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Abstract

:

Electrochemical impedance spectroscopy (EIS) is a widely used method for monitoring coatings because it can be done in situ and causes little damage to the coating. However, interpreting the impedance data from coatings in order to determine the state of the coating and its protective abilities is challenging. A modified version of the rapid electrochemical assessment of paint (REAP) equivalent circuit is developed here, along with a method to calculate the impedance of a circuit using matrix algebra. This new equivalent circuit and the calculation method are used to analyze EIS data obtained from a two-layer commercial organic coating system immersed in NaCl solutions with different concentrations and at different temperatures. The matrix calculation method is validated by comparing results obtained from commercial analysis software to this method for two different equivalent circuits, and the parameter values are nearly equal. Physics-based models of the equivalent circuit elements are derived and used to obtain both initial estimates for the regressions and physics-based constraints on the model parameters. These models are integrated into the regression procedure, and the corrected Akaike information criterion (AICc) is used to compare fits between the new circuit and classic equivalent circuits. The AICc values indicate the new circuit results in better fits than classic equivalent circuits used for coatings analysis.
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1. Introduction


Organic polymer coatings are commonly used to protect metal aircraft structures from corrosion. This protection can be broadly classified into three categories: a cross-linked network that provides a barrier against the ingress of electrolyte ions, such as chloride (Cl−) [1], active inhibition via a reservoir of inorganic or organometallic inhibitors, and surface hydrophobicity. While the protective characteristics of the first two categories benefit from the application of thicker coatings, the need to minimize the weight added to an aircraft constrains the overall coating thickness.



Environmental exposure of aircraft-grade polymeric coatings to ultraviolet radiation from sunlight and seawater results in coating deterioration, which is observed as a reduction in chemical cross-links and subsequent loss of mechanical properties [2]. This deterioration is characterized by a sequential progression of behaviors, including: diffusion of water and dissolved oxygen; transport of electrolyte ions; development of anodic and cathodic regions at the coating-substrate interface; onset of electrochemical reactions; chemical and hydrolysis reactions; displacement of polymer-surface bonds by water-surface bonds and accumulation of water to form blisters [3] or the formation corrosion products at the coating-oxide interface, both of which result in loss of coating-to-surface adhesion [4,5]. Because of this deterioration progression, for many commercial and military aircraft, coating system removal for inspections and mitigation actions are planned prior to the onset of corrosion damage. As the state of the coating and the underlying substrate are usually not known, these removal and repainting operations are performed on a time-based, rather than condition-based schedule. These processes generate large quantities of waste that must be properly handled and can expose workers to toxic materials [6]. Thus, from a maintenance and environmental perspective, there is much interest in reducing the number of aircraft paint removal coating operations to the minimum necessary, preferably basing these decisions on the condition of the coating.



Because coating deterioration in the early stages can be difficult to ascertain visually, other evaluation methods are used. One frequently employed technique is electrochemical impedance spectroscopy (EIS) [7]. EIS is a useful technique for monitoring coatings because the measurements can be made with little disruption [8]. However, EIS data provides only indirect evidence of the state of an organic coating system, and one of the challenges with using EIS data is assigning the correct physical interpretation to the impedance. Analyses are usually performed using equivalent circuit models with the circuit element parameter values providing insight into the state of the coating.



EIS data analysis for organic coatings has traditionally focused on determining coating resistance or capacitance as a means of assessing the state of the coating. Lee and Mansfeld [9] suggested classifying coatings as good, intermediate, or bad if the pore resistance of the coating ranged 50–500   G Ω · c   m   2    , 50–500   M Ω · c   m   2    , or 0.1–5   M Ω · c   m   2    , respectively. They based this classification on three-layer coating systems of various types applied to steel coupons and immersed in seawater for up to two years [10,11]. This approach for characterizing the state of a coating system is the most widely used.



However, for commercial aircraft coating systems, like the one studied in this work, the impedance response is dominated by the coating capacitance during most of its life cycle [12]. Water uptake by the polymer that forms the coating binder changes the dielectric properties of the coating because the dielectric constant of the polymer-water-air system is assumed to correspond to some ratio of the values, as seen in (1) [13],


    ϵ   i   =   ϵ   p       V   p     V       ϵ     H   2   O       V     H   2   O     V       ϵ   0       V   0     V       ,  



(1)




where     ϵ   i     is the dielectric constant of the polymer-air-water system,     ϵ   0     is the vacuum permittivity (  8.85 ×   10   12     A   2     s   4     m   − 3   k   g   − 1    ), and     V   i   / V   is the volume fraction occupied by a particular component. It is then assumed that changes in the dielectric constant are observed in the EIS data analysis as a change in the capacitance of the coating, though this represents an ideal scenario that does not always hold in practice [14]. The inherent assumption in the capacitance assessment is that water uptake by the polymer results in dissolved oxygen and aggressive electrolyte ion species at the coating-substrate interface. However, Scully [5] found little correlation between capacitance changes and coating deterioration for epoxy polyamide-coated steel panels immersed in ASTM standard seawater for over a year, which suggests that assessments of the state of the coating based only on capacitance are unreliable.



In this work, our focus is on incorporating multiple parameters from the EIS data analysis to determine the state of the coating system. These parameters include resistance and capacitance information along with the transport of electrolyte constituents, such as water and dissolved O2, through the coating. We propose and test a more complex equivalent circuit model for analyzing EIS data from two-layer organic coating systems. We hypothesize this model will result in improved fits to the EIS data, using the corrected Akaike Information Criterion statistic to compare equivalent circuit results instead of the more common mean-squared error statistic. Thus, the more complex equivalent circuit model with improved fitting will provide an improved understanding of the state of the coating. We also show that the governing equations that give rise to the impedance behavior provide good initial parameter estimates that can be used in the fitting procedure.




2. Materials and Methods


This section provides details on the experimental methods used to expose the aircraft coating system to environmental stressors, immersion in NaCl solutions with different concentrations and bath temperatures, the process used to perform the EIS measurements, and the theoretical framework for determining the impedance of an equivalent circuit and fitting the model circuit to the data.



2.1. Sample Prespation and Immersion


Bare aluminum alloy 2024-0 panels (Q-Lab Corporation, Cleveland, OH, USA) with dimensions 7.62 cm × 15.24 cm × 0.05 cm, were anodized (Almag Plating) on each side of the panel to thicken the native aluminum oxide and cap the oxide to enhance adhesion between the surface and the primer layer [15]. The following coating steps were performed according to the coating manufacturer’s specifications. The panels were spray coated with a water reducible epoxy primer (44GN008A; PPG Industries, Pittsburgh, PA, USA) that complied with the coating performance specification MIL-PRF-85582, Type II, Class C1, and included a barium chromate-based corrosion inhibitor, using high-volume, low-pressure (HVLP) spray equipment [16]. After 24 h, dry film thickness (DFT) measurements indicated the primer was 15.24–22.86 μm thick. Each panel was then coated with a gray (FED-STD-595 #36375) polyurethane topcoat (99GY003; PPG Industries, Pittsburgh, PA, USA) that complied with the coating performance specification MIL-PRF-85285, Type IV, using HVLP spray equipment [17]. After curing for 24 h, DFT measurements indicated the topcoats were within a range of 43.18–58.42 μm thick. The coating system was then allowed to further cure at ambient conditions, i.e., 20–22 °C, 40–60% R.H., for a minimum of 14 d before immersion. Figure 1 shows a cross-section diagram of the coating system.



Once curing was completed, electrical attachment was made to each panel and the electrical connection was then sealed using an epoxy adhesive (50112 ClearWeld, J-B Weld, Sulphyr Springs, TX, USA).



Electrolyte solutions were mixed using Type I, ultra-pure, ≥18 MΩ∙cm water (Milli-Q) and 99% pure, ACS grade, NaCl crystalline powder (Fisher Scientific, Pittsburgh, PA, USA).



Coated coupons with three replicate coupons per exposure condition were immersed in the following solutions maintained at the specified temperature:




	
Immersion in 0.01 M NaCl and saturated NaCl solutions at T = 5 °C and 60 °C;



	
Immersion in 3.2 M NaCl at 25 °C.








These immersion conditions were selected to simulate the chemistry of an equilibrated thin film electrolyte in atmospheric exposure conditions ranging from 99% to 70% RH in direct sunlight. Test coupons with coatings were placed in glass beakers that were filled with 1.5 L of the specified solution. Beakers with saturated NaCl solutions contained excess salt to ensure saturation. The beakers were covered with mylar sheets to prevent activity changes from evaporative water loss, and placed in water baths to maintain the specified temperature. The immersion times lasted for approximately 6840 h.




2.2. EIS Measurements and SEM Imaging


Prior to immersion, then approximately halfway through the immersion time, and at the end of the immersion, the coating properties of each coupon were measured using EIS. For the coupons that were immersed, each one was removed from its respective beaker, washed with Type I, ultra-pure, ≥18 MΩ∙cm water (Milli-Q, MilliporeSigma, Burlington, MA, USA), and dried with laboratory-supplied nitrogen. The glass paint test cell (PTC1; Gamry, Warminster, PA, USA) was filled with 40 mL of 0.6 M NaCl and a 3D printed plastic stopper with ports for a reference electrode and counter electrode was used to cap the cell. The exposed area of the coating system was 14.6 cm2.



The graphite rod counter electrode and saturated calomel reference electrode (SCE, Gamry) were installed through the plastic stopper so that the distance between the counter and reference electrodes and the working electrode surface was constant for each measurement. The entire assembly was placed inside a Faraday cage to minimize external electrical interference.



The EIS measurements were made in the potentiostatic configuration using a commercial potentiostat (Interface 1000; Gamry, Warminster, PA, USA) with the potential modulated ±10 mVRMS about the stable potential of the system. The frequency modulation for the potential ranged from 100 kHz to 100 mHz. The frequency values were spaced logarithmically, 10 points per decade, and averaged over 4 cycles at each frequency. The stationary criterion was met with the ±10 mVRMS perturbation, and linearity of the coupon response to the potential modulation was confirmed using the Kramers-Kronig transform utility provided with the analysis software (Echem Analyst; Gamry, Warminster, PA, USA).



Scanning Electron Microscopy (SEM) samples were created by shearing 1 cm by 3 cm small coupons from the test panel. The small coupons were mounted edge-upward in EpoFix (Struers, Cleveland, OH, USA) epoxy with a 1:1 ratio by weight of conductive nickel filler added (Buehler, Lake Bluff, IL, USA). SEM images and Energy-Dispersive X-ray Spectroscopy (EDS) line profiles were obtained using a Quattro-S environmental SEM (Thermo Fisher, Waltham, MA, USA) in high vacuum mode, operating at either 10 kV for imaging or 20 kV for EDS data collection.




2.3. Theory and Calculations


2.3.1. Review of Equivalent Circuit Modeling for Organic Coatings


The following literature review briefly summarizes important developments in the use of equivalent circuit models for analyzing EIS data obtained from organic coatings. One of its goals is to draw the reader’s attention to the increasing complexity in the equivalent circuit models used to analyze the behavior of coatings. This complexity is seen in the addition of circuit branches and circuit elements to subsequent models as researchers sought improved understanding of features seen in the data from coatings.



The classic review articles by Mansfeld [18] and Murray [19] on using EIS to evaluate coatings were based around employing the “simplified Randles circuit as nested coating defect model” to interpret the electrochemical response of barrier organic coatings exposed to corrosive electrolytes. This equivalent circuit model, shown in Figure 2e, is made up of two building blocks: the undamaged coating circuit model and the simplified Randles circuit model To maintain consistency with the earlier literature, we used the classification scheme shown in Figure 2 to identify equivalent circuit models for interpreting EIS data obtained from coatings. “Modified” describes a version of a circuit model where ideal capacitors have been replaced with constant phase elements. “Simplified” refers to an alteration from the base circuit where the diffusion element has been removed, and “extended” refers to the addition of new circuit elements to a base circuit.



The “undamaged coating circuit” model is shown in Figure 2a. For undamaged coatings, the electrochemical response to an EIS perturbation can be modeled as a resistor-capacitor circuit in series with a resistor. This circuit contains a capacitive element,     C   c    , arising from the dielectric nature of the coating, in parallel with a resistance, R1, that corresponds with the resistivity of the polymer to electrolytic conduction [20]. The resistance indicated by     R   Ω     captures conductance losses in the solution between the reference electrode and the coating surface.



Exposure of the coating system to the service, or test environment initiates solution transport through the coating. Pathways for solution transport traditionally have been assigned to the existence of coating defects, such as holidays, or micro-porosity within the polymers that make up the coating system. Wind and Lenderink [21], in their study of the pseudo-Fickian diffusion of water in polymers, noted that it is generally assumed that water permeation into an organic coating occupies the free space between the polymer chains. Coating capacitance is then a measure of the changing mixture of the different dielectric constants of polymer, free space, and water. Once the water reaches the metal-coating interface, the physical system changes again. Beaunier [22] was one of the first to propose that the electrochemical response from a coating defect could be modeled by the addition of a second RC element. This second RC element contains both the charge transfer resistance, Rct, for faradaic processes occurring at the metal-solution interface, and the electrical double-layer capacitance,     C   d l    . These processes, along with diffusion of the reacting species, are contained in the “Randles circuit model” [23], shown in Figure 2c. The “simplified Randles model” omits the diffusion process as a contributor to the impedance.



The “simplified Randles circuit as nested coating defect model”, Figure 2e, has been used extensively to interpret EIS data obtained from organic coatings on metal substrates as a means of assessing the state of the coating [24,25]. However, to address some of the shortcomings from the assumption that the electrical double-layer within the defect acted as a perfect capacitor, Kendig and colleagues substituted a constant phase element (CPE) for the double layer capacitance. This model was called the “Rapid Electrochemical Assessment of Paint (REAP) model” and is shown in Figure 2f [26]. Eventually, the capacitor elements representing both the double-layer and the coating were replaced by CPEs to improve agreement between modeled and measured spectra [27], resulting in the “modified REAP model”, shown in Figure 2g.
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Figure 2. Classification of the various equivalent circuit models used for analyzing EIS data obtained from coatings (a) Undamaged coating model [20]; (b) Modified undamaged coating model (this work); (c) Randles model [23]; (d) Modified Randles model (this work); (e) Simplified Randles circuit as nested coating defect model [22]; (f) REAP model [26]; (g) Modified REAP model [27]; (h) Extended modified REAP model (this work, but compare with the equivalent circuits found in [28]). 
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The simplified Randles circuit as nested coating defect model, and its descendants, the REAP and modified REAP models have displayed remarkable longevity as the predominant circuits for evaluating EIS data from organic coatings. This suggests that the relatively simple formulations of these models still represent much of the physical and chemical processes that give rise to the responses measured by EIS experiments. However, excluding the influence of transport processes limits the usefulness of these models for determining the state of the two-layer aircraft coating systems that were studied in this work.



Thus, we propose the “extended modified REAP model”, Figure 2h, founded on the REAP and modified REAP circuits. Like the REAP and modified REAP models, it includes resistive and capacitive elements, in the form of CPEs, but on separate circuit paths for each coating layer. It also includes bounded Warburg elements to represent transport of electrolyte constituents. We hypothesize the extended modified REAP model will provide better insight into the state of a two-layer organic coating system than the other, earlier, models.



Water-uptake by the polymers that make up the coating layers is assumed to underlie the coating behavior that gives rise to most of the equivalent circuit elements seen in the EIS data. Accordingly, in a previous work [29] we developed a numerical model of water uptake by a polymer using the variations in coating dielectric properties over the course of immersion time. That model incorporated expressions for the diffusion coefficient of water uptake as functions of the degree of water saturation of the coating, immersion time, and immersion temperature. We employed that diffusion model in this work as part of the physics-based models for the equivalent circuit element parameters.




2.3.2. Dispersion Relations for Equivalent Circuit Model Elements


Analysis of EIS data using equivalent circuits requires expressions for the dispersion relations for the equivalent circuit elements. These are, in general, straightforward. However, incorporating assumptions about the underlying physical or chemical processes that give rise to the circuit element behavior can provide initial parameter estimates or bounds on the parameter values for the regression algorithm.



Capacitance and Constant Phase Element Models


The impedance for a capacitor that consists of flat, parallel, oppositely charged surfaces, as a function of the angular frequency,   ω  , is given by (2),


    Z   c     ω   =   1   C j ω     ,  



(2)




where   C   is the capacitance obtained from (3).


  C =     ϵ   i     ϵ   0   A   d   ,  



(3)




where   A   is the exposure area and   d   is the separation between the oppositely charged regions.



Constant phase elements (CPEs) are generally characterized as non-ideal capacitors because the phase angle of their response is a constant shift that is less than    90   °  .   While the underlying mathematical basis for the CPE, arising from a distribution in the dielectric behavior of the material as a function of frequency [30], has long been accepted, the mechanisms that give rise to this behavior have been debated. There have been many attempts at understanding the physical basis for CPE behavior in the electrical double layer at the metal-electrolyte interface. Proposed explanations have ranged from microscopic surface roughness [31] causing differences in capacitance, to phenomena arising from anisotropic fields within the double-layer itself [32,33], to changes in oxide properties arising from different grain orientations of the underlying metal [34]. Hirschorn and colleagues showed that a resistivity distribution within a film can give rise to CPE behavior [35]. Schalenbach and co-authors related the resistivity distribution to ion movement in response to the decaying electric field in the double-layer, and the capacitance contributions of the CPE to charge separation and water molecule polarization [36].



The physical basis for the CPE response from organic polymer coatings has been proposed to arise from a different mechanism. The Concept of Mismatch and Relaxation (CMR) for ion migration in disordered structures by Funke and colleagues [37,38] has been proposed by Abouzari and co-authors to give rise to CPE behavior [39] for polymer coatings.



The impedance as a function of frequency for a CPE is given by (4) [40]


    Z   c p e     ω   =   1   ξ     j ω     α       ,    



(4)




where   ξ   represents a proportionality factor and   α   is the CPE exponent. The relationship between   ξ   and C, for values of   α   near 1, if the capacitor or constant phase element is part of an RC circuit, is given in (5),


  ξ =       C   R   1       α       R   1      



(5)




where   C   is the capacitance from (3), and     R   1     is the resistance of the resistive element.



The capacitance of a polymer changes as a function of water saturation. Prior work has theorized that water uptake by polymers occurs via two principal mechanisms [41]. The first mechanism is a Fickian diffusion process in which water molecules migrate and adsorb at polar sites along the polymer chains [42]. It corresponds to region I on a saturation curve, which is characterized by a steep slope indicating rapidly changing properties with time. The second mechanism is a non-Fickian transport process in which water clusters form and lead to a mixed polymer and water phase [43,44]. This corresponds to region II on a saturation curve, which is characterized by a very shallow slope indicating properties are changing very slowly with time.



Assuming the polymer can be sectioned into thin slices such that each slice has a constant capacitance, the capacitance of each slice is calculated by assuming the dielectric constant of each slice follows the Brasher-mixing law [45]. The overall capacitance can then be obtained as a series combination of individual thin-slice capacitors, as given in (6),


    1     C   c     t       =   1     A ϵ   0     ϵ   p o l y m e r       ∑  n = 1   N      Δ x     exp  ⁡          Ψ   n       ϕ   s   ln  ⁡    ϵ     H   2   O             ,  



(6)




where   N   is the number of slices of thickness   Δ x  ,     ϕ   s     is the volume fraction of water occupied at saturation, and     Ψ   n     is the saturation function of each slice, n, and is obtained from the solution to the diffusion Equation (7),


    ∂ Ψ   x , t       ∂ t   =   ∂   ∂ x       D   p o l y m e r     ∂ Ψ   x , t     ∂ x     ,  



(7)




with an initial condition where there is no water present in the coating, a constant Dirichlet boundary condition at the air-coating interface, and a Neumann boundary condition at the coating-metal interface [46]. The diffusivity of the water in the polymer is assumed to change as the mechanism for water uptake changes, with a functional form as given in (8),


      S a t u r a t i o n   R e g i o n   I :   D   p o l y m e r     t   =   D   I         S a t u r a t i o n   R e g i o n   I I :   D   p o l y m e r     t   =     D   I I             D   I I   −   D   0         D   0     ∗   e   0   −   D   I I     t     A   0         + 1   ,      



(8)




where     D   I     is a constant diffusivity in region I of the saturation curve.     D   I I     is the diffusivity in region II of the saturation curve at the end of the mixed water-polymer phase formation and     D   0     is the diffusion coefficient at the start of the phase formation process.     A   0     is a characteristic area. The expression for the change in diffusivity in (8) is in the form of an autocatalytic logistic function [47]. Solutions of the diffusion equation with a diffusivity given by (7) can be obtained numerically. Details of the solution are provided elsewhere [29] with the values for     Ψ   n    , then included in (6) to obtain the capacitance.




Resistance Models


The impedance for a resistor,     Z   R    , is dependent on the conductive geometry as indicated in (9),


    Z   R   = R =   ρ l   A   .  



(9)







The solution resistance,     R   Ω    , was estimated from (10), using the experimental cell geometry for the distance between the reference electrode and the surface,   l  , and the cross-sectional area,   A  , and the resistivity of the solution,     ρ     c   C   l   −        ,


    R   Ω   =     ρ     c   C   l   −       l   A   .  



(10)







For NaCl solutions at a given temperature and     C   l   −       concentration, the resistivity was estimated using a Padé approximant model given in (11) [48],


    ρ     C   l   −       =         0.0480 + 0.0034 T   +   6.7545 + 0.2392 T     C   l   −       1.0 +   0.2065 + 0.0013 T     C   l   −           − 1   ,  



(11)




where   T   is the temperature in Celsius and     c   C   l   −       is the chloride concentration in mol/L.



For   T =  25     °  C  ,     C   l   −     = 0.6 M  ,   A = 14.96   c   m   2    , and   l = 4   c m  , the value obtained from (11) was   3.92   Ω  . When compared with the high-frequency impedance data from the as-received and pre-treated alloys,   4.07   Ω   and   4.16   Ω  , respectively, the calculated value from the model differed from the EIS analysis value by less than 6%.



The model for the resistance of the polymer coatings employed several simplifying assumptions to abstract the complex physical processes occurring within the polymer. For water uptake in the first region of the saturation curve, the resistance of the polymers was assumed to function as two resistors in series: the wetting or saturated polymer and the dry polymer. This is represented in (12),


    R   t , p   =     ρ   e     d   e     A   +       ρ   p   d   d     A   ,  



(12)




where     d   e     corresponds to the depth of water penetration,     ρ   e     is the resistivity of the electrolyte solution,     ρ   p     is the resistivity of the polymer, and     d   d     is the remaining depth of the polymer. The two depths are related to one another by (13),


    d   d   = L −   d   e   ,  



(13)




where   L   is the coating layer thickness. The resistivity of the epoxy and polyurethane was obtained from the functional fits plotted in Figure 3a,b, respectively. The models for the resistivity changes as a function of water uptake follow the approach taken by Lutz and co-workers [49] with data from the literature [49,50].



Both volume resistivity models are exponential decay functions of the form given in (14),


  ρ =       c   1     e   −   c   2   Ψ         a   1     e     − a   2   Ψ   +   e   − b Ψ     ,  



(14)




where the saturation function,   Ψ =   ϕ     H   2   O   /   ϕ     H   2   O   s a t , 99 %     and the parameter values given in Table 1 were obtained from regression fits to the data points.




Diffusion Impedance Models


The resistance values obtained from (14) were assumed to dominate the in-phase impedance response until continuous electrolyte pathways existed between the coating-electrolyte interface and coating-oxide interface. Once these pathways were established, we assumed that the mass transport impedance arising from the transport of electrolyte species became the principal contributor to the resistance. This impedance is obtained using (15) [51], for the bounded Warburg element,


    Z   W     ω   =    2  σ    j σ      tanh  ⁡      δ  j ω     D         



(15)




where   σ   is the Warburg coefficient. Values for   σ   were obtained from (16),


  σ =   R T      2    z F     2   A       1     c   O   b      D   e f f , O      +   1     c   R   b      D   e f f , R         



(16)




where     c   O     indicates the concentration of the oxidized species,     c   R     is the concentration of the reduced species,     D   e f f , i     is the effective diffusivity of the oxidized or reduced species,   A   is the exposure area, Faraday constant,   F = 96,485   C / m o l  ,   z   is the ionic charge, and     c   i   b     represents the bulk solution concentration.



If we assume a redox reaction at the primer-pretreatment interface is the principal contribution to the Warburg coefficient, then in this case, the likely redox reactions are either oxygen reduction or water reduction. In the case of oxygen reduction, dissolved oxygen needs to diffuse from the bulk electrolyte through the coating to the oxide-coating interface, where it is reduced to form hydroxide ions. For water reduction, the water molecules participating in the water uptake process are reduced at the oxide-coating interface. While the second mechanism provides a simpler explanation, our data is insufficient to distinguish which redox reaction is occurring.



This approach differs slightly from the analysis performed by Skale and colleagues [52]. In this earlier work, a Dirichlet boundary condition was assumed at the coating-substrate interface, so the diffusion impedance was modeled as a semi-infinite Warburg element. However, to solve (7), our approach assumed a Neumann boundary condition at the oxide-coating interface, which resulted in a bounded Warburg element for the diffusion impedance. This is similar to the equivalent circuit models developed by Volmajer and colleagues [53] for the analysis of EIS data obtained during curing epoxy coatings. In our case, the presence of the two different organic polymers that make up the coating system also required the addition of a second bounded Warburg element circuit.



The average diffusivity of the electrolyte constituents inside the coating is assumed to differ from the bulk diffusivity in the electrolyte. In our case, we assumed the transport of the electrolyte components occurred only along the polymer chains. Thus, the complex shapes of filler and pigment particles, from the cross-section of the coating system shown in Figure 1 formed a solid matrix and the polymer regions were assumed to consist of a mix of solid and void space. We used the continuum approximation given in (17) [54] to relate the notional porosity of the polymer film to a Darcy-equivalent,     D   e f f      [55],


    D   e f f   =   ϵ   D   b     τ    



(17)




where   ϵ   is a measure of the porosity,     D   b     is the bulk diffusivity value, and, from the Bruggeman relation [56],   τ = 1.0 /  ϵ   . This empirical approach does neglect interactions between the electrolyte ions and the polymer structure [57]; however, it simplifies the effective diffusivity model.





2.3.3. Derivation of Conductivity Matrices for Equivalent Circuit Models


The derivation of the conductivity matrix for the modified undamaged coating equivalent circuit model starts with Kirchhoff’s current law in (18) for each branch of the circuit,


  Σ   i   k   = 0 ,  



(18)






    i   3   =   i   1   +   i   2   ,  



(19)




where     i   3     is the current flowing through     R   Ω    ,     i   2     is the current flowing through the CPE, and     i   1     is the current flowing through     R   1    .



As in most other electrical circuit analyses, the fundamental building block for determining the impedance of a circuit is Ohm’s Law. The frequency-dependent impedance of a circuit can be expressed using (20) [58],


    e   0     sin  ⁡  ω t   =     i   0     sin  ⁡  ω t + ϕ     Z   ω    



(20)




where   ω = 2 π f  ,   f   is the oscillation frequency,     e   0     is the amplitude of the sinusoidal potential oscillation,     i   0     is the amplitude of the current response, and   ϕ   is the phase shift in the current.



Using (20), expressions for the sum of the voltage drops through both pathways in the circuit are given in (21),


     v   1   =   i   3     R   Ω   +   i   1     R   1   ,                     v   2   =   i   3     R   Ω   +   i   2     Z   c p e   .   



(21)







Then using (19) to substitute for     i   3     and collecting terms results in (22),


     v   1   =   i   1       R   Ω   +   R   1     +   i   2     R   Ω   ,                     v   2   =   i   1     R   Ω   +   i   2       R   Ω   +   Z   c p e     .   



(22)







Rewriting the system of equations from (22) in matrix form results in (23),


         v   1         v   2        =        i   1         i   2               R   Ω   +   R   1       R   Ω         R   Ω       R   Ω   +   Z   c p e        ,  



(23)




where the conductivity matrix is given by (24),


  Z =        R   Ω   +   R   1       R   Ω         R   Ω       R   Ω   +   Z   c p e        .  



(24)







The circuit models shown in Figure 2 can be divided into three categories: 2, 3, and 4 pathway models. The circuits from Figure 2a–d are 2-pathway models, while the circuits from Figure 2e–g are 3 pathway models, and the circuit in Figure 2h is a 4-pathway model. The number of pathways indicates the number of rows and columns in the conductivity matrices that are constructed for the impedance calculations, and the number of rows and columns in the conductivity matrix in (24) are consistent with a 2-pathway equivalent circuit.



The modified Randles circuit is also a 2-pathway equivalent circuit. The conductivity matrix is given in (25) and was derived using a similar procedure as shown previously.


  Z =        R   Ω   +   R   1   +   Z   W       R   Ω         R   Ω       R   Ω   +   Z   c p e         



(25)







The extended modified REAP equivalent circuit model, introduced in this work, and shown in Figure 2h, is a 4-pathway equivalent circuit. This circuit was derived from the previous equivalent circuits that have been used for analyzing EIS data from coating systems. This circuit is intended to account for effects from non-ideal capacitive behavior and transport of electrolyte species in different coating layers, as well as electrochemical processes occurring at the coating-substrate interface. The conductivity matrix is given in (26).


   Z =        Z   00       Z   01       Z   02       Z   03         Z   10       Z   11       Z   12       Z   13         Z   20       Z   21       Z   22       Z   23         Z   30       Z   31       Z   32       Z   33             Z   00   =   R   Ω   +   R   t   +   Z   W   t   +   R   p   +   Z   W   p   +   R   p r e        Z   11   =   R   Ω   +   R   t   +   Z   W   t   +   R   p   +     Z   W   p   + Z   c p e   p r e        Z   22   =   R   Ω   +   R   t   +   Z   W   t   +   Z   c p e   p        Z   33   =   R   Ω   +   Z   c p e   t        Z   01   =   Z   10   =   R   Ω   +   R   t   +   Z   W   t   +   R   p   +   Z   W   p        Z   02   =   Z   20   =   Z   21   =   Z   12   =   R   Ω   +   R   t   +   Z   W   t        Z   03   =   Z   30   =   Z   13   =   Z   31   =   Z   23   =   Z   32   =   R   Ω     



(26)








2.3.4. Algorithm for Determining the Frequency-Dependent Impedance of an Equivalent Circuit Model


To determine the impedance at each frequency, the following algorithm was employed:




	
The currents flowing in each path of the circuit were calculated from (27),










  i =   Z   − 1   v .  



(27)







The solution to (27) was obtained using an LU decomposition algorithm from the mldivide function in MATLAB (R2023a, MathWorks) because the conductivity matrices are square matrices with only a few elements.



	
The M individual current components of the   i   vector from (27) were then summed to obtain the total current,      i   t    , as shown in (28),


    i   t   =   ∑  m = 0   M − 1      i   m     .  



(28)










	
Regardless of the path through the circuit, the voltage drop across each path must be the same and, for convenience, we assumed     v   m   =   e   0   = 1.0  . The complex impedance at each frequency was then obtained from (29),








  Z   ω   =     e   0       i   t     = x + j y ,  



(29)




where   x   and   y   are the calculated real and imaginary components of the impedance, respectively, and   j =  − 1   .




2.3.5. Procedure for Fitting Model Impedance to EIS Data


Fits to the experimental data were obtained by a simplex regression algorithm [59,60] coded in MATLAB (R2023a, MathWorks). The regression algorithm minimized the value of the mean squared error (MSE) between model results and experimental data. The error calculation was dependent on both the number of data points measured and the number of parameters, as given in (30) [61],


  M S E =       ∑  i = 1   N              u   i   −   x   i       x   i         2   +         v   i   −   y   i       y   i         2           N − k    



(30)




where     u   i   + j   v   i     represents one of N complex data points,     x   i   + j   y   i     represents a complex point obtained from the model, and   k   represents the number of parameters in the model.



The regression procedure was executed in the following manner:




	
Bound the upper and lower fitting parameter values to prevent non-physical results, such as negative resistances.



	
Use the simplex method to perform the regression of the equivalent circuit model to the data.



	
Generate a set of 1000 vertices in the k parameter space.



	
The first vertex uses the initial estimate parameter set.



	
The second vertex consists of the lower bound of parameter values.



	
The last vertex consists of the upper bound of parameter values.



	
The remaining vertices consist of randomly generated values spanning the range between the upper and lower bounds [61].



	
Calculate the MSE for each vertex.



	
Create the first simplex from the k+1 vertices that have the lowest MSE.



	
Start the regression and iterate using reflection, contraction, or extension on the vertex with the highest MSE in the simplex to keep or reject that vertex. This forms a new simplex.



	
Continue iterating until the convergence criterion is satisfied or the number of iterations exceeds the maximum allowed.



	
Repeat the regression 32 times. Because of the randomly formed middle vertices, this can result in different vertices in the initial simplex, which can result in a slightly different convergence. Of the 32 outcomes, select the parameter values from the simplex that resulted in the lowest MSE.











3. Results


3.1. EIS Measurements of the Initial Coating Layers


EIS measurements were made on as-received aluminum alloy panels, pretreated panels, primer-only panels, and coating system panels prior to immersion. Representative examples of these results are plotted on Bode diagrams, with the logarithm of the impedance modulus,     Z   m o d    , and phase angle,   ϕ  , as functions of the logarithm of the frequency in Figure 4. Nyquist plots are also frequently used for representing EIS data for many biological systems, especially when employing graphical analysis methods [62,63,64]. However, in the case of commercial coating systems, with impedance values in the   M Ω   to   G Ω   range, high-frequency features of the data are obscured because Nyquist plots use linear scales.




3.2. EIS Measurements of the Immersed Coatings


EIS measurements were made at the start of the exposure, timmersion = 0 h; approximately halfway through at timmersion = 2808 h; and at the end of the exposure period, timmersion = 6840 h. Representative examples of the data for all immersion conditions are shown in Figure 5. The EIS data is plotted using the Bode representation with     Z   m o d     and the phase angle plotted versus the oscillation frequency.



The EIS data was analyzed by fitting to the various equivalent circuit models found in Figure 1 using the EIS Analysis software suite written in MATLAB (Version R2023a, MathWorks). The parameters from the models were then correlated with the physical and chemical processes occurring in the coating systems.



The stationary criterion for EIS analysis was met on the coated coupons with the ±10 mVRMS perturbation. For these measurements, the linearity of the coating systems’ responses to the 28-mV peak-to-peak potential perturbation was confirmed using the Kramers-Kronig transform utility provided with the analysis software (Echem Analyst; Gamry, Warminster, PA, USA) for the potentiostat.




3.3. SEM Analysis


Figure 6 shows a cross-section of the coating system with the individual layers identified. The EDS line scan shows the relative concentrations of the various elements and provides an indication of the fillers and additives in each coating layer. The chromate inhibitor additives are found only in the primer. In this sample, the polyurethane topcoat had an average thickness of   41.9 ± 3.0   μ m  , while the epoxy primer had an average thickness of   19.9 ± 3.7   μ m  . The pretreatment layer had an average thickness of   7.9 ±   1.6   μ m  . The complex structures of the individual coating layers justified the representation of the diffusivities as effective diffusion coefficients, dependent on the tortuosity and porosity of the polymers.



Attempts to determine the sodium and chloride concentrations between the two layers, and among samples immersed in the different solutions, were inconclusive. The line scans of these elements did not show clear trends, which is likely due to the depth of the interaction volume from the electron beam.




3.4. Fits Using the Modified Undamaged Coating Circuit


The modified undamaged coating circuit model replaced the capacitor in the single RC circuit of the undamaged coatings model with a constant phase element. This circuit, from Figure 2b, was fit to the as-received oxide data, shown in Figure 4a. The fit values and MSE are given in Table 2.



Table 2 also shows values obtained from fitting the data using a commercial software package (Echem Analyst Ver. 7, Gamry, Warminster, PA, USA) and the included CPE equivalent circuit model. MSE values are included for comparison because that is the statistic the commercial software used to determine goodness of fit. The predicted impedance values for the modulus and phase for the two models are plotted in Figure 7 along with the measured data.



Comparing the circuit element values between the two models in Table 2 and visually in Figure 7 suggests that both approaches for modeling the impedance of the equivalent circuit result in similar outcomes.




3.5. Fits Using the Modified Randles Circuit


While the modified undamaged coating circuit model was effective at fitting the EIS data from the as-received AA2024, it resulted in poor fits for the other baseline EIS data shown in Figure 4b–d. For these fits, we used the modified Randles circuit model. Parameter values for this circuit were obtained by using the conductivity matrix in (25) and the fitting procedure to analyze the EIS data from the pretreated layer, the primer coating, and the topcoat.



The fit values for the circuit parameters are provided in Table 3. Table 3 also shows values obtained from fits using a commercial software package (Echem Analyst Ver. 7, Gamry) and the included CPE with diffusion circuit model. Comparisons for the predicted impedance values for the modified Randles model and CPE with diffusion equivalent circuit model are plotted in Figure 8.



Again, comparing the circuit parameter values between the two modeling approaches in Table 3 suggests that both approaches arrive at similar outcomes. However, there is a shortcoming with both approaches. The upper and lower bounds on the parameter values used in the simplex regression algorithm were arbitrarily selected rather than arising from our understanding of the physical and chemical processes at work in the coating system.




3.6. Fits Using the Extended Modified REAP Circuit


The expressions in (4) and (17) allowed us to estimate initial values for some of the circuit elements from these physics-based models. Thus, the first step in the nonlinear regression procedure was modified to the following:




	
Create an initial estimate of the equivalent circuit parameters from the physics-based models. For the baseline measurements of the as-received and pretreated samples, the charge-transfer resistance was treated as a fit parameter. These values became the initial guesses for those parameters in this procedure.



	
Solve the diffusion equation for water saturation for the given immersion time with diffusion coefficients obtained from (8).



	
Use (6) and (14) to estimate the coating layers’ capacitance and resistance, respectively.



	
Estimate the impedance of the Warburg elements from (15). We assumed the dissolved oxygen diffusivity and concentration were functions of temperature and chloride concentration and allowed the diffusion length to vary as a fit parameter.








Figure 9 shows an example comparison between the impedance obtained from the physics-based models’ initial parameter estimates and the impedance after the regression.



The results of fits using the extended modified REAP model for all immersion conditions are shown in Figure 10.



An example of the parameter values for the coating system immersed in 3.2 M NaCl at 25 °C for 2808 h is shown in Table 4.



As expected, the CPE parameter values for both coating layers are consistent with water uptake by the polymers. The water uptake increases the dielectric constants for both materials above their dry values, which results in a higher capacitance.



The     R   T     and     R   P     values approximating the pore resistances of the coating suggest that continuous electrolyte paths exist from the solution to the coating-oxide interface. However, the bounded Warburg coefficient value,     σ   P    , for the epoxy primer suggests that the primer is still providing good barrier protection for the substrate.



The effective diffusion coefficient listed in Table 4 for the topcoat is consistent with the literature values of the diffusion coefficient for water molecules in polyurethane     5.0 ×   10   − 13       m   2   / s     [65]. This value, in combination with the Warburg coefficients, suggests relatively easy transport for all electrolyte species through the polyurethane topcoat at this point in the immersion, as diffusion of O2 and H2O molecules is higher than the other species. In contrast,     D   e f f   P     in the primer layer is much lower than the expected water diffusion coefficient in epoxy     3.5 ×   10   − 13       m   2   / s     [49]. Instead,     D   e f f   P     is more consistent with Na+ or Cl− ion transport     3.1 ×   10   − 15   ,   4.7 ×   10   − 16       m   2   / s    , respectively [5]. This suggests that, for the epoxy primer, electrolyte ion transport is the principal charge carrier.



While the charge-transfer resistance at the oxide-coating interface is low, the CPE coefficient and exponent indicate the anodized pretreatment is still stable. This is consistent with the fit results for the diffusion coefficients. It has been suggested that Na+ ion transport is the principal ionic charge carrier in coatings, and it is the chief contributor to the charge balance at cathodic sites at the coating-substrate interface [4]. It is likely that Na+ and Cl− ions are still migrating through the coating and have not reached sufficient concentration to disrupt the thickened oxide.





4. Discussion


4.1. Justification for Using the Extended Modified REAP Model


Each equivalent circuit model from Figure 2 was fit to an experimental data set obtained from a coating system immersed in 0.01 M NaCl at 60 °C for 2808 h. This coating system exhibited a large change in     Z   m o d     over the duration of the immersion, as shown in Figure 10b, so it was deemed to be a good candidate by which to evaluate the candidate equivalent circuit models. The models were regressed to the data set using the simplex regression algorithm using similar initial guesses. The outcomes of the fits are shown in Figure 11.



The calculated MSEs for the fits in Figure 11, along with the number of independent parameters, k, are shown in Table 5. The last circuit listed corresponds to 29 Voigt elements, a resistor and capacitor in parallel with one another. Because there are two parameters to a Voigt element, a resistance and capacitance, this represents the maximum number of circuit elements that could be fit to the data. We assume this also sets the minimum MSE value.



The MSE results for the circuits based around the undamaged coating model have similar values and are quite high, indicating that the fits are poor. This is due to two reasons:




	
The inability of the capacitance to capture deviations from −1 in   Δ   log  ⁡    Z   m o d     / Δ   log  ⁡  f     that arise because the coatings and oxide functioned as imperfect capacitors.



	
The lack of a diffusion-influenced impedance element in these models.








In purely numerical terms, the presence of CPE and Warburg elements increases the number of parameters available for the regression routine, thereby reducing the MSE. Pursuing the lowest MSE value, however, illustrated by an equivalent circuit consisting entirely of Voigt elements, provides little physical insight into the state of the coating. So, rather than basing model selection for fitting the coating data on the MSE, we used the corrected Akaike information criterion [66] (AICc) as the statistic for this selection. The corrected AIC helps to account for model overfitting due to small sample sizes. The AICc can be calculated by (31) [67],


  A I C c = k +   N   2 π ∗ M S E   + 1   +     2   k   2   + 2 k   k − N − 1     .  



(31)







In (31), as the number of data points,   N → ∞  ,   A I C c → 0   and the expression reverts to the classic AIC statistic.



The AICc values for the equivalent circuit fits are given in the last column of Table 5. Like the MSE, lower values are better in terms of evaluating the model. The corrected AIC statistic severely penalizes the Voigt elements circuit but suggests the extended modified REAP circuit does not overfit the data while still providing a low MSE.




4.2. Imposing Physical Constraints in the Regression Algorithm


The regression algorithm outlined in Section 2.3.5 used physics-based equations to obtain starting values for the fits, but the constraints on the parameter values were minimal. Specifically, negative parameter values were rejected, and resistance values were capped at     10   10   Ω  . However, from a physical standpoint, including circuit elements such as the CPE and Warburg that can represent more complex behavior in the coating than resistors and capacitors suggests that additional constraints can be obtained from our understanding of coating behavior. That is, we can impose the following physical constraints on the system:




	
Coating layer resistance, while initially high, is expected to drop rapidly during immersion because of water uptake, as shown in (14);



	
Inversely, coating capacitance, while initially low, will increase as a function of water saturation, as suggested by (6);



	
The Warburg elements will impact the impedance once a continuous diffusion path exists for the reactive species in the solution.








These constraints result in the fits shown in Figure 12.



The time-series values are shown in Table 6.



The fits using the physics-based constraints are roughly 10% worse in their MSE values versus the base constraints. However, the change in parameter values over exposure time is more consistent with expectations. That is, we expect the pore resistance of the coating,     R   c o a t i n g   =   R   t o p c o a t   +   R   p r i m e r    , to decrease and the coating layers, in the form of CPE exponent values, to act as less-ideal capacitors, but with increasing dielectric constants, in response to water uptake. Likewise, as the coating becomes saturated, the diffusion length,   δ  , for reactive species such as dissolved oxygen is expected to decrease.



The values shown in Table 6 are consistent with these expectations, whereas, in the case of fitting with the base constraints, the changes in parameter values over time were not consistent. Thus, trends in the behavior of the coating because of immersion are harder to detect. The inconsistency in the parameter values likely occurs because different combinations of parameter values can result in similar fits and, without the physics-based constraints, the simplex algorithm cannot reject non-physical outcomes. These differences in parameter values resulting from the different fitting constraints does argue for using physics-based models for the parameter values when possible.





5. Summary and Conclusions


The new extended, modified REAP equivalent circuit was derived from previous equivalent circuits that have long been used for analyzing EIS data from coating systems. The new circuit accounted for effects from non-ideal capacitive behavior and transport of electrolyte species. It was demonstrated to provide more useful fits to EIS data obtained from coated panels immersed in NaCl solutions at different concentrations and different temperatures than the earlier models.



The AICc statistic was used to evaluate the fit results from several equivalent circuits to an example EIS data set. The extended modified REAP circuit had the lowest AICc score, which indicated that it provided the best fit, in a regression sense, with little over-fitting. This result justified the use of the extended modified REAP circuit to analyze the EIS data from the coatings immersed in NaCl solutions.



Physics-based models for water uptake, coating resistance, and diffusion resistance were introduced and used to provide initial parameter estimates based on time of exposure to the immersion conditions. In addition, physics-based upper and lower bounds to the circuit parameters were introduced and, while they slightly increased the MSE of the fit, the evolution of the circuit parameters was more consistent with expectations on the behavior of the coating to immersion.



Lastly, a numerical method for calculating the equivalent circuit impedance using matrix algebra was derived and incorporated into a simplex regression algorithm coded in MATLAB. Results from these calculations were compared with outcomes obtained from a commercial EIS analysis software. The new method was generally as accurate as the commercial software.



The principal benefits of these methods include: (1) the capability to incorporate physics-based models into the equivalent circuit analysis technique for analyzing EIS data, which is very difficult to do with commercial software, and (2) improving our understanding how physical processes occurring during environmental exposures of coating systems change the properties of coatings. This last benefit is necessary to improve our understanding of the state of a coating system. While these results were obtained for coating systems exposed to immersion, in principle, we expect these results can be extended to coating systems on other structures exposed to atmospheric conditions, so that they can be evaluated in situ to determine how well they are maintaining corrosion protection.
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Figure 1. Organic polymer coating system consists of a surface pretreatment layer, a primer layer, and a topcoat layer. Layer thicknesses are approximately to scale while the substrate thickness is not. Schematic sketch of the organic polymer matrices and principal filler particles in each layer. Colors are to aid in visualization and not representative of the actual components. 
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Figure 3. Modeled volume resistivity for (a) epoxy and (b) polyurethane as a function of the ratio of water content. 






Figure 3. Modeled volume resistivity for (a) epoxy and (b) polyurethane as a function of the ratio of water content.



[image: Coatings 13 01285 g003]







[image: Coatings 13 01285 g004 550] 





Figure 4. Bode representations of the EIS data, magnitude (left) and phase (right), from: (a) UNS A92024 coupon in the as-received state. (b) UNS A92024 coupon that received a surface anodization pretreatment. (c) Pre-treated UNS A92024 coupon coated with an epoxy primer and allowed to cure for 14 days. (d) Pre-treated UNS A92024 coupon coated with an epoxy primer and polyurethane topcoat and allowed to cure for 14 days. All EIS measurements were made in 0.6 M NaCl and at T = 25 °C. 
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Figure 5. Bode representations of EIS data, magnitude (left) and phase (right), from the coating system. Immersion times are in hours. Results from one of three replicates are depicted. (a)   T =  60     °  C ,   C   l   −     = 6.1   M  . (b)   T =  60     °  C ,   C   l   −     = 0.01   M  . (c)   T =  25  °  °  C ,   C   l   −     = 3.2 ° M  . (d)   T =  5  °  °  C ,   C   l   −     = 6.1 ° M  . (e)   T =  5  °  °  C ,   C   l   −     = 0.01 ° M  . 






Figure 5. Bode representations of EIS data, magnitude (left) and phase (right), from the coating system. Immersion times are in hours. Results from one of three replicates are depicted. (a)   T =  60     °  C ,   C   l   −     = 6.1   M  . (b)   T =  60     °  C ,   C   l   −     = 0.01   M  . (c)   T =  25  °  °  C ,   C   l   −     = 3.2 ° M  . (d)   T =  5  °  °  C ,   C   l   −     = 6.1 ° M  . (e)   T =  5  °  °  C ,   C   l   −     = 0.01 ° M  .



[image: Coatings 13 01285 g005a][image: Coatings 13 01285 g005b]







[image: Coatings 13 01285 g006 550] 





Figure 6. Cross-section of the organic coating system with individual layers identified. EDS line scan in counts per second, with endpoints identified with circles, through-thickness of the coating system indicates the complex structure of the coating with various additives and fillers, to include talc, silicon dioxide, titanium dioxide, and barium chromate. 






Figure 6. Cross-section of the organic coating system with individual layers identified. EDS line scan in counts per second, with endpoints identified with circles, through-thickness of the coating system indicates the complex structure of the coating with various additives and fillers, to include talc, silicon dioxide, titanium dioxide, and barium chromate.



[image: Coatings 13 01285 g006]







[image: Coatings 13 01285 g007 550] 





Figure 7. Bode representations of EIS data, magnitude (left) and phase (right), and the predicted responses from the equivalent circuits’ fits for the as-received oxide. 
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Figure 8. Bode representations of EIS data, magnitude (left) and phase (right), and the predicted responses from the equivalent circuits’ fits for (a) the pretreated panel, (b) the primer, (c) the coating system. 
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Figure 9. Bode representations of EIS data, magnitude (left) and phase (right) for a coated panel immersed in 0.01 M NaCl at 5 °C for 2808 h, and the predicted responses from the initial parameter values and the converged parameter values. 
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Figure 10. Extended modified REAP equivalent circuit fits to EIS data. (a)   T =  60     °  C ,   C   l   −     = 6.1   M  . (b)   T =  60     °  C ,   C   l   −     = 0.01   M  . (c)   T =  25     °  C ,   C   l   −     = 3.2   M  . (d)   T =  5     °  C ,   C   l   −     = 6.1   M  . (e)   T =  5     °  C ,   C   l   −     = 0.01   M  . 
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Figure 11. Bode representations of EIS data, magnitude (left) and phase (right), from a coating system immersed in 0.01 M NaCl at   T =  60     °  C   for 2808 h. Fits were obtained using different equivalent circuit models. 
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Figure 12. Bode representations of EIS data, magnitude (left) and phase (right), from a coating system immersed in 3.2 M NaCl at   T =  25     °  C  . The fits were obtained with physics-based constraints. 






Figure 12. Bode representations of EIS data, magnitude (left) and phase (right), from a coating system immersed in 3.2 M NaCl at   T =  25     °  C  . The fits were obtained with physics-based constraints.



[image: Coatings 13 01285 g012]







[image: Table] 





Table 1. Parameter values for calculating volume resistivity.
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	Parameter
	Epoxy
	Polyurethane





	a1
	5.32 × 10−21
	4.08 × 10−7



	a2
	5.10
	10.61



	b
	63.34
	30.07



	c1
	3.40 × 1045
	4.18 × 1031



	c2
	68.44
	40.67
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Table 2. Equivalent circuit parameter values for the as-received oxide at   T =   25   o   C   and     C   l   −     = 0.6   M  .
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Parameter

	
Equivalent Circuit Model Used for the Analysis




	

	
Modified Undamaged Coating

	
CPE Model

Commercial Software






	
     R   1     Ω ·   c m   2       

	
   3875   

	
   4338   




	
   ξ     μ F     c m   2     ·   s   α − 1       

	
   11.6   

	
   19.5   




	
   α   

	
   0.990   

	
   0.891   




	
     R   Ω   ( Ω )   

	
3.92

	
4.01




	
MSE

	
0.362

	
   0.861   
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Table 3. Equivalent circuit parameter values for the coating layers at   T =  25     °  C   and     C   l   −     = 0.6   M  .
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Equivalent Circuit Model Used for the Analysis




	

	
Modified Randles Circuit

	
CPE with Diffusion Commercial Software




	
Parameter

	
Oxide

	
Primer

	
Topcoat

	
Oxide

	
Primer

	
Topcoat






	
     R   1     M Ω ·   c m   2       

	
   0.084   

	
   3440   

	
   0.15   

	
   0.063   

	
   3590   

	
   0.04   




	
   ξ     n F   c   m   2     ·   s   α − 1       

	
   1670   

	
   0.27   

	
   0.07   

	
   1600   

	
   0.52   

	
   0.08   




	
   α   

	
   0.91   

	
   0.99   

	
   0.97   

	
   0.91   

	
   0.95   

	
   0.96   




	
   σ     M Ω ·   c m   2      s        

	
   2.39   

	
   0.15   

	
   13,500   

	
   3.44   

	
   0.06   

	
   32,600   




	
MSE

	
   0.02   

	
   0.25   

	
0.04

	
   0.001   

	
0.16

	
0.001
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Table 4. Equivalent circuit parameter values for the coating layers at   T =  25     °  C   and     C   l   −     = 3.2   M  . Shaded rows indicate different coating layers.
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Layer

	
Parameter

	
Value






	
Electrolyte

	
     R   Ω       Ω     

	
   3.93   




	
Topcoat

	
     R   T     k Ω ·   c m   2       

	
   16.0   




	
     ξ   T         p F   c   m   2     ·   s   α − 1       

	
   66.8   




	
     α   T     

	
   0.99   




	
     σ   T       Ω ·   c m   2      s        

	
   212.4   




	
     D   e f f   T         m   2     s       

	
   4.93 ×   10   − 13     




	
Primer

	
     R   P     M Ω · c   m   2       

	
   28.9   




	
     ξ   P       p F   c   m   2     ·   s   α − 1       

	
   90.9   




	
     α   P     

	
   0.85   




	
     σ   P       G Ω ·   c m   2      s        

	
   3.0   




	

	
     D   e f f   P         m   2     s       

	
   3.08 ×   10   − 15     




	
Pretreatment

	
     R   p r e     Ω · c   m   2       

	
   149.6   




	
     ξ   D L       p F   c   m   2     ·   s   α − 1       

	
   304   




	
     α   D L     

	
   0.90   




	

	
MSE

	
   0.006   
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Table 5. MSE and AICc values for the various equivalent circuits fit to the same data.
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	Circuit Name
	MSE
	k
	AICc





	Undamaged coatings model
	3.82
	2
	589.85



	Modified undamaged coatings model
	0.13
	3
	173.79



	Randles model
	130.64
	5
	1021.75



	Modified Randles model
	0.13
	6
	181.11



	Simplified Randles circuit as nested coating defect model
	140.66
	4
	1030.36



	REAP model
	149.24
	5
	1037.99



	Modified REAP model
	0.13
	6
	181.39



	Extended modified REAP model
	0.005
	16
	−216.79



	Voigt elements model
	   6.0 ×   10   − 6     
	58
	6578.69
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Table 6. Parameter values from fits to the EIS data using physics-based constraints.






Table 6. Parameter values from fits to the EIS data using physics-based constraints.





	Time (h)
	      R   c o a t i n g       M Ω ·   c m   2        
	      α   T      
	      α   P      
	      σ   c o a t i n g         G Ω ·   c m   2      s         





	0
	507
	0.99
	0.90
	-



	2808
	28.7
	0.98
	0.85
	3.22



	6840
	   3.0 ×   10   − 3     
	0.97
	0.85
	2.47
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