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ABSTRA CT

In the present work, an industrial polyester coll-coated steel sample was characterized by eleccrochemical in1pedance speccroscopy. The diagrams were obtained for various inlmersion cimes in a 0.5 M NaCl solution for three different initial scares of the same coll coating (as received, dried and dried after the inlpedance mea surements). The ain1 of the study was to have a becter knowledge of how the water uptake influences the coll coating physical properties and to exrract relevant paran1eters of the ageing processes. From the high-frequency part of the inlpedance 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 san1ple. It was shown chat the water uptake was a slow process and, independently of the initial scare of the sample, a saturation plateau was never reached, even after 456 h of in1mersion. A time constant, clearly visible on the phase angle of the in1pedance diagrams, was analysed through the dielecrric permittiviry formalism and arcributed to the signature of the dielectric manifestation of the glass rransition. This time constant was shifted to higher frequencies with increasing water fraction (increasing in1mersion tinle), consistent with a plasticization effect. This result was supported by differential scanning calorin1erry measure ments. Finally, the data obtained for the different initial States of the coating highlighted chat, 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 inlportance in the degradation process of the coll coated steel.

Coi! coatings materials, used in the building indust1y, are able to protect the steel in outdoor environments for a long tin1e but might be subject to different deterioration processes such as blistering, corrosion at cut-edges and early degradation of highly defo1med regions [START_REF] Prosek | A model for the release of chromate from organic coatings[END_REF][START_REF] Bastos | Effect of deep drawing on the performance of coilcoatings assessed by electrochemical techniques[END_REF]. The tendency of a paint system to blistering depends on several paran1eters, including surface contan1inations, bul.k prope1ties of the polymer and interactions at the metaVpolymer inte1face [START_REF] Funke | Blistering of paint films and filiform corrosion[END_REF][START_REF] Negele | Internal stress and wet adhesion of organic coatings[END_REF][START_REF] Zou | Localized electrochemical impedance spectroscopy for studying the degradation of organic coatings[END_REF]. The environmental conditions, such as humidity and exposure to UV, also have an effect on blistering appearance [START_REF] Prosek | Evaluation of the tendency of coilcoated materials to blistering: field exposure, accelerated tests and electrochemical measurements[END_REF][START_REF] Fedrizzi | Evaluation of accelerated aging procedures of painted galvanised steels by EIS[END_REF]. Polymer adhesion to the metal substrate, and more particularly wet adhesion, is envisaged to have a prima1y role on the blistering appearance [4,8--11]. Water uptake is also considered to play an in1po1tant role on the coating degradation. Water uptake can be detemtined from gravin1etty or electt• ochemical in1pedance spec tt•oscopy [START_REF] Naylor | Permeation properties[END_REF][START_REF] Brasher | Electrical measurements in the study of immersed paint coatings on metal. 1. Comparison between capacitance and gravimetric methods of estimating water-uptake[END_REF][START_REF] Castela | Water sorption in freestanding PVC films by capacitance measurements[END_REF][START_REF] Kendig | Basic aspects of electrochemical impedance application for the life prediction of organic coatings on metals[END_REF]. Infrared spectroscopy can also be used to analyse water tt•ansport [START_REF] Philippe | An FTIR/ATR in situ study of sorption and transport in corrosion protective organic coatings 1. Water sorption and the role of inhibitor anions[END_REF][START_REF] Ohman | In situ ATR-FTIR studies of the aluminium/ polymer interface upon exposure to water and electrolyte[END_REF]. To calculate the water uptake from the high frequency pait of the impedance diagranis, the Brasher and Kingsbmy equation is often used [START_REF] Brasher | Electrical measurements in the study of immersed paint coatings on metal. 1. Comparison between capacitance and gravimetric methods of estimating water-uptake[END_REF] but this equation is known to overestiniate water uptake values compai• ed to gravimetiic measurements [13, 18--21]. In vaiious studies, a lineai• rule of ntixture showed that the obtained values were consistent with those obtained from gravin1etty [START_REF] Nguyen | Determination of water uptake in organic coatings deposited on 2024 aluminium alloy: comparison between impedance measurements and gravimetry[END_REF][START_REF] Roggero | Correlation between the physical structure of a commercially formulated epoxy paint and its electrochemical impedance response[END_REF][START_REF] Castela | An impedance model for the estimation of water absorption in organic coatings. Part I: a linear dielectric mixture equation[END_REF]. One of the main advantages of using impedance data instead of gravimetly is the continuous monito1 i ng of the water uptake without the need to remove the san1ples from the electI-olytic solution.

Water penetration within a them1oset coating is a complex process which occurs at different scales [START_REF] Van Der | Moisture in organic coatings -a review[END_REF][START_REF] Cao-Paz | Ingress of water into organic coatings: real-time monitoring of the capacitance and increase in mass[END_REF]. The most frequently mentioned is the water peneti• ation tlirough preferential pathways, such as pores or low cross-linked ai• eas of the polymer [START_REF] Cao-Paz | Ingress of water into organic coatings: real-time monitoring of the capacitance and increase in mass[END_REF][START_REF] Mayne | The mechanism of the inhibition of the corrosion of iron and steel by means of paint, Anti Corros[END_REF][START_REF] Fedrizzi | EIS study of environmentally friendly coil coating performances[END_REF][START_REF] Mansfeld | Evalutaion of corrosion behavior of coated metals with AC impedance measurements[END_REF][START_REF] Miskovic-Stankovic | The sorption characteristics of epoxy coatings electrodeposited on steel during exposure to different corrosive agents[END_REF]. Water sorption into the polymer mati• ix is govemed by interactions between water and some specific segments or groups in the polymer and by the available free volume [START_REF] Van Der | Moisture in organic coatings -a review[END_REF][START_REF] Wind | A capacitance study of pseudo-fickian diffusion in glassy polymer coatings[END_REF][START_REF] Coniglio | Characterizing water sorption in 100 % solids epoxy coatings[END_REF]. These interactions modify the polymer's mobility (L 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 configuration is to measure impedance at high frequencies without artefacts linked to the use of a reference electrode. The measurements were carried 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 experiments 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 mV rms sinusoidal voltage perturbation at a potential of 0 V versus the reference electrode to avoid capacitive drift of the open circuit potential during the first hours of experiment [START_REF] Loveday | Evaluation of organic coatings with electrochemical impedance spectroscopy part 2: application of EIS to coatings[END_REF]. 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 2 . 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 replicates and for a confidence interval of 95 %.

Exposure conditions

Three different states of the coil coating were studied through EIS measurements. The first series of experiments was conducted on the asreceived sample, referred in the following as "as-received". The asreceived 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 solution. 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 analysis (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 corresponds 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.

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 (T g ) was determined at the midpoint of the associated heat capacity jump.

e. the glass transition [START_REF] Ellis | Interaction of epoxy resins with water: the depression of glass transition temperature[END_REF][START_REF] Foster | Controlled relative humidity testing for the characterisation of the brittle-tough and glass transition temperatures of coil coating paint films[END_REF][START_REF] Zhang | Studies of water transport behavior and impedance models of epoxy-coated metals in NaCl solution by EIS[END_REF]) over immersion time and more particularly its mechanical [START_REF] Nacher | Mechanical properties of polyester resins in saline water environments[END_REF] and dielectric properties [START_REF] Croll | Electrolyte transport in polymer barrier coatings: perspectives from other disciplines[END_REF]. 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 [START_REF] Lendvay-Gyorik | Corrosion-protection properties of water-borne paint coatings as studied by electrochemical impedance spectroscopy and gravimetry[END_REF][START_REF] Bierwagen | Studies of a new accelerated evaluation method for coating corrosion resistance -thermal cycling testing[END_REF]. 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 [START_REF] Castela | Assessment of water uptake in coil coatings by capacitance measurements[END_REF][START_REF] Foster | Controlled relative humidity testing for the characterisation of the brittle-tough and glass transition temperatures of coil coating paint films[END_REF][START_REF] Valentinelli | Evaluation of barrier coatings by cycling testing[END_REF]. The glass transition is usually investigated through differential scanning calorimetry (DSC), dynamic mechanical analysis (DMA), or broadband dielectric spectroscopy (BDS) [START_REF] Foster | Controlled relative humidity testing for the characterisation of the brittle-tough and glass transition temperatures of coil coating paint films[END_REF][START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 2. electrochemical impedance spectroscopy study[END_REF][START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF].

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 [START_REF] Brunt | Blistering of paint layers as an effect of swelling by water[END_REF][START_REF] Vosgien Lacombre | Effect of pigment and temperature onto swelling and water uptake during organic coating ageing[END_REF][START_REF] Shreepathi | Water transportation through organic coatings: correlation between electrochemical impedance measurements, gravimetry, and water vapor permeability[END_REF]. These phenomena can provoke blistering through loss of adhesion and/or corrosion development [START_REF] Funke | Blistering of paint films and filiform corrosion[END_REF][START_REF] Zou | Localized electrochemical impedance spectroscopy for studying the degradation of organic coatings[END_REF][START_REF] Van Westing | The determination of coating performance with impedance measurements-II. Water uptake of coatings[END_REF][START_REF] Souto | Imaging the origins of coating degradation and blistering caused by electrolyte immersion assisted by SECM[END_REF]. 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 [START_REF] Mayne | The mechanism of the inhibition of the corrosion of iron and steel by means of paint, Anti Corros[END_REF][START_REF] Croll | Electrolyte transport in polymer barrier coatings: perspectives from other disciplines[END_REF][START_REF] Grundmeier | Corrosion protection by organic coatings: electrochemical mechanism and novel methods of investigation[END_REF]. Some authors assumed that the limiting factor should be the diffusion of ions to the metal/coating interface [START_REF] Mayne | The mechanism of the inhibition of the corrosion of iron and steel by means of paint, Anti Corros[END_REF][START_REF] Croll | Electrolyte transport in polymer barrier coatings: perspectives from other disciplines[END_REF].

Electrochemical impedance spectroscopy (EIS) also allows several relevant parameters of the coating to be extracted over the whole duration of the experiments [START_REF] Kendig | Basic aspects of electrochemical impedance application for the life prediction of organic coatings on metals[END_REF][START_REF] Margarit-Mattos | EIS and organic coatings performance: revisiting some key points[END_REF][START_REF] Amirudin | Application of electrochemical impedance spectroscopy to study the degradation of polymer-coated metals[END_REF][START_REF] Mansfeld | Determination of coating deterioration with EIS. I. Basic relationships[END_REF]. 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 [START_REF] Mayne | The mechanism of the inhibition of the corrosion of iron and steel by means of paint, Anti Corros[END_REF][START_REF] Bierwagen | Studies of a new accelerated evaluation method for coating corrosion resistance -thermal cycling testing[END_REF][START_REF] Margarit-Mattos | EIS and organic coatings performance: revisiting some key points[END_REF]. 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) [START_REF] Grundmeier | Corrosion protection by organic coatings: electrochemical mechanism and novel methods of investigation[END_REF], and other authors, as the appearance of a swelling gradient [START_REF] Bouvet | Analysis of the non-ideal capacitive behaviour for high impedance organic coatings[END_REF]. 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 [START_REF] Roggero | Correlation between the physical structure of a commercially formulated epoxy paint and its electrochemical impedance response[END_REF][START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 2. electrochemical impedance spectroscopy study[END_REF].

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 parameters 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 diagrams were obtained for various immersion times in a 0.5 M NaCl solution. An approach combining conventional impedance spectroscopy, dielectric spectroscopy (Cole-Cole analysis) and calorimetry (T g measurement) was proposed.

Experimental

.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 2 ) 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 μm and 20 μm for the primer and the topcoat, respectively. The primer was a polyester/melamine/epoxy system with a total pigment volume concentration (PVC) of 18 %, containing phosphates as inhibitive pigments. The topcoat was a polyester/melamine system with a total PVC of 22 %. A surface treatment, based on Ti and Zr chemistry was applied before the primer deposition.

.. Electrochemical impedance spectroscopy

Results

First, DSC measurements were performed to characterize the physical 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.

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 g of the as-received sample is 21 ± 1 • C whereas the T g of the two dry samples is identical and the value is 25 ± 1 • C. For the asreceived sample, an endothermic event beginning at 40 • C is associated with evaporation: it indicates the presence of water in this sample, which acts as a plasticizer. It is confirmed by the T g value which is lower than for the dry samples (ΔT g 4 • C). Foster et al. [START_REF] Foster | Controlled relative humidity testing for the characterisation of the brittle-tough and glass transition temperatures of coil coating paint films[END_REF] have reported a 10 • C decrease of T g 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 T g 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.

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 10 Ω cm 2 , suggest excellent barrier properties of the coating [START_REF] Mayne | The mechanism of the inhibition of the corrosion of iron and steel by means of paint, Anti Corros[END_REF][START_REF] Bierwagen | Studies of a new accelerated evaluation method for coating corrosion resistance -thermal cycling testing[END_REF][START_REF] Oliveira | Ranking high-quality paint systems using EIS. Part I: intact coatings[END_REF][START_REF] Kendig | An historical perspective on the corrosion protection by paints[END_REF]. 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 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 [START_REF] Roggero | Correlation between the physical structure of a commercially formulated epoxy paint and its electrochemical impedance response[END_REF][START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 2. electrochemical impedance spectroscopy study[END_REF], 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 present similar responses with a capacitive behaviour on the impedance modulus and the presence of the two time constants (Fig. 3a andb) 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, ε ' (f), was first calculated thanks to Eqs. 1 and 2 [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF].

ε ' (f )

Z '' (f ) 2πfC v |Z| 2 (1) 
With C v ε 0 A l ( 2 
)
Where Z '' (f) is the imaginary part of the impedance at a given frequency, f, |Z| is the impedance modulus, ε 0 is the vacuum permittivity, A is the surface area in contact with the electrolyte (14.6 cm 2 ) and l the coating thickness (25 μm). 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, followed 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 immersion 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 electrolytic solution is associated with water uptake (the permittivity of water (80 at room temperature [START_REF] Brasher | Electrical measurements in the study of immersed paint coatings on metal. 1. Comparison between capacitance and gravimetric methods of estimating water-uptake[END_REF]) 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 [START_REF] Roggero | In situ study of the temperature activated kinetics of water sorption in an epoxy varnish[END_REF]. 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.

ε'(t) ε'(t

0) + at n (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" [START_REF] Bajpai | Water sorption through a semi-interpenetrating polymer network (IPN) with hydrophilic and hydrophobic chains[END_REF] compared to typical Fickian diffusion (n 0.5) governed by the water concentration gradient [START_REF] Van Westing | The determination of coating performance with impedance measurements-II. Water uptake of coatings[END_REF][START_REF] Naylor | Permeation properties[END_REF][START_REF] Bellucci | Water transport in organic coatings[END_REF]. The physical mechanisms behind "less--Fickian" diffusion are not clear but has been already observed for chlorinated rubber and acrylic paints [START_REF] Pérez | Characterisation of the barrier properties of different paint systems. Part II. Non-ideal diffusion and water uptake kinetics[END_REF], and for different materials such as semi-interpenetrating polymer networks [START_REF] Bajpai | Water sorption through a semi-interpenetrating polymer network (IPN) with hydrophilic and hydrophobic chains[END_REF]. Perez et al. [START_REF] Pérez | Characterisation of the barrier properties of different paint systems. Part II. Non-ideal diffusion and water uptake kinetics[END_REF] 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 (ε ' (t 0)). The extrapolated 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 additives) and the adsorbed water [START_REF] Nguyen | Determination of water uptake in organic coatings deposited on 2024 aluminium alloy: comparison between impedance measurements and gravimetry[END_REF][START_REF] Roggero | Correlation between the physical structure of a commercially formulated epoxy paint and its electrochemical impedance response[END_REF][START_REF] Castela | An impedance model for the estimation of water absorption in organic coatings. Part I: a linear dielectric mixture equation[END_REF].

ϕ(t) ε ' (t) ε'(t 0) ε ' H2O ε'(t 0) (4) 
In Eq. 4, ϕ(t) is the water uptake (vol.%), ε'(t) is the real part of the permittivity of the coating determined by EIS, ε'(t 0) is the coating permittivity before the immersion and ε ' H2O is the water permittivity at room temperature (80 [START_REF] Brasher | Electrical measurements in the study of immersed paint coatings on metal. 1. Comparison between capacitance and gravimetric methods of estimating water-uptake[END_REF]). The water uptake values are reported in Fig. 5.

The as-received sample displays a continuous linear increase of water uptake which reaches a value of 0.64 vol.% after 456 h of immersion. 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 T g 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 asreceived sample, the porosities would be already filled by ambient 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 impedance measurements and again immersed in the 0.5 M NaCl solution.

Using the same protocol as for the dry samples, the ε'(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.%) [START_REF] Castela | Assessment of water uptake in coil coatings by capacitance measurements[END_REF].

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. Moreover, given the low film thickness (25 μm), 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 ε'(t 0) values and the T g values were identical, meaning that no leaching and no hydrolysis occur during the 1st and the 2nd immersion [START_REF] Sørensen | Anticorrosive coatings: a review[END_REF]. This might mean that the degradation mechanism that facilitates water uptake occurs at a 

Table 1

Slopes of the two water uptake kinetics obtained from linear fits in Fig. 5 (regions I and II).

Initial state of the coil coating

Region I (vol.%/h 0.2 ) Region II (vol.%/h 0.2 )

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

ε '' (f ) Z ' (f ) 2πfC v |Z| 2 (5) 
In Eq. 5, ε '' (f) is the imaginary part of the permittivity, Z ' (f) the real part of the impedance, f is the frequency, C v 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 in a 0.5 M NaCl solution.

According to a procedure recently developed [START_REF] Roggero | Correlation between the physical structure of a commercially formulated epoxy paint and its electrochemical impedance response[END_REF], EIS data were fitted with Eq. 6 to Eq. 8.

ε * Cole Cole (f ) ε ∞ + ε s ε ∞ 1 + (j2πf τ) α (6) ε * σ (f ) j ( σ dc 2πf ε 0 ) n (7) ε * (f ) ε * Cole Cole (f ) + ε * σ (f ) (8) 
Where ε * Cole-Cole corresponds to the Cole-Cole contribution [START_REF] Cole | Dispersion and absorption in dielectrics I. Alternating current characteristics[END_REF] to the complex permittivity, ε ∞ and ε s are the high and low frequency limits of the relative permittivity, f is the frequency, τ is the time constant, α is the exponent which describes the broadness of the peak, ε * σ is the conductivity contribution to the complex permittivity, σ dc is the value of the direct current conductivity of the coil coating and n is a non-ideality exponent.

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

The time constant τ 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 immersion time (Fig. 8). The as-received sample displays the same behaviour as the dry samples, but shifted to lower water uptake. The asreceived sample already contains water at the beginning of the immersion (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.

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 associated with corrosion and the time constant studied in this paper, indicating that the two phenomena may not be linked. This suggests that the Fig. 6. Imaginary part of the dielectric permittivity (ε '' ) for the as-received coil coating after 24, 168 and 456 h of immersion in the 0.5 M NaCl solution. 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 still available 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 uptake 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 [START_REF] Croll | Electrolyte transport in polymer barrier coatings: perspectives from other disciplines[END_REF][START_REF] Brunt | Blistering of paint layers as an effect of swelling by water[END_REF].

Time constant analysis

The time constant observed on the impedance diagrams (Figs. 2 and3) was analysed with an approach previously described [START_REF] Roggero | Correlation between the physical structure of a commercially formulated epoxy paint and its electrochemical impedance response[END_REF][START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 2. electrochemical impedance spectroscopy study[END_REF]. 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 [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF]), such as the Cole-Cole equation [START_REF] Cole | Dispersion and absorption in dielectrics I. Alternating current characteristics[END_REF] (Eq. 6), to extract the corresponding time constant τ.

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 [START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 2. electrochemical impedance spectroscopy study[END_REF]. Water being a plasticizer of the coating, it is expected that its glass transition temperature and the relaxation time of its dielectric manifestation decrease [START_REF] Foster | Controlled relative humidity testing for the characterisation of the brittle-tough and glass transition temperatures of coil coating paint films[END_REF][START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF]. 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, τ [START_REF] Halary | De la macromolécule au matériau polymère[END_REF]. For α-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 τ are decreasing with increasing water fraction in the coil coating is consistent with a plasticization effect [START_REF] Nguyen | Determination of water uptake in organic coatings deposited on 2024 aluminium alloy: comparison between impedance measurements and gravimetry[END_REF][START_REF] Grundmeier | Corrosion protection by organic coatings: electrochemical mechanism and novel methods of investigation[END_REF][START_REF] Bouvet | Analysis of the non-ideal capacitive behaviour for high impedance organic coatings[END_REF] and equivalent to a decrease in T g . Unfortunately, the plasticization models based on T g (Fox [60,[START_REF] Fox | Second-order transition temperatures and related properties of polystyrene. I. Influence of molecular weight[END_REF], Kelley-Bueche [START_REF] Kelley | Viscosity and glass temperature relations for polymerdiluent systems[END_REF], Simha-Boyer [START_REF] Simha | On a general relation involving the glass temperature and coefficients of expansion of polymers[END_REF]) cannot be applied to τ, and similar models for the dielectric manifestation of the glass transition do not appear to exist yet.

The T g 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. [START_REF] Hensel | Dielectric spectroscopy and calorimetry in the glass transition region of polymers[END_REF]. According to the thermograms in Fig. 1, the T g determined experimentally in the present work correspond to an equivalent characteristic time of 40 s.

Under the assumption that τ is the dielectric manifestation of the glass transition in EIS, there should be a continuity between τ and T g . A dotted line corresponding to τ 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.

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 10 Ω cm 2 ) 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 polymer 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, τ, 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, τ decreased due to the plasticizing effect of water. The 

Fig. 1 .

 1 Fig. 1. DSC thermograms of the coil coating for three different initial states: asreceived (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).

Fig. 2 .

 2 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.

Fig. 3 .

 3 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: asreceived, dry and dry after 19 days of immersion in the 0.5 M NaCl solution.

Fig. 4 .

 4 Fig. 4. Real part of the permittivity (ε ' ) as a function of the immersion time in the 0.5 M NaCl solution for the three initial states of the coil coating: asreceived, 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 (II) slow. ε ' (t = 0) are determined by linear extrapolations of the region I (dashed lines).

Fig. 5 .

 5 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.

Fig. 7 .

 7 Fig. 7. Imaginary part of the dielectric permittivity (ε '' ) 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).

Fig. 8 .

 8 Fig. 8. Time constant (τ) 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.

Fig. 9 .

 9 Fig. 9. Time constant (τ) 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.

Fig. 10 .

 10 Fig. 10. Time constant (τ) 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.

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 an important 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 formulations and degradation mechanisms. 
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