20P reference
sample (EA-20P-Ref), the sample exposed for 40 days (EA-20P-40d) and
the sample exposed for 120 days (EA-20P-120d). The sample exposed for
40 days is measured as well since the arrival time of ions at the buried
interface is determined around 40 days in ORP-EIS measurements.
Similar to EA-10P, the whole spectrum is divided in 4 zones. In zone I,
the intensity of O and C are decreasing. In zone II (transition zone), the
intensity of all the elements (except Al) has an increasing trend. In zone
III, almost all elements have constant intensities. The sputtering time
required to reach the buried interface varies in different samples due to
the difference in their thicknesses. Hence, EA-20P also has a heteroge-
nous layered structure while the thickness of zone I (the non-pigmented
layer) is smaller in EA-20P in comparison to EA-10P. Here, this layer is
being sputtered away after 25 s, which is less than 1 um. This value also
corresponds to the SEM images.

For Na and Cl, the exposed samples have higher intensities in zone I

and the initial part of the zone II. The intensity of Na is higher in EA-20P-
120d in zone I and in half of the thickness in zone II than in the other two
samples. There is no difference in the intensity of Cl in EA-20P-40d and
EA-20P-120d. In the Cl depth profile, a peak appears in zone II. The
origin of this peak remains under study. Calculation of the exact depth of
penetration for ions is difficult due to the appearance of the peak in the
Cl profile and sudden increase in the intensity of Na in zone II with in-
crease in the concentration of the pigments. The change in the sputtering
rate in zone [ and zone II also increase the complexity of the calculation.
In EA-20P, despite the layered structure of the coating, the resistivity
distribution originating from the ion diffusion is still dominating the
resistivity distribution arising from the layered structure of the coating.
Therefore, the two-layer model is still capable of following the ion
diffusion and can monitor their arrival at the buried interface. The
dominating influence of the ion diffusion over the resistivity profile is
most likely due to higher concentration of the ions penetrating the
coating, which can be confirmed by comparing the intensity of these
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Fig. 8. GDOES elemental depth profiles for EA-10P: (a) depth profile of Ba, O, C and Al; (b) depth profile of S, Mg, Ti, N and Si; (c) depth profile of Na; (c) depth

profile of CI; for the reference sample, and the sample exposed for 120 days.

ions in EA-10P and EA-20P in Fig. 8 and Fig. 9.

For the EA-30P sample (Fig. 10), the zone I is the transition zone
itself and no non-pigmented layer could be detected. Therefore, the
depth of penetration of ions can be measured more accurately. For the
sample exposed for 40 days (EA-30P-40d) and for the one exposed for
120 days (EA-30P-120d), chlorides are detected at the coating/metal
oxide buried interface. For Na, no ions are detected at the buried
interface in EA-30P-40d, while they have arrived at the interface in EA-
30P-120d. Based on GDOES depth profiles, the concentration of ions
penetrating EA-30P is higher than for other samples, as in the following
sequence: EA-30P > EA-20P > EA-10P > EA-CC. Therefore, it can be
concluded that ORP-EIS and GDOES correspond well with each other on
EA-30P.

3.3. Water uptake calculation

Water uptake of the samples is calculated from the EEC modelling
output of the ORP-EIS data (the evolution of the dielectric constant)
using the well-known linear relationship (Eq. 3) and the results are
illustrated in Fig. 11 [38,46,51]. For the initial 6 h after immersion,
instantaneous impedance data is used respecting the enhanced
non-stationarities. The dielectric constant of the coatings in the “dry

10

conditions’’, &, for each sample is estimated through the linear
regression of ¢ versus /t plots using bootstrap method with 10,000 it-
erations [52]. g, is estimated equal to 3.9 £ 0.05, 4.43 + 0.11, 6.47

+0.03, and 6.99 £+ 0.03 for EA-CC, EA-10P, EA-20P, and EA-30P,

respectively. As mentioned before, the difference in &, is most likely
coming from the change in the composition of the coatings and presence
of pigments. It’s noteworthy that in the linear mixture approach, the
water distribution is assumed uniform and the influence of swelling is
neglected. Therefore, the values obtained from this equation are an
estimation of the real water uptake. In Eq. 3, € is the dielectric constant
of the coating in “wet conditions” at each corresponding time spot, &, is
the dielectric constant of the dry coating, and e, is the dielectric con-
stant of water. @, V is thus the volumetric water uptake.
e—e.

B,V = 3

€y — &

With reference to Fig. 11, all the coatings follow a pseudo-Fickian
behaviour where a fast Fickian diffusion is followed by a slower diffu-
sion. Unlike the EA-10P, a plateau region is not detected in EA-20P and
EA-30P during the period of the measurement. On the other hand, the
value of water uptake in EA-10P and EA-20P approach each other at
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Fig. 9. GDOES elemental depth profiles for EA-20P: (a) depth profile of Ba, O, C and Al; (b) depth profile of S, Mg, Ti, N and Si; (c) depth profile of Na; (c) depth
profile of Cl; for the reference sample, the sample exposed for 40 days, and the sample exposed for 120 days.

longer exposure times. The water take-up profile of EA-CC hits a plateau
in longer exposure times and after 27 days, a sharp increase appears in
the plot. The origin of this sharp increase is still under study.

The initial Fickian behaviour is mainly restricted to the first 2 h (e
follows a linear relationship with respect to /# during this period) in all
the samples and could be modelled using Eq. 4 to extract the initial
diffusion coefficient [23,53]. The comparison of D among different
samples is shown in Fig. 12. A one-way ANOVA test demonstrates that
the slight decreasing trend evidenced is not significant and the variation
between the initial diffusion coefficients of different coatings is negli-
gible (one-way ANOVA; P > 0.05).

From the absence of the plateau region in EA-20P and EA-30P and
the highest value of @,, V for EA-30P, it can be deduced that with the
increase in the loading of pigments, water uptake is promoted. The
pigment/binder interface could possibly provide more areas capable of
hosting water, increasing the final concentration of water present in the
system. This higher water uptake in EA-20P and EA-30P can also be due
to the components of the coating leaving the matrix, e.g., entrapped
solvents, generating cavities for the further penetration of water. In
addition, the change at the coating/metal oxide buried interface trig-
gered with the change in the composition of the coating and stress built-
up should not be neglected. All these parameters may play a role in the
enhanced water uptake of the systems with higher pigmentation.
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B, V 1 ﬁexp (7ﬂ2Dt) B iexp (79ﬂ2Dt>
Dy n? 45 92 48
The pseudo-Fickian diffusion of water in glassy polymers has been

postulated to arise from the structural heterogeneities and/or structural

relaxations of the polymer [4,54]. Similar to this work, Lacombre et al.
reported a pseudo-Fickian diffusion process in an epoxy-based model
coating. They correlated this behaviour to the decrease in the available

polar groups interactions with diffusing water molecules at longer im-

mersion times resulting in a time dependant diffusion coefficient [9,10].

Concerning the evolution of D, an initial stationary regime is followed

by a transient regime where the diffusion coefficient D decreases

significantly. The third step is the stabilization of D at its minimum
value. Furthermore, Roggero et al. have shown that in a polyepoxy
varnish below Tg, a pseudo-Fickian water uptake occurs which is due to
the distribution of diffusion process such as the distribution of diffusion

coefficients in a partially plasticized sample [55].

Lacombre et al. have also investigated the influence of TiO pigments
(with maximum level of 20 wt%, PVC=7%) on the diffusion of water
and similar values of D were identified for the clearcoat and the pig-
mented coating at 30 °C during the first stage, which is in line with the
similar initial diffusion coefficient observed for the coatings under the
study. However, the difference of D between the clearcoat and

4
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pigmented coating became significant with increase in the aging tem-
perature, due to the stress built-up and resulting larger variability of
diffusion pathways [9]. Therefore, although in EA-CC, the
pseudo-Fickian diffusion may be due to the partial plasticization and/or
decrease in the available polar groups, addition of pigments expands the
non-Fickian section most likely by increasing the distribution of diffu-
sion process (diffusion pathways and/or diffusion constant) and stress
built-up.

3.4. Investigating ion diffusion mechanism

A common approach to investigate the nature of the diffusion of
liquids and solvents in polymers is to study the movement of the diffu-
sion front. Using the two-layer model, the position of the ions diffusion
front along the thickness could be monitored by subtracting the thick-
ness of the inner layer as the ion free zone from the thickness of the
coating at each time spot. The evolution of the front versus square root
of time is illustrated in Fig. 13.a. EA-20P and EA-30P show a linear
behaviour with regard to the square root of time. This behaviour char-
acterizes a Fickian diffusion of ions, all throughout the depth of the
coating [56]. In EA-10P, only the initial part follows a linear function
with t%5. After around 70 h (purple dashed line in Fig. 13), the inter-
pretation of the parameter d changes and this parameter represents the
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thickness of the inner layer of the coating with different morphology.
For EA-CC, Fickian behaviour is dominant during the first 31.7 h (or-
ange dashed line in Fig. 13). Hereafter, the movement of the front slows
down.

The correlation between the ingress front and the square root of time
is shown in Eq. 5. The value of A for the samples shown in Fig. 13 is
written inside the figure while the average value for 3 samples is
compared in Fig. 13.b.

hq, = A1% (5)

When comparing EA-20P and EA-30P that both follow a Fickian
regime, ions penetrate significantly faster in EA-30P with higher PVC. As
shown in Fig. 7, A has also higher value in EA-30P, showing higher
concentration of ions in this coating which was confirmed in GDOES
depth profiles. Comparison among EA-20P/EA-30P and EA-10P is not as
straightforward, and A could only be computed for the first 70 h.
However, in comparison to EA-CC, ion diffusion is significantly pro-
moted in pigmented coatings. It’s noteworthy that although the diffu-
sion mechanism of water in EA-30P and EA-20P deviated from Fickian
after around 2 h, the diffusion of ions is happening through a Fickian
regime till they approach the buried interface. This confirms the inde-
pendent transport behaviour of the hydrated ions in comparison to
water in these pigmented coatings. The diffusion of ions can happen
through the preferential paths formed due to the incorporation of the
pigments, such as the pigment/polymer interphase.

4. Conclusions

It was shown that the two-layer EEC model is a powerful tool in
providing information about the morphological/structural induced
electrochemical response of the coated structures. As such, the move-
ment of the ions diffusion front in different coatings was investigated in
correlation to the coating’s morphology/structure. It was found that in
coatings with distinct layered structure as illustrated by GDOES depth
profiles and SEM images, the resistivity distribution originating from
structural heterogeneities could dominate the influence of penetrating
ions on the resistivity profile. In such samples, e.g., EA-10P, the two-
layer model is limited in following the penetration of ions and rather
models the bi-layer like structure of the coating after certain time. In
more homogeneous coatings (EA-20P and EA-30P), the influence of
diffusing ions dominates the resistivity profile. Hence, the diffusion of
ions could be monitored all along thickness towards the buried interface.
Furthermore, mechanistic insights were provided regarding the elec-
trolyte transport which evidenced the different mechanism of ion
diffusion with respect to the mechanism of water diffusion. Apart from

(b)
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Fig. 13. (a): The evolution of the ingress front as a function of the square root of time; (b) The comparison between the value of the parameter A as in Eq. 5.
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EA-10P, among the EA-CC, EA-20P, and EA-30P, faster ion diffusion and
promoted water uptake was outlined with increase in PVC. Besides ORP-
EIS, GDOES could also successfully reveal the depth profile of the ions
diffusing from the electrolyte in EA-CC and EA-30P. While GDOES could
potentially provide information on the depth profile of the diffusing ions
in EA-10P and EA-20P, presence of ions in the pigment’s composition
introduced restrictions to the systems under the study. Additionally, the
combination of GDOES and SEM imaging was proved useful in gener-
ating information on the morphology/structure of the coatings to
correlate with ORP-EIS results.
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