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In the present work, a commercial high solids epoxy-based paint used for the corrosion protection of steel was characterized by electrochemical impedance spectroscopy (EIS). The aim was to analyze the influence of water absorption on the physical structure of the paint, through the impedance data analysis. First, the water uptake was followed by gravimetric measurements on free-standing films as a function of the exposure time to a 0.5 M NaCl solution. Gravimetric measurements indicated a mass loss, linked to a release of a plasticizer from the formulation. This compound was dosed in the NaCl solution. The water volume fraction was also determined from the high-frequency part of the impedance diagrams, employing a linear rule of mixtures. The water fraction values obtained from the two methods were in acceptable agreement. The glass transition temperature (T g ) was determined by differential scanning calorimetry for the dry coating as well as for the coating after different immersion times in the NaCl solution. The use of the dielectric permittivity formalism allowed the mean relaxation times to be obtained from the impedance data analysis. The real part of the electrical conductivity was also considered. The variation of these parameters values as a function of the exposure time to the NaCl solution, was correlated with the T g variation. They accounted for plasticization at the beginning of immersion (water uptake) and antiplasticization for longer exposure times (plasticizer release). For the studied system, it was possible to extract parameters representative of the molecular mobility from the impedance spectra analysis and to link them to the modification of the coating's physical structure.

Introduction

Organic coatings are commonly used to protect metal surfaces against corrosion because they act as an efficient barrier by slowing down the diffusion of aggressive species (particularly water) towards the metal/paint interface. Their barrier properties are linked to various "intrinsic" parameters such as the polymer matrix, the fillers, the pigments and additives, the solvent and the coating thickness. It is acknowledged that the water absorption into coatings is an important topic [START_REF] Van Der | Moisture in organic coatings -a review[END_REF], because water penetration is an initial step in their degradation process. The water uptake is often assessed by gravimetric measurements [START_REF] Nogueira | Effect of water sorption on the structure and mechanical properties of an epoxy resin system[END_REF][START_REF] Fernández-García | Effect of hygrothermal aging history on sorption process, swelling, and glass transition temperature in a particle-filled epoxy-based adhesive[END_REF], made either on metal-supported coatings or on free-standing films [START_REF] Lendvay-Gyorik | Corrosion-protection properties of water-borne paint coatings as studied by electrochemical impedance spectroscopy and gravimetry[END_REF], and/or by electrochemical impedance spectroscopy (EIS) [START_REF] Brasher | Electrical measurements in the study of immersed paint coatings on metal. I. Comparison between capacitance and gravimetric methods of estimating water-uptake[END_REF][START_REF] Mišković-Stanković | Electrolyte penetration through epoxy coatings electrodeposited on steel[END_REF][START_REF] Van Westing | The determination of coating performance with impedance measurements -II. Water uptake of coatings[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][START_REF] Castela | Water sorption in freestanding PVC films by capacitance measurements[END_REF][START_REF] Cao-Paz | Ingress of water into organic coatings: real-time monitoring of the capacitance and increase in mass[END_REF]. Even if several papers have underlined disagreement between the water uptake values obtained from these two methods, they are still commonly used to compare the water uptake into organic coatings [START_REF] Nguyen | Determination of water uptake in organic coatings deposited on 2024 aluminium alloy: comparison between impedance measurements and gravimetry[END_REF]. The water uptake generally leads to a plasticization effect of the polymeric network, which results in a decrease in the glass transition temperature (T g ) with increasing water content [START_REF] Ellis | Interaction of epoxy resins with water: the depression of glass transition temperature[END_REF]. However, the coating physical structure modifications induced by the water absorption are rarely discussed in the literature, with regard to the electrochemical impedance response. Recently, by performing EIS at different temperatures, Roggero et al. [START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 1. Dielectric spectroscopy response in the dry state[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] have evidenced the signature of the molecular mobility on the impedance response of an epoxy varnish. They showed that water uptake was responsible for both an important shift of the manifestation of the molecular mobility towards lower temperature and an increase of the dc conductivity by three orders of magnitude compared to the dry varnish. These previous studies pointed out the importance to take into account the molecular mobility of a polymer-based paint when assessing their barrier properties.

The aim of the present work was to investigate the effect of the water absorption on the physical structure of a commercial high solids epoxy-based paint deposited on a carbon steel substrate using EIS. This paint corresponds to the complete formulation of the epoxy varnish previously studied [START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 1. Dielectric spectroscopy response in the dry state[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]. First, the evolution of the impedance https://doi.org/10.1016/j.porgcoat.2020.105729 ⁎ Corresponding author. E-mail address: nicolas.causse@ensiacet.fr (N. Caussé). (1)

Differential scanning calorimetry

Differential scanning calorimetry (DSC) measurements were carried out with a DSC 204 Netzsch apparatus under inert atmosphere (N 2 ). The coating sample (approximately 15 mg) was deposited on pierced aluminium crucibles. Two heating ramps from -40 °C to 190 °C were successively performed with a heating rate of 10 °C/min. The cooling ramps were ran at the same heating rate but were not considered in the present work. The glass transition temperature (T g ) was measured at the maximum of the derivative of the thermograms. The uncertainty on the T g determination, including repeatability on three samples, was evaluated for different ageing conditions at ± 2 °C. The T g values of the dry coating as well as those of the coating after different immersion times in the NaCl solution were compared.

Electrochemical impedance spectroscopy

Impedance measurements were performed with a conventional three-electrode cell, in which the coated sample served as the working electrode. A saturated calomel electrode and a graphite rod were used as reference and counter electrode, respectively. The working electrode surface area was 36.3 cm². All tests were performed in a 0.5 M NaCl solution. The electrochemical cell was open to air and was kept at room temperature. Electrochemical impedance measurements were carried out using a Gamry REF600 apparatus. The impedance diagrams were obtained, for exposure times ranging from 2 h to 24 weeks, under potentiostatic conditions, at the open circuit potential, over a frequency range of 100 kHz to 0.01 Hz with eight points per decade, using a 30 mV peak-to-peak sinusoidal voltage perturbation. The electrochemical cell was placed in a Faraday cage. The impedance diagrams were shown for a single coating but they were typical of the studied system. The error bars reported in the figures accounted for at least three different trials.

Results and discussion

Impedance measurements and water uptake

The coated steel was immersed in a 0.5 M NaCl solution and the impedance spectra were recorded for increasing immersion times. Some examples of the impedance spectra, in Bode coordinates, are shown in Fig. 1. First, it should be pointed out that for the entire duration of the measurements, there is no evidence of corrosion on the coating surface. The impedance diagrams are characterized by a single time constant. A transition from a resistive behaviour at low frequency (constant Fig. 1. EIS diagrams (Bode coordinates) obtained on the epoxy coating after 2 h, 24 h, 4 and 24 weeks of immersion in a 0.5 M NaCl solution.

response of the coating, immersed in a 0.5 M NaCl solution, was followed over immersion time (up to 24 weeks). In parallel, gravimetric measurements on free-standing films were performed. Then, from differential scanning calorimetry (DSC) measurements, the glass transition temperature (T g ) was determined for the dry coating as well as for the coating after various immersion times in the NaCl solution. The EIS data were analyzed through the use of the dielectric permittivity and electrical conductivity formalisms to investigate the influence of the water uptake on the molecular mobility and on the charge transport processes of the epoxy network.

Experimental

Coated samples

S235JR steel plates (200 mm × 100 mm × 3 mm) were used as substrates. The steel has the following chemical composition: C = 0.17; Mn = 1.4; P = 0.035; S = 0.035; N = 0.012; Cu = 0.55 and Fe to the balance. Before the coating application, the samples were sand-blasted presenting an average roughness (Ra) of 8 ± 1 μm.

A two-component high-solids (90 wt% solid) paint was manufactured by Peintures Maestria (Pamiers, France). It consisted of an epoxide as base and a mixture of polyamidoamines as hardener, along with fillers ( talc, b arium s ulphate, s ilica) a nd p igments ( titanium dioxide) adding up to a total pigment volume concentration (PVC) of 20%. The ratio of the pigment volume concentration to critical pigment volume concentration (PVC/CPVC) was 0.55. Additives and diluents were also added, to confer proper rheological properties to the fabrication. The coating was deposited by air spraying onto the steel surface. After curing at room temperature for 21 days, the coating thickness was measured at 200 ± 10 μm by an ultrasonic probe.

Gravimetric experiments

The mass variation was measured at room temperature (20 ± 2 °C) on free-standing films. The films have the same composition and curing conditions than the attached coating. They were deposited on a nonadherent substrate to be easily removed. Each coating sample was weighed on a Sartorius balance with a precision of 10 -5 g before immersion in a 0.5 M NaCl solution. Samples were periodically removed from the NaCl solution. Water excess from the coating surface was removed with a filter paper. The samples were weighted and immediately re-immersed in the NaCl solution. The sample mass before and after immersion are noted m 0 and m 1 , respectively. For each immersion time, at least eight samples were weighed to obtain an average value and a statistical uncertainty was estimated by means of the Student's law. The mass variation was calculated for each exposure time as: impedance modulus) to a capacitive behaviour at high frequency (decreasing power law of frequency) can be observed. This time constant is classically associated to the electrical response of the wet coating, modelled by a non-ideal RC circuit [START_REF] Van Westing | The determination of coating performance with impedance measurements -I. Coating polymer properties[END_REF].

The low-frequency impedance modulus (at 10 mHz) was extracted from the resistive plateaus and plotted as a function of immersion time in Fig. 2. At the beginning of immersion, the low-frequency impedance modulus is about 2 × 10 9 Ω cm 2 . This value decreases by about 1 decade during the first 24 h of immersion, then, it stabilizes between 24 h and 1 week. After that, an unusual continuous increase of the impedance modulus is observed for increasing immersion times. This unexpected behaviour has been previously observed in the case of waterborne systems and attributed to a complementary process occurring in the film formation (coalescence of the polymer particles activated by the immersion in an electrolytic solution [START_REF] Spengler | Corrosion protection of low toxicity paints[END_REF][START_REF] Le Pen | Structure of waterborne coatings by electrochemical impedance spectroscopy and a thermostimulated current method: influence of fillers[END_REF][START_REF] Le Pen | Characterisation of water-based coatings by electrochemical impedance spectroscopy[END_REF]).

To further analyze this anomalous behaviour, gravimetric tests were performed to follow the mass variation ( m m / 0 as in Eq. 1) of the free- standing films during immersion. The data are reported in Fig. 3. During the first 24 h of immersion, the coating mass increases of about 1.2 wt% which is attributed to the water penetration into the film.

Contrary to classical water uptake profiles [START_REF] Van Der | Moisture in organic coatings -a review[END_REF] there is no stabilization or further increase for longer immersion times. Indeed, after 24 h, the sample mass decreases linearly with the square root of the immersion time. The decrease is faster between 24 h and 4 weeks (-0.055 wt% h -0.5 ) than between 4 and 24 weeks (-0.026 wt% h -0.5 ). Fredj et al. [START_REF] Fredj | Evidencing antagonist effects of water uptake and leaching processes in marine organic coatings by gravimetry and EIS[END_REF][START_REF] Fredj | Some consequences of saline solution immersion on mechanical behavior of two marine epoxy-based coatings[END_REF] have observed similar features with gravimetric measurements. They attributed the mass decrease to a lixiviation process of an organic component of the coating.

The electrolytic solution was analyzed to quantify a possible leaching or release of coating components due to the water penetration into the coating. Benzyl alcohol, an aromatic alcohol present in the hardener composition as a compatibilizer with the epoxy resin, was identified and dosed by headspace gas chromatography/mass spectroscopy. Other components, such as retained solvent, might also leach out from the coating during immersion, but their concentrations in the electrolytic solution were considered as negligible. In the rest of this study, the term plasticizer will be used to refer to benzyl alcohol for the sake of simplicity and to emphasize its effect on the coating's properties. The data, converted in a release mass percentage referring to the initial mass, m 0 , of the dry coating, are reported in Table 1. The amount of released plasticizer continuously increases with immersion time, except for 8 weeks for which a decrease is observed. The lower amount of released plasticizer in the NaCl solution after 8 weeks could be explained by a loss of the plasticizer due to volatilization, degradation or adsorption on the cell wall.

Thus, the total mass variation (Fig. 3) is the combination of water uptake (mass increase) and plasticizer release (mass decrease). The water uptake ( m water ) was calculated as

= + m m m water total plasticizer (2)
where m total is the measured mass variation of the immersed coating (Fig. 3) and m plasticizer is the mass of released plasticizer (Table 1). The water mass fraction, determined from gravimetric measurements, corrected from the plasticizer release, is shown in Fig. 4, related to the mass of the coating (weight percent, wt%).

The water fraction increases up to 2.0 wt% during the first week of immersion, with a rapid increase (1.5 wt%) during the first 24 h. This value is in agreement with other studies on epoxy coatings [START_REF] Fernández-García | Effect of hygrothermal aging history on sorption process, swelling, and glass transition temperature in a particle-filled epoxy-based adhesive[END_REF][START_REF] Papanicolaou | Water absorption mechanism and some anomalous effects on the mechanical and viscoelastic behavior of an epoxy system[END_REF][START_REF] Starkova | Water transport in epoxy/MWCNT composites[END_REF][START_REF] Perrin | Water transport in epoxy-aliphatic amine networks -influence of curing cycles[END_REF]. After 1 week, the water fraction stabilizes due to the coating saturation. It is also worth noting that after 1 week, even if the plasticizer release continued, the water fraction was relatively stable. This would mean that water and plasticizer do not occupy the same sites in the polymer network and water does not replace the plasticizer.

The water volume fraction was also determined from the high-frequency part of the EIS spectra. For that, the complex impedance data were converted in term of complex dielectric permittivity 3), ( 4) and ( 5). 
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where ( ) is the real (or capacitive) and ( ) the imaginary (or dissipative) parts of permittivity, is the angular frequency of the applied voltage and C v the capacitance of the equivalent vacuum-filled ( v is the vacuum permittivity) parallel plate capacitor formed by two electrodes of area A (here, the area of the EIS cell) separated by the distance l (here, the coating thickness). For each immersion time, a rule of mixtures between the water and the coating can then be applied using ( ) to determine the water volume fraction. Assuming that the high-frequency response is associated to the immersed coating, the permittivity value at the highest measured frequency (100 kHz) coating is used for the calculation. It is equivalent to a vertical extrapolation on the complex-capacitance diagrams in the graphical method previously described [START_REF] Nguyen | Determination of water uptake in organic coatings deposited on 2024 aluminium alloy: comparison between impedance measurements and gravimetry[END_REF].

First, a simple linear 2-phase rule of mixtures [START_REF] Castela | An impedance model for the estimation of water absorption in organic coatings. Part I: a linear dielectric mixture equation[END_REF][START_REF] Nguyen | Determination of water uptake in organic coatings deposited on 2024 aluminium alloy: comparison between impedance measurements and gravimetry[END_REF] taking into account the coating (including polymer matrix, fillers and additives) and absorbed water was applied to the high-frequency EIS data to calculate the water volume fractions, t ( )

water v
, as in Eq. [START_REF] Mišković-Stanković | Electrolyte penetration through epoxy coatings electrodeposited on steel[END_REF] are the volume fractions of water and dry coating, water and dry coating their respective relative permittivities, and dry coating their respective densities. The water permittivity, water , was taken as a constant value of 80 [START_REF] Kaatze | The dielectric properties of water at microwave frequencies[END_REF]. The dry coating permittivity dry coating was determined at t immersion = 0, using a linear extrapolation during the first immersion times (typically the first 12 h).

The values of t ( ) water m derived from the 2-phase rule of mixtures reach a saturation plateau in the vicinity of 1 wt%. While they share the same order of magnitude with the gravimetric measurements, they are approximately two times smaller. As the plasticizer release was taken into account to correct the gravimetric measurements, but neglected in Eq. 6, a 3-phase rule of mixtures was derived (Eq. 9). This makes sense because the plasticizer has a higher permittivity than the dry coating, and its volume fraction decreases due to its release. Therefore, the 3phase rule of mixtures involves the dry coating, the plasticizer release and the water uptake. For the sake of simplicity, this 3-phase rule of mixtures can be split in two 2-phase rules of mixtures. The first one focuses on the plasticizer release and leads to the evaluation of the dry permittivity of the coating minus the released plasticizer (Eq. 8), and allows estimating the dry coating permittivity, ( )

dry coating
, which now depends on immersion time (as opposed to Eq. 6 where it is constant).
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where t )

polymer v
and polymer are respectively the volume fraction and relative permittivity of the dry coating taking into account the released amount of plasticizer.

Inserting Eq. 8 into Eq. 6 leads to the determination of 

where ( )

immersed coating
is the permittivity measured by EIS at a given immersion time,

water is a constant and t ( )

dry coating
is calculated by means of Eq. 8.

The water mass fraction obtained with the 3-phase rule of mixtures by using Eq. 9 is reported in Fig. 4. When the plasticizer release was taken into account in the rule of mixtures, a better agreement between EIS and gravimetric measurements was observed, but the water mass fraction remained lower than that obtained from gravimetry. Given the fact that behind any rule of mixtures lies the (rarely confirmed) assumption that there is no interaction between the two phases, a perfect agreement between EIS and gravimetry would be incidental. In this context, the agreement between EIS and gravimetry observed in Fig. 4 is satisfactory. The present study confirms that applying linear rules of mixtures to EIS data, although being an imperfect approach, can lead to acceptable estimations of the water fraction, and that these rules can be refined to account for additional phenomena that influence the water fraction (plasticizer release, in the present case).

Physical structure evolution

The coating was characterized by DSC measurements to investigate the modification of the physical structure of the polymeric network (i.e. glass transition that is related to macromolecular chains mobility) according to the immersion time in a 0.5 M NaCl solution. Thermograms obtained during the first heating ramp are shown in Fig. 5a for increasing immersion times. The so-called "dry sample" corresponds to the non-immersed coating. In Fig. 5b, for comparison, the first and the second ramps are shown for the dry coating and for an immersed sample (24 weeks in the NaCl solution).

The dry sample exhibits an endothermic baseline change (inflection at 53 °C). It corresponds to the glass transition temperature of the polymeric network. The endothermic peak superimposed to the T g is due to the "recovery" of the physical ageing enthalpy [START_REF] Struik | Physical aging in plastics and other glassy materials[END_REF][START_REF] Hodge | Enthalpy relaxation and recovery in amorphous materials[END_REF]. Physical ageing is associated with the instability of amorphous materials in the glassy state (non-equilibrium state) and was observed in various epoxy systems [START_REF] Montserrat | Physical aging studies in epoxy resins. I. Kinetics of the enthalpy relaxation process in a fully cured epoxy resin[END_REF][START_REF] Causse | Enthalpy relaxation phenomena of epoxy adhesive in operational configuration: thermal, mechanical and dielectric analyses[END_REF]. In the present case, physical ageing occurs during the end of the curing step, when the T g becomes higher than the storage temperature (room temperature). In this temperature region, the localized molecular mobility in the polymer network allows it to reach configurations of low enthalpy with less excess volume from inefficient packing. Above T g (Fig. 5b), the baseline is not perfectly flat, probably due to different low intensity thermal events, such as residual crosslinking and release of residual solvents or volatile substances. The second ramp (Fig. 5b) exhibits a baseline change (inflection at 56 °C), attributed to the T g with no physical ageing due to the first heating ramp above T g (rubbery state). A small intensity peak can be noticed in the [120; 160] °C temperature region: it shows that the first heating ramp up to 190 °C is not enough to evaporate all the solvents or volatiles substances from the coating.

Immersion in water significantly modifies the thermogram of the coating. From 2 h, a large endothermic peak centred around 80-100 °C can be noticed, characteristic of the evaporation of absorbed water. As the water evaporated during the first heating ramp, this peak is no longer observed on the second ramp. During the first hours, the penetration of water in the coating induces an increase of the water evaporation peak area and a decrease of the T g . The water plasticizes the polymer network and increases the molecular mobility [START_REF] Immergut | Principles of plasticization[END_REF]. The intensity of the physical ageing also decreases rapidly and disappears after 24 h (Fig. 5a). For longer immersion times, the peak area of the water evaporation stabilizes but T g increases again, and the physical ageing peak, superimposed on the T g , reappears and grows up.

From 1 week of immersion in the NaCl solution, an endothermic peak at 150 °C can be seen on the first DSC ramp and its area increases with the immersion time (Fig. 5a). It is interesting to note that the baseline changes before and after the peak, characteristic of a change in the sample weight and/or the specific heat of the sample. This peak can reasonably be attributed to the evaporation of the during heating. For the dry system or for short immersion times, this evaporation peak was difficult to detect on the first ramp because the evaporated plasticizer quantity is low and it is convoluted with other thermal events (residual cross-linking and release of residual solvents or volatile substances). As previously mentioned for the dry system (Fig. 5b), the peak is detected on the second ramp for short immersion times (up to 96 h) because of the evaporation of remaining plasticizer during the second heating. The water penetration into the coating probably induced partial plasticizer solubilization which increases the evaporation peak area during the first heating (the plasticizer evaporates more easily). After 8 weeks, it is no more detected on the second heating ramp, indicating that all the plasticizer has left the coating. This can be seen in Fig. 5b for 24 weeks of immersion.

The T g value, determined at the inflection point of the DSC thermogram, is reported on Fig. 6 as a function of immersion time. It was considered that the low extent of physical ageing did not affect significantly the T g value.

After 24 h of immersion, T g decreased by around 20 °C and reached a minimum of 37 °C. From that time onwards, T g slowly increased back towards its initial value of 54 °C, which was reached after approximately 20 weeks of immersion in the NaCl solution. This behaviour is quite similar to that of the gravimetric measurements (Fig. 3), and can be understood under the light of polymer plasticization. Over the first 24 h of immersion, water sorption is responsible for both the mass uptake (Fig. 3) and the decrease in T g (Fig. 6). The second, much slower stage, characterized by a mass loss and an increase in T g , can also be accounted for in terms of polymer antiplasticization. As the plasticizer leaches out of the coating, and does not seem to be replaced by water (Fig. 4), inter and intramolecular physical bonds are therefore allowed to form. Such bonds, at the core of the glass transition in polymers, restrict the molecular mobility and macroscopically lead to an increase in T g . It should be noted that the initial enhancement of molecular mobility as a result of water plasticization could allow the polymerization reaction to a further extent (residual crosslinking that was not achieved in the drying step). However, the absence of a significant exothermic peak on the first DSC heating ramp for the dry sample (Fig. 5b) and the limited (< 10 °C) increase in T g observed in the second heating ramp both suggest that the residual crosslinking is negligible. 

Analysis of the EIS results in light of the physical structure evolution and correlation with charge transport

In the previous two sections, the effect of immersion on the coating's physical structure was established by referring to the plasticization phenomenon in polymers. From that perspective, the EIS results were analyzed, with an approach previously described [START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 1. Dielectric spectroscopy response in the dry state[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]. This methodology consists in converting the raw impedance data to intensive, material intrinsic properties: namely the dielectric permittivity (Eqs. 3 to 5) and the electrical conductivity formalisms (Eq. 10) [START_REF] Schönhals | 1 Theory of dielectric relaxation[END_REF]. Such data representations exacerbate the coating's response, provided that the impedance does not have any contribution of electrochemical nature. In the present work, the impedance spectra (Fig. 1) display the characteristic signature of a defect-free coating: no Faradaic contribution can be detected in the spectra. For the sake of clarity, the conductivity formalism will be analyzed first, prior to the permittivity formalism. The purpose of using Eq. 10 was to emphasize charge transport processes at low frequencies, which generally take the form of frequency-independent plateaus. The obtained conductivity spectra are reported in Fig. 7, at the same four immersion times as in Fig. 1.
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The conductivity spectra (Fig. 7) look like a symmetrical image of the impedance modulus spectra (Fig. 1), but they are normalized to the sample thickness and studied area. They display frequency-independent plateaus at low frequencies and power laws (with exponents close to 1) at higher frequencies. Such a shape corresponds to the "universal" response of disordered dielectric materials [START_REF] Jonscher | The "universal" dielectric response[END_REF]. From the frequency-independent plateaus, the direct-current conductivity, σ′ dc taken at 10 mHz, was determined and plotted as a function of immersion time in Fig. 10c and will be discussed later.

The impedance spectra in Fig. 1 converted to the complex dielectric permittivity formalism (thanks to Eqs. 3 to 5) are reported in Fig. 8. The real part of the permittivity (Fig. 8a) features recognizable steps in the [0.1-10] Hz range. Such a step could be the signature of a dielectric relaxation involving the mobility of specific molecular units found in the polymer. It is generally accompanied by a peak in the imaginary part, as a consequence of the energy losses due to the mobility. At a given temperature, a dielectric relaxation happens around a (mean) relaxation time, τ, representative of the relaxing unit size. The latter are involved in the dielectric manifestation of the glass transition (α-mode).

As detailed previously [START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 2. Electrochemical impedance spectroscopy study[END_REF], in the case of EIS spectra, this peak is deeply buried in the contribution of water uptake to the charge transport phenomena, as can be seen in Fig. 8b. There are several experimental ways to overcome this kind of problems to resolve the ε″ peak (by using insulated electrodes [START_REF] Richert | Insulated electrodes for eliminating conductivity in dielectric relaxation experiments[END_REF], not applicable in EIS) as well as analytical methodology, through the use of the Kramers-Kronig relations, for instance. Applying these relations to ε′ theoretically leads to a conduction-free ε″. Numerical methods are available to compute the integral forms of the Kramers-Kronig relations [START_REF] Van Turnhout | Better resolved low frequency dispersions by the apt use of Kramers-Kronig relations, differential operators, and all-in-1 modeling[END_REF], but in the present work, a convenient yet accurate approximation [START_REF] Wübbenhorst | Conduction-free" dielectric loss de/dlnf -a powerful tool for the analysis of strong (ion) conducting dielectric materials[END_REF] was used (Eq. 11). As an example, the ε″ deriv spectrum after 1 week of immersion is provided in Fig. 9.
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After applying the Kramers-Kronig relations approximation, the loss peaks associated with the real permittivity steps become visible (Fig. 9). They are still convoluted with some conductivity contribution originating from the increase of ε′ at low frequencies (Fig. 8a) which is most likely due to the ionic nature of charge transport in this system and the associated electrode polarization effect [START_REF] Sidebottom | Ionic conduction in solids: comparing conductivity and modulus representations with regard to scaling properties[END_REF]. Nevertheless, the spectra are sufficiently resolved to be fitted, hence allowing the determination of relaxation times. A combination of an Havriliak-Negami relaxation [START_REF] Havriliak | A complex plane representation of dielectric and mechanical relaxation processes in some polymers[END_REF] and a conductivity term [START_REF] Schlosser | Evaluation method of temperature-dependent relaxation behavior of polymers[END_REF] (Eq. 12) was used to fit the spectra. As an example, the result of the imaginary permittivity spectrum after 1 week of immersion with Eq. 12 is displayed in Fig. 9. [START_REF] Ellis | Interaction of epoxy resins with water: the depression of glass transition temperature[END_REF] where α H-N and β are shape parameters, τ H-N the mean relaxation time, σ dc the direct-current conductivity and n the exponent for the lowfrequency dispersive character of conductivity. It is worth noting that in Eq. 12, σ dc is seen as an adjustable parameter only related to the residual conductivity contribution that was not "removed" by applying the Kramers-Kronig relations (as opposed to the conductivity displayed in Fig. 10c, obtained from the unmodified ε″ instead of ε″ deriv ).
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The relaxation time, τ H-N , is the main parameter looked after in the present work, as it is a marker of the coating's glass transition from a dielectric perspective. The Havriliak-Negami function (Eq. 12) involves two shape parameters, α H-N and β H-N , that respectively broadens and asymmetrizes the peak, as compared to an ideal Debye relaxation. A Debye relaxation, often found with small glass forming molecules, involves a unique relaxation time associated with a single relaxing unit, while a broadened relaxation is generally ascribed to a distribution of relaxation times. Such a distribution is associated with multiple environments surrounding the relaxing unit (polymer chain segments in the case of an α-mode), leading to a mean relaxation time. The relaxation times obtained from the permittivity-converted EIS data at various immersion times in the solution in Fig. 10b, as well as the calorimetric glass transition temperature (Fig. 10a) with a common immersion time axis. The real part of the electrical conductivity, σ′ dc taken at 10 mHz, is also represented in Fig. 10c.

The dielectric relaxation times, τ H-N , and calorimetric T g share a very similar trend with respect to immersion time. The short-term water uptake-induced plasticization explanation is consistent with the initial decrease in relaxation times. As these are a marker of the molecular mobility, they are sensitive to any process that influences. In other words, if the relaxation of polymer sequences is made easier, by a plasticization process or by increasing the temperature, it happens more quickly (τ H-N decreases). At longer immersion times, when the plasticizer slowly leaches out of the coating, the reduced mobility leads to a slower dielectric relaxation, hence the increase in relaxation times. In Fig. 10b, the relaxation time points are more scattered than the calorimetric T g ones (Fig. 10a). This is very likely due to temperature variations of up to several Celsius degrees observed in the lab where the EIS measurements were performed. They originate from morning vs afternoon cycles, seasonal changes over the course of the study, air conditioner starting or stopping. Because the molecular mobility of polymers highly depends on temperature, the relaxation times are very sensitive to small temperature changes. As an example, with that particular polymer network an approximately 40% decrease in the relaxation times was reported when raising the temperature from 20 to 25 °C [START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 2. Electrochemical impedance spectroscopy study[END_REF]. This is a matter that does not attract a lot of attention in EIS studies of polymer-based coatings, but it can significantly influence the outcome of room temperature studies over long immersion times. On the other hand, the temperature is controlled in a DSC oven by a dry nitrogen flux, so that the outcome of the measurement is not significantly affected by the external ambient conditions.

Similarly to the τ H-N points (Fig. 10b), the σ′ dc ones (Fig. 10c) are scattered, most likely due to room temperature fluctuations. The charge transport processes are enhanced during the first day of immersion and σ dc reaches a maximum around 10 -8 S/m, one decade above the first value measured around 10 -9 S/m after 2 h of immersion, and two decades above the extrapolated value at zero time (∼1.5 × 10 -10 S/m). After one week of immersion, σ′ dc starts decreasing back to its initial value (reached after approximately 20 weeks). This behaviour can once again be accounted for by the structural evolution that the coating undergoes upon immersion, because the low-frequency charge transport processes in epoxy networks are generally governed by the molecular mobility associated with the glass transition [START_REF] Pisignano | Study of the relaxation behaviour of a tri-epoxy compound in the supercooled and glassy state by broadband dielectric spectroscopy[END_REF][START_REF] Smaoui | Study of relaxations in epoxy polymer by thermally stimulated depolarization current (TSDC) and dielectric relaxation spectroscopy (DRS)[END_REF][START_REF] Jilani | Effects of curing agent on conductivity, structural and dielectric properties of an epoxy polymer[END_REF] (that was confirmed in the case of the isolated epoxy matrix of the presently studied coating [START_REF] Roggero | Thermal activation of impedance measurements on an epoxy coating for the corrosion protection: 1. Dielectric spectroscopy response in the dry state[END_REF]). The increase in molecular mobility associated with the glass transition due to the water-induced plasticization process results in an enhancement of charge transport processes. Conversely, the molecular mobility hindrance caused by the plasticizer leaching process at longer immersion times results in a decrease in the low- 

Conclusions

A commercial high solids epoxy-based paint used for the corrosion protection of steel was characterized by electrochemical impedance spectroscopy (EIS). First, the water uptake was studied for the coating immersed in a 0.5 M NaCl solution using EIS (supported films) and gravimetry (free-standing films). Gravimetric measurements revealed a mass loss attributed to the leaching of a plasticizer. The plasticizer concentration in the NaCl 0.5 M solution was determined as a function of the exposure time. The mass fraction of water uptake was corrected by taking into account the plasticizer release. The water volume fraction was also calculated from the dielectric permittivity values, extracted from the impedance data. A linear 3-phase rule of mixtures was used which involved the dry coating, the absorption of water and the plasticizer release. The water volume fraction profiles obtained from these two methods were in qualitatively good agreement. The slight difference observed could reasonably be attributed, in the one hand, to the simplifying assumptions in the equations to calculate the water volume fraction from the EIS results and, in the other hand, to the fact that EIS was performed on supported films and gravimetry on freestanding films.

From differential scanning calorimetry (DSC) measurements, a decrease and then an increase of the glass transition temperature (T g ) was observed with the immersion time in the NaCl 0.5 M solution, attributed to the water uptake (plasticization) and to the plasticizer leaching process for longer immersion time (antiplasticization). The use of the dielectric permittivity formalism allowed the impedance data to be analyzed from the molecular mobility standpoint. Mean relaxation times associated with the dielectric manifestation of the glass transition (in other words, markers of the molecular mobility) were obtained from EIS data. A very good agreement was found between the evolutions of i) T g , ii) the mean relaxation times and iii) the dc conductivity values, with respect to immersion time in the NaCl solution. This lead to the conclusion that the water uptake and plasticizer leaching processes significantly influence the physical structure which, in these epoxy systems, governs the barrier properties.

Fig. 2 .

 2 Fig. 2. Impedance modulus at 10 mHz as a function of immersion time in a 0.5 M NaCl solution.

Fig. 3 .

 3 Fig. 3. Mass variation of the coating as a function of immersion time in a 0.5 M NaCl solution. The error bars corresponding to the statistical uncertainty are smaller than the symbol size.

  rule of mixtures by means of Eq. 9, which is then converted to

Fig. 4 .

 4 Fig. 4. Water mass fraction calculated from gravimetric measurements, 2-and 3-phase rules of mixtures (EIS measurements).

Fig. 5 .

 5 Fig. 5. (a) DSC thermograms obtained on the coating after various immersion times in a 0.5 M NaCl solution (1st ramp at 10 °C/min), (b) two consecutive heating DSC thermograms (10 °C/min) for the dry coating and after 24 weeks of immersion in a 0.5 M NaCl solution.

Fig. 6 .

 6 Fig. 6. Glass transition temperature (first heating ramp) of the coating as a function of immersion time in a 0.5 M NaCl solution.

Fig. 7 .

 7 Fig. 7. Real part of the electrical conductivity spectra obtained from the EIS measurements after various immersion times in a 0.5 M NaCl solution.

Fig. 8 .

 8 Fig. 8. (a) Real part and (b) imaginary part of the coating's dielectric permittivity after various immersion times in the 0.5 M NaCl solution. The original data are the EIS measurements displayed in Fig. 1.

Fig. 9 .

 9 Fig. 9. Havriliak-Negami (with a conductivity term) fit of the derivative imaginary part of the dielectric permittivity after 1 week of immersion in a 0.5 M NaCl solution. The relaxation associated with the glass transition is represented in dotted lines and the conductivity contribution in dashed lines.

Fig. 10 .

 10 Fig. 10. Evolution of (a) the calorimetric T g as measured by DSC, (b) the relaxation time of the dielectric manifestation of the glass transition as measured by EIS and (c) the low-frequency electrical conductivity from EIS measurements, as a function of immersion time in a 0.5 M NaCl solution.

Table 1

 1 Plasticizer amount released from non-supported films immersed in a 0.5 M NaCl solution, normalized to the initial weight of the dry film.

	Immersion time	Normalized amount of
		released plasticizer
		(wt% of dry paint)
	0 h	0.00
	10 h	0.16
	24 h	0.28
	48 h	0.38
	1 week	1.37
	2 weeks	1.53
	4 weeks	1.96
	8 weeks	1.27
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