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In the present work, an industrial polyester coil-coated steel sample was characterized by electrochemical
impedance spectroscopy. The diagrams were obtained for various immersion times in a 0.5 M Nacl solution for
three different initial states of the same coil coating (as received, dried and dried after the impedance mea-
suremenss). The aim of the study was to have a better knowledge of how the water uptake influences the coil
coating physical properties and to extract relevant parameters of the ageing processes. From the high-frequency
part of the impedance diagrams, the water uptake was calculated using a linear rule of mixtures. Two sorption
regions were observed for the dried samples suggesting the presence of porosities already filled with ambient
moisture for the as-received sample. It was shown that the water uptake was a slow process and, independently of
the initial state of the sample, a saturation plateau was never reached, even after 456 h of immersion. A time
constant, clearly visible on the phase angle of the impedance diagrams, was analysed through the dielectric
permittlvity formalism and attributed to the signature of the dielectric manifestation of the glass transition. This
time constant was shifted to higher frequencies with increasing water fracton (increasing immersion time),
consistent with a plasticization effect. This result was supported by differential scanning calorimetry measure-
ments. Finally, the data obtained for the different initial states of the coating highlighted that, even if the water
uptake was reversible, the sorption kinetics was different for the sample dried after the impedance measure-

ments. This could be of importance in the degradation process of the coil coated steel.

1. Introduction

Coil coatings materials, used in the building industry, are able to
protect the steel in outdoor environments for a long time but might be
subject to different deterioration processes such as blistering, corrosion
at cut-edges and early degradation of highly deformed regions [1,2]. The
tendency of a paint system to blistering depends on several parameters,
including surface contaminations, bulk properties of the polymer and
interactions at the metal/polymer interface [3-5]. The environmental
conditions, such as humidity and exposure to UV, also have an effect on
blistering appearance [6,7]. Polymer adhesion to the metal substrate,
and more particularly wet adhesion, is envisaged to have a primary role
on the blistering appearance [4,3-11]. Water uptake is also considered
to play an important role on the coating degradation. Water uptake can
be determined from gravimetry or electrochemical impedance spec-
troscopy [12-15]. Infrared spectroscopy can also be used to analyse
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water transport [16,17]. To calculate the water uptake from the high
frequency part of the impedance diagrams, the Brasher and Kingsbury
equation is often used [13] but this equation is known to overestimate
water uptake values compared to gravimetric measurements [13,
18-21]. In various studies, a linear rule of mixture showed that the
obtained values were consistent with those obtained from gravimetry
[20-22]. One of the main advantages of using impedance data instead of
gravimetry is the continuous monitoring of the water uptake without the
need to remove the samples from the electrolytic solution.

Water penetration within a thermoset coating is a complex process
which occurs at different scales [23,24]. The most frequently mentioned
is the water penetration through preferential pathways, such as pores or
low cross-linked areas of the polymer [24-28]. Water sorption into the
polymer matrix is governed by interactions between water and some
specific segments or groups in the polymer and by the available free
volume [23,29,30]. These interactions modify the polymer’s mobility (i.



e. the glass transition [31-33]) over immersion time and more particu-
larly its mechanical [34] and dielectric properties [35]. More than the
amount of water intake in the polymer, the ability of a coating to
completely desorb water rapidly and without significant changes seems
to enhance its durability [36,37]. The water uptake within the coating
can induce a plasticization of the polymer which can switch from the
vitreous state to the rubbery state, changing water sorption mechanism,
and allowing an increase in water content [19,32,38]. The glass tran-
sition is usually investigated through differential scanning calorimetry
(DSC), dynamic mechanical analysis (DMA), or broadband dielectric
spectroscopy (BDS) [32,39,40].

Moreover, different effects can be induced by water uptake on the
coatings, such as swelling, water accumulation at the metal/polymer
interface and mechanical stress in the coating [41-43]. These phe-
nomena can provoke blistering through loss of adhesion and/or corro-
sion development [3,5,11,44]. The ionic transport within the polymer
may also have an effect on its anti-corrosive performance. The kinetics of
diffusion of oxygen and water within the coating are too fast to be the
limiting factor in the appearance of corrosion [25,35,45]. Some authors
assumed that the limiting factor should be the diffusion of ions to the
metal/coating interface [25,35].

Electrochemical impedance spectroscopy (EIS) also allows several
relevant parameters of the coating to be extracted over the whole
duration of the experiments [15,46-48]. The barrier properties of the
coating can be assessed through the low frequency impedance modulus.
This value is often used to rank different organic coatings, the higher its
value the better the barrier properties are supposed to be [25,37,46].
The impedance diagrams sometimes display modifications with
increasing immersion time and appearance of new time constants, which
could be linked to changes in the polymer properties. Some authors have
discussed these time constants to be the manifestation of heterogeneities
in water sorption within the coating (low cross-linked areas, for
example) [45], and other authors, as the appearance of a swelling
gradient [49]. More recently, the presence of a time constant associated
with the dielectric manifestation of the glass transition (marker of the
molecular mobility) has been shown from EIS data [21,39].

The aim of the present work is to have a better knowledge of the
initial steps which control the degradation process of coil coated steel
and more particularly, to analyse the influence of water ingress on the
physical structure of the coil coating in order to identify relevant pa-
rameters of the ageing process. To achieve this goal, an industrial
polyester coil coated steel was characterized by EIS. Three different
initial states of the coil coating were considered. The impedance dia-
grams were obtained for various immersion times in a 0.5 M NacCl so-
lution. An approach combining conventional impedance spectroscopy,
dielectric spectroscopy (Cole-Cole analysis) and calorimetry (T; mea-
surement) was proposed.

2. Experimental

2.1. Coil coated sample

The commercial coil coating was composed of a galvanized steel
(hot-dip galvanized steel with a zinc coating of 275 g/m?) on which a
chromium-free primer and a topcoat were deposited. Both polymer
layers were based on polyester (PES) chemistry with a thickness of 5 pm
and 20 um for the primer and the topcoat, respectively. The primer wasa
polyester/melamine/epoxy system with a total pigment volume con-
centration (PVC) of 18 %, containing phosphates as inhibitive pigments.
The topcoat was a polyester/melamine system with a total PVC of 22 %.
A surfacetreatment, based on Ti and Zr chemistry was applied before the
primer deposition.

2.2. Electrochemical impedance spectroscopy

Impedance measurements were performed by using the Paint Cell

Test (from Gamry). The coil-coated sample constituted the working
electrode while a graphite rod acted as both counter and reference
electrodes (two electrode configuration). The advantage of this config-
uration is to measure impedance at high frequencies without artefacts
linked to the use of a reference electrode. The measurements were car-
ried out using a Gamry REF600 apparatus. The impedance diagrams
were obtained every 2 h for 72 h and then, once a day for 16 days, for a
total immersion time of 456 h (19 days), over a frequency range of 100
kHz to 0.01 Hz with 8 points per decade. An additional series of ex-
periments was performed in a reduced frequency range (100 kHz to 1
Hz) every 90 s during the first 72 h. All the diagrams were obtained with
a 20 mVyys sinusoidal voltage perturbation at a potential of 0 V versus
the reference electrode to avoid capacitive drift of the open circuit po-
tential during the first hours of experiment [50]. The application of an
arbitrary potential is possible here due to the absence of corrosion. The
electrochemical cell was placed in a Faraday cage. The measurements
were carried out in a 0.5 M NaCl solution at room temperature. The
surface area of the coil coated material in contact with the electrolyte
was 14.6 cm?. The impedance results are shown for a single sample but
they are typical of the studied coil coating. The margins of error were
calculated from student’s law on the standard deviation for three rep-
licates and for a confidence interval of 95 %.

2.3. Exposure conditions

Three different states of the coil coating were studied through EIS
measurements. The first series of experiments was conducted on the as-
received sample, referred in the following as “as-received”. The as-
received coil coating was stored at room temperature under less than
50 % relative humidity over about one year. The second series of EIS
measurements was performed to study the effect of an ageing process on
the coating. The as-received sample was dried for 16 h at 60 °C (referred
in the following as “Dry 1st imm.”). Impedance diagrams were obtained
on the dry sample during 19 days of immersion in the 0.5 M NaCl so-
lution. Then, the experiment was stopped; the sample was removed from
the exposure to the electrolytic solution and dried at 60 °C for 16 h.
Then, EIS measurements were performed again for 19 days of immersion
in the NaCl solution (referred in the following as “Dry 2nd imm.”).

Different drying protocols were tested and thermogravimetric anal-
ysis (TGA) was performed on the as-received sample. No significant
mass loss (below 1 %) was noticed during 16 h at 60 °C by the TGA
measurements (results not shown). The temperature of 60 °C corre-
sponds to the lowest temperature to avoid the influence of drying on the
polymer structure and 16 h corresponds to a sufficient time to remove
water.

2.4. Differential scanning calorimetry

DSC experiments were carried out with a TA Instruments Discovery
DSC 250 apparatus under inert atmosphere (He). A heating ramp from
-60 °C to 130 °C was performed at a heating rate of 20 °C/min. The
coating was taken from a coil coated plate with a metallic tool, taking
care to scrape both the primer and the top coat whilst avoiding metallic
part of the galvanized steel substrate. The different initial states of the
coil coating were prepared with coating’s fragments: the as-received
state was characterized as it was sampled; the "Dry 1st imm." sample
was exposed 16 h at 60 °C before the DSC experiment; for the "Dry after
19 days of immersion" sample, some fragments of the as-received sample
were immersed 19 days in a 0.5 M NaCl solution, then dried for 16 h at
60 °C before being tested. The coating fragments (around 20 mg) were
sealed in standard aluminium pans. The glass transition temperature
(Tg) was determined at the midpoint of the associated heat capacity
jump.



3. Results

First, DSC measurements were performed to characterize the phys-
ical structure of the polyester through its glass transition temperature for
the as-received sample and in the dry states. Then, from the impedance
diagrams recorded for increasing immersion times in the NaCl solution,
the water uptake was calculated for the three initial states of the coil
coating and the modification of the impedance diagrams was discussed
by taking into account the water uptake and the glass transition.

3.1. Physical structure of the coil coatings

The thermograms of the first heating ramps were obtained for the
three initial states of the coil coating (the as-received and the two dry
samples) and they are compared in Fig. 1.

The T of the as-received sample is 21 + 1 °C whereas the T of the
two dry samples is identical and the value is 25 + 1 °C. For the as-
received sample, an endothermic event beginning at 40 °C is associ-
ated with evaporation: it indicates the presence of water in this sample,
which acts as a plasticizer. It is confirmed by the Tg value which is lower
than for the dry samples (AT; 4 °C). Foster et al. [32] have reported a
10 °C decrease of T on a polyester with a variation of relative humidity
from 20 % to 80 %. Thus, the presence of water in the polymer network
can reasonably be attributed to the storage conditions. Furthermore, the
fact that the Ty of the dry samples are similar might indicate that the
electrolyte penetration (19 days of immersion in the NaCl solution)
would not induce chemical ageing of the polymer.

3.2. Electrochemical impedance results and water uptake

Fig. 2 presents some examples of the impedance spectra (Bode plots)
for the as-received coil coating after 24, 168 and 456 h of immersion in a
0.5 M NaCl solution.

For the three immersion times, the curves of the impedance modulus
(|Z) are almost superimposed and characterized by a capacitive
behaviour (straight line) indicating that the coil coating is little altered
during the 456 h of immersion in the NaCl solution. The values of the
impedance modulus at low frequency, higher than 10'° Q cm?, suggest
excellent barrier properties of the coating [25,37,51,52]. In Fig. 2, it can
be seen that the phase angles remain high (between 78° and 88° over the
whole frequency range) in agreement with the capacitive behaviour
observed for the impedance modulus. Thus, the diagrams obtained for
the coil-coating are representative of an intact coating, which could be
classically modelled by a simple equivalent circuit: the electrolyte
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Fig. 1. DSC thermograms of the coil coating for three different initial states: as-
received (continuous line), dried for 16 h at 60 °C (dashed line) and dried for 16
h at 60 °C after 19 days of immersion in a 0.5 M NaCl solution (dotted line).
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Fig. 2. EIS diagrams (Bode plots) obtained for the as-received coil coating after
24, 168 and 456 h of immersion in the 0.5 M NaCl solution.

resistance (at high frequency) in series with the coating capacitance. The
coating resistance and the time constant at low frequency cannot be
determined in the measurement range, whatever the immersion time.
However, some changes can be noticed on the curves of the phase angle.
From 6 h of immersion, a new time constant, superimposed to the phase
angle decrease, can be identified. It shifts towards higher frequencies
when the immersion time increases. The presence of two time constants
on the impedance diagrams might be linked to the development of
corrosion at the metal/coating interface but, the observed modifications
can be only clearly visualised by using a magnification of the phase
angle plot. This makes the hypothesis of a corrosion process unlikely.
Moreover, there is no trace of blister or corrosion seen by naked eye. As
already discussed in previous papers [21,39], the presence of such a time
constant could represent a parameter of the coil coating material
evolving through immersion time due to the water uptake. The analysis
of this new time constant will be described in Section 3.3.

Then, the impedance diagrams were obtained for the dry samples
during immersion in the 0.5 M NaCl solution. The diagrams obtained
after 48 h and 336 h of immersion are reported in Fig. 3 and compared
with those obtained for the as-received sample. The three samples pre-
sent similar responses with a capacitive behaviour on the impedance
modulus and the presence of the two time constants (Fig. 3a and b)
which depend on the initial state of the sample. After 48 h of immersion
(Fig. 3a), there is a noticeable frequency shift of the time constant, of
about 1 decade between each curve. After 338 h of immersion (Fig. 3b),
the three curves are quite similar, except a slight difference for the “Dry
2nd imm.” sample. This evolution will be studied in details in Section
3.3.

The water uptake was determined from the high-frequency part of
the impedance data. The real part of the coating permittivity, ¢ (f), was
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Fig. 3. EIS diagrams (Bode plots) obtained after 48 h (a) and 336 h (b) of immersion in the 0.5 M NaCl solution for the three initial states of the coil coating: as-

received, dry and dry after 19 days of immersion in the 0.5 M NaCl solution.

first calculated thanks to Eqs. 1 and 2 [40].
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Where Z'(f) is the imaginary part of the impedance at a given frequency,
£, |Z| is the impedance modulus, ¢ is the vacuum permittivity, A is the
surface area in contact with the electrolyte (14.6 cmz) and [ the coating
thickness (25 pm). The dielectric permittivity was calculated for
different frequencies in the high frequency range and similar values of
the water uptake were obtained. Thus, the permittivity values obtained
at 60 kHz were used in the following.

Fig. 4 shows the permittivity variation as a function of the immersion
time in the 0.5 M NaCl solution for the three initial states of the coil
coating. In Fig. 4a, the time scale is linear. A quick increase of the
permittivity can be observed during the first hours of immersion, fol-
lowed by a slower increase for longer immersion times. Independently of
the initial state, the coil coating permittivity does not reach a steady
state value within the 456 h of the experiment. The first hour of im-
mersion induces 26, 71 and 78 % of the total permittivity variation
(during 456 h), for the as-received, the Dry 1st imm. and the Dry 2nd
imm. samples, respectively. Thus, for the dry samples, the permittivity
increase is mainly observed at the beginning of immersion. It can be
assumed that the permittivity variation during immersion in the elec-
trolytic solution is associated with water uptake (the permittivity of
water (80 at room temperature [13]) is one order of magnitude higher
than that of organic coatings). Thus, the curves of permittivity (Fig. 4a)
can be analysed as water sorption curves [53]. The sorption curve for the
as-received sample was fitted with a power-law as a function of the
immersion time according to Eq. 3.

e €@ 0)+ar 3)

Where a is a constant (here 0.12 for the as-received sample) and n is an
exponent associated with the diffusion mechanism.

The exponent n, determined for the as-received sample, is equal to
0.2. The water sorption can be qualified as “less-Fickian” [54] compared
to typical Fickian diffusion (n  0.5) governed by the water concen-
tration gradient [11,12,55]. The physical mechanisms behind “less--
Fickian” diffusion are not clear but has been already observed for
chlorinated rubber and acrylic paints [56], and for different materials
such as semi-interpenetrating polymer networks [54]. Perez et al. [56]
attributed it to interactions of water molecules with the coating and not
taken into account when applying the Fick’s law.

The permittivity values were plotted as a function of the immersion
time to the power n (Fig. 4b) for the three initial states of the coil
coating. For the as-received sample, the permittivity variation displays a
linear behaviour (straight line). For the dry samples, the power-law
equation (with n 0.2) did not allow the experimental data to be
correctly adjusted throughout the whole duration of the experiment.
However, two linear parts can be obtained. For short immersion times, a
fast increase (region I) and then, for longer immersion times, a slow
increase of the permittivity are observed (region II). The vertical dotted
line in Fig. 4b separates the two regions at about 1 h of immersion. The
extrapolation to t 0 of the first region (t < 1 h) gives the real
permittivity of the sample before immersion (¢'(t  0)). The extrapo-
lated permittivity values are 5.0 for the as-received sample and 4.7 for
both dry samples. Thus, for the dry samples, the same initial permittivity
value indicates an identical initial state.

Then, the water uptake was calculated with a linear rule of mixture
(Eq. 4) taking into account the coating (polymer matrix, fillers and ad-
ditives) and the adsorbed water [20-22].
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In Eq. 4, ¢(t) is the water uptake (vol.%), €’(t) is the real part of the
permittivity of the coating determined by EIS, ¢’(t 0) is the coating
permittivity before the immersion and ey, is the water permittivity at
room temperature (80 [13]). The water uptake values are reported in
Fig. 5.

The as-received sample displays a continuous linear increase of
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Fig. 4. Real part of the permittivity (¢) as a function of the immersion time in
the 0.5 M NaCl solution for the three initial states of the coil coating: as-
received, dry and dry after 19 days of immersion in the 0.5 M NaCl solution.
(a) Immersion time with a linear scale and (b) Immersion time to the power of
0.2. The dotted line separates the two regions of the water uptake: (I) fast and
(ID) slow. €'(t =0) are determined by linear extrapolations of the region I
(dashed lines).

water uptake which reaches a value of 0.64 vol.% after 456 h of im-
mersion. For the dry samples, two regions are observed in Fig. 5. The
first one (region I) corresponds to a quick increase of the water uptake,
to approximately 1.00 vol.% and 1.15 vol.% within 1 h for the 1st and
2nd immersion of the dry samples, respectively. Then, a much slower
increase of the water uptake of about 0.40 vol.% for 456 h is observed
(region II). Table 1 summarizes the slopes of the two water sorption
kinetics observed in Fig. 5. The slopes of the region II are almost similar
for the three samples but are an order of magnitude lower than those of
the region I.

The presence of two water sorption kinetics for the dry samples and
only one for the as-received sample can be explained through their
different initial states. The absence of the region I for the as-received
sample can be linked to the fact that this sample already contains
water prior to the experiment due to its long-term storage (one year), in
agreement with a lower Ty value (Fig. 1). Thus, region I might be
associated with the filling of macroscopic porosities in the coating (less
than 1 vol.%), whereas region II might correspond to a slower diffusion
of water within the polymer matrix at the molecular scale. For the as-
received sample, the porosities would be already filled by ambient

Immersion time / h
2 24 72 168 672

15F L T T T 7]
|1 I 0 Sa
2 1ol 3 B
=
S L
g 09 - : '
] » Q.
Soek & L R
S .
g 03L : m  As-received
i A Dry 1%imm.
I n . o Dry 2™imm. ]
00 N sl N 1 N 1 N
0 1 2 3 4
t0.2 / h0.2

Fig. 5. Water uptake as a function of the immersion time in the 0.5 M NaCl
solution for the three initial states of the coil coating: as-received, dry and dry
after 19 days of immersion. The two sorption regions are separated by a
dotted line.

Table 1
Slopes of the two water uptake kinetics obtained from linear fits in Fig. 5 (re-
gions I and II).

Initial state of the coil coating Region I (vol.%/h%2) Region II (vol.%/h%2)

As-received - 0.19 + 0.01

Dry 1st imm. 1.17 £0.01 0.16 = 0.01

Dry 2nd imm. 1.32 £ 0.01 0.11 £ 0.01
moisture.

The initial water content in the as-received sample is not known and
therefore, Eq. 4 gives a water uptake, whereas for the initially dry
samples, the water uptake is equivalent to the total water fraction. To
obtain the initial permittivity value of the as-received coating (without
water due to storage condition), the sample was dried after the imped-
ance measurements and again immersed in the 0.5 M NaCl solution.
Using the same protocol as for the dry samples, the ¢’(t  0) value of the
dry state was determined (results not shown) leading to a permittivity
value of 4.5. From this permittivity value, the calculated water fraction
in the as-received coil coating before immersion is 0.65 + 0.15 vol.%.

After 15 days (360 h) of immersion, the amount of absorbed water
for the as-received coil coating can be calculated and compared with
gravimetric measurements reported in the literature. A value of 0.60 vol.
% is extracted from Fig. 5 (360 h). To this value, the calculated water
fraction before immersion is added (0.65 + 0.15 vol.%) and a total water
uptake of 1.25 + 0.15 vol.% is obtained. This value is in agreement with
water uptake reported in the literature on a polyester paint determined
by gravimetry (1.10 vol.%) [19].

It is important to note that for the two dry samples, the water uptake
is significantly different on region II (Fig. 5). This result indicates that
the rate of water uptake accelerates: kinetics of region I have increased
by 13 %, as seen in Table 1. This suggests that previous immersions
irreversibly influenced the accessibility of water in the coating. More-
over, given the low film thickness (25 pm), the absence of a saturation
plateau during the experiments is unexpected, indicating a very slow
process. It might be partly responsible for the less-Fickian behaviour
observed in the second region of water sorption, even at long immersion
times. However, for the two dry samples, both the ¢’(t  0) values and
the Tg values were identical, meaning that no leaching and no hydrolysis
occur during the 1st and the 2nd immersion [57]. This might mean that
the degradation mechanism that facilitates water uptake occurs at a



different scale than the glass transition. The irreversible aspect of the
water sorption kinetics may be due to a rearrangement of the polymer
chains, freeing interaction sites with water. Upon re-immersion, these
sites might be stillavailable and accelerate the water ingress. On another
hand, in this study, the polymer’s volume was considered constant over
the immersion time but swelling may occur with increasing water up-
take and then may create internal stresses inside the coil coating.
Cycling in wet and dry environments or extended immersion times may
facilitate the accessibility to hydrophilic sites, at molecular scale [35,
41].

3.3. Time constant analysis

The time constant observed on the impedance diagrams (Figs. 2 and
3) was analysed with an approach previously described [21,39]. The
impedance data were converted to the imaginary part of the permittivity
thanks to Eq. 5 to emphasize dipolar phenomenon and to allow the use
of mathematical tools (from the dielectric literature [40]), such as the
Cole-Cole equation [58] (Eq. 6), to extract the corresponding time
constant 7.
e 20 ®)

27fC,|Z|

InEq. 5, £ (f) is the imaginary part of the permittivity, Z (f) the real part
of the impedance, f is the frequency, C, is the capacitance described in
Eq. 2 and |Z| is the impedance modulus of the EIS impedance. Fig. 6
presents some examples of the imaginary part of the permittivity for the
as-received coil coating after 24, 168 and 456 h of immersion ina 0.5 M
Nacl solution.

According to a procedure recently developed [21], EIS data were
fitted with Eq. 6 to Eq. 8.
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Where €, ¢, corresponds to the Cole-Cole contribution [58] to the
complex permittivity, ¢, and ¢, are the high and low frequency limits of
the relative permittivity, f is the frequency,  is the time constant, « is the
exponent which describes the broadness of the peak, ¢ is the conduc-
tivity contribution to the complex permittivity, o4 is the value of the
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Fig. 6. Imaginary part of the dielectric permittivity (¢") for the as-received coil
coating after 24, 168 and 456 h of immersion in the 0.5 M NacCl solution.

direct current conductivity of the coil coating and n is a non-ideality
exponent.

In contrast with a previous study [39], no further mathematical
treatment was necessary to fit the experimental data because the con-
ductivity contribution is sufficiently separated from the observed time
constant. An example of the fit is displayed in Fig. 7.

The time constant 7 was extracted from the impedance data for each
immersion time in the 0.5 M NaCl solution and is reported in Fig. 8 for
the three different initial states of the coil coating.

It can be seen that the time constant decreases over immersion time,
going down two decades for the as-received and Dry 1st imm. coil
coatings and one decade for the Dry 2nd imm. For the three initial states,
the time constant does not stabilize over the 456 h of the experiment. To
investigate the origin of this time constant and because we assume that
water uptake is the primary process occurring in immersion, the time
constant was plotted as a function of the water uptake in Fig. 9.

Fig. 9 shows that the time constants of the dry samples are nearly
superimposed when represented as a function of the water uptake,
which contrasts with the difference observed when plotted versus im-
mersion time (Fig. 8). The as-received sample displays the same
behaviour as the dry samples, but shifted to lower water uptake. The as-
received sample already contains water at the beginning of the immer-
sion (estimated to 0.65 + 0.15 vol.%), which needs to be added to the
water uptake to obtain the total water fraction in the coil coating. For
the dry samples, the water uptake equals the total water fraction. In
Fig. 10, the time constant is plotted as a function of the water volume
fraction.

Fig. 10 shows that taking into account the initial water content in the
as-received sample brings the time constant in the close vicinity of those
of the dry samples. In Fig. 10, the error margins on the initial water
content in the as-received sample allows considering the three initial
states to be within the same uncertainty range. This implies that the
phenomenon associated with the time constant is reversible and mostly
depends on the water fraction absorbed by the coil coating.

4. Discussion

The time constant extracted from the impedance diagrams decreases
over increasing water content in the coating (Fig. 10). No signs of
corrosion or blistering were observed upon visual inspection of the
samples. Moreover, a defective sample displaying visible corrosion signs
(not shown) allowed the measurement of both a time constant associ-
ated with corrosion and the time constant studied in this paper, indi-
cating that the two phenomena may not be linked. This suggests that the
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Fig. 7. Imaginary part of the dielectric permittivity (¢") for the as-received coil
coating after 168 h of immersion in the 0.5 M NaCl solution fitted with the Cole-
Cole equation (Eq. 6) and a conductivity contribution (Eq. 7).



102 T T T T T T T & T
@ As-received
A Dry 1% imm.
10"k O Dry2™imm.
A
(]
100p 4. .
A .-.
~ A a
[ A, -.
Al 2N " ]
10 20
AA
NI
AAp A .A.
: Ooo
102} i ©00000000 13
10° L—

0 100 200 300 400 500
Immersion time / h

Fig. 8. Time constant (z) as a function of immersion time in the 0.5 M NaCl
solution for the three initial states of the coil coating: as-received, dry and dry
after 19 days of immersion.
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Fig. 9. Time constant (7) as a function of water uptake for the three initial
states of the coil coating: as-received, dry and dry after 19 days of immersion.
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Fig. 10. Time constant (zr) as a function of water volume fraction for the three
initial states of the coil coating: as-received, dry and dry after 19 days
of immersion.

time constant studied here could be the dielectric manifestation of the
polymer glass transition, similarly to what was recently reported for an
epoxy varnish studied by thermally-controlled EIS [39]. Water being a
plasticizer of the coating, it is expected that its glass transition tem-
perature and the relaxation time of its dielectric manifestation decrease
[32,40]. The time constant variations are reversible regarding the
amount of plasticizer (water) incorporated within the coating. EIS is
similar to the broadband dielectric spectroscopy, which probes the
dipolar relaxations in polymers by applying a sinusoidal voltage over a
wide range of frequencies but not in immersion. The molecular mobility
modes are observed at characteristic frequencies which correspond to
relaxation times, T [59]. For the a-mode (dielectric manifestation of the
glass transition), dipoles constitutive of the main polymer chain are
probed, over distances of a few monomers only. The fact that t are
decreasing with increasing water fraction in the coil coating is consistent
with a plasticization effect [20,45,49] and equivalent to a decrease in Tg.
Unfortunately, the plasticization models based on Ty (Fox [60,61],
Kelley-Bueche [62], Simha-Boyer [63]) cannot be applied to t, and
similar models for the dielectric manifestation of the glass transition do
not appear to exist yet.

The T, determined by DSC (Fig. 1) on the as-received sample (21 + 1
°C) is close to the temperature at which the EIS experiments were made
(ambient temperature). This is incidental but may be used to further
correlate EIS and DSC. The heating rate during the DSC ramp (20 °C/
min) indeed corresponds to a characteristic frequency (or, reciprocally,
a characteristic time), as described by Hensel et al. [64]. According to
the thermograms in Fig. 1, the Ty determined experimentally in the
present work correspond to an equivalent characteristic time of 40 s.
Under the assumption that 7 is the dielectric manifestation of the glass
transition in EIS, there should be a continuity between 7 and T,. A dotted
line corresponding tot 40 s is displayed in Fig. 10 and its intersection
with the linear extrapolation of the EIS points (dashed line) indicates
that the water content of the as-received sample is 0.80 vol.%, which is
in very good agreement with the previously calculated water content
(0.65 + 0.15 vol.%) and further supports the hypothesis that the time
constant is the dielectric manifestation of the glass transition. Thus,
there is strong evidence that the time constant observed in EIS could be
the dielectric manifestation of the glass transition of the coating.
Following this time constant over time enables in situ observations of the
effect of water uptake on the glass transition of the material. An
important outcome is that the water uptake was faster after the second
drying of the coating, suggesting a rearrangement of the polymer chains
facilitating the water ingress.

5. Conclusions

Three different states of a commercial polyester coil-coated steel
were characterized by EIS during immersion in a 0.5 M NaCl solution.
First, in any case, it was shown that the impedance modulus at low
frequency was high (> 10'°Q cm?) and without significant change with
increasing immersion time, indicative of a good barrier effect of the coil
coating.

The water sorption curves revealed two regions for the dry states of
the coating: the first one corresponding to a quick increase in water
content and the second region to a much slower increase. The first region
observed on the dry samples was attributed to the filling of porosities,
easily accessible, already saturated for the as-received sample. The
second region was attributed to the diffusion of water within the poly-
mer matrix. For the three initial states, it was shown that the coating
saturation with water was not reached at the end of the test (456 h) and
the analysis of the water sorption kinetics revealed a “less-Fickian”
behaviour.

The time constant, t, extracted from the impedance diagrams was
linked to the water content within the coating and corresponds to the
dielectric manifestation of the polymer glass transition. With increasing
immersion time, T decreased due to the plasticizing effect of water. The



knowledge of this parameter can be of great interest for the assessment
of the durability of coil coatings.

It was also shown that the water uptake was faster after drying and
re-immersion which also could be animportant factor in the degradation
of the coating. However, in the present study, blistering was not
observed, even after several months of immersion. Thus, to accelerate
the degradation process, the next step will be to perform impedance
measurements for temperatures ranging from 40 to 60 °C.

The proposed approach allows an in situ analysis of both the water
uptake and its effect on the physical structure of the polyester coil
coating. The coating is not an inert material as it is considered in the
impedance data analysis through the use of equivalent electrical circuits.
This approach can be applied to study model or simplified systems and
more generally to access additional data on the link between formula-
tions and degradation mechanisms.
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