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Highlights 

 Model anodised aluminium samples were coated with sol-gel and characterized by EIS 

 The contribution of various interface phenomena to the EIS spectra was discussed 

 The barrier oxide film was always visible as a time constant on the EIS spectra 

 Degradation of the sol-gel/oxide interface was assessed via oxide capacitance 
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Abstract 

A proper assignment of time constants is important for the correct interpretation of the 

electrochemical impedance spectra of coated substrates. In this work several model aluminium 

samples with different anodic oxide thicknesses were prepared and characterised. The aluminium 

samples were coated by a hybrid sol-gel formulation and studied by electrochemical impedance 

spectroscopy (EIS) during immersion in NaCl solution. A hierarchical model containing three R-

C elements adequately described the impedance spectra of the coated samples. The R-C elements 

described the properties of sol-gel coatings, aluminium oxide layers and corrosion process. The 

contribution of the aluminium oxide layer to impedance was unambiguously proven to be at 

middle frequencies on the spectra. Furthermore, the “real” capacitances of oxide layers were 

obtained from two capacitance–CPE equations and their applicability was scrutinized. The 

obtained results presented an opportunity to determine the adhesion behaviour of the sol-gel 

coatings to the oxide layers, which was studied by analysing the ratio of the oxide layer 

capacitance of the sol-gel coated samples to the capacitance of the uncoated one. It was 

demonstrated that the exposed surface area of the oxide to the electrolyte was about 60-68 % and 

was not changing during immersion. Based on these findings, a degradation model of the sol-gel 

coating on anodised aluminium was proposed. 

Keywords: Aluminium oxide, Electrochemical impedance spectroscopy, anodising, sol-

gel, corrosion. 
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Introduction 

Aluminium alloys became important structural materials in the automotive, aerospace and 

marine industries. In general aluminium alloys possess advantages in terms of mechanical 

properties, oxidation resistance, weight to strength ratio and fabrication cost over other materials 

[1]. Aluminium alloys, in particular copper-containing ones, are highly susceptibility to 

corrosion especially in the chloride-based environment due to the presence of an abundant 

amount of intermetallics which lead to local micro-galvanic corrosion [2-4] and other forms of 

corrosion like filiform [5, 6] and intergranular corrosion [7, 8]. Therefore, protective coatings are 

typically applied to decrease corrosion degradation and increase the service life of alloys.  

State of the art corrosion protection system contains several layers [9] such as pre-

treatment that provides improved adhesion to the metal surface and some active corrosion 

protection; primer that normally incorporates inhibitive pigments and improves corrosion 

protection of metal; and topcoat that improves mechanical properties of the protection system. 

One of the important areas of research was finding effective and environmentally acceptable 

alternatives to substitute the use of toxic chromates in the industry [9-12]. Many efforts have 

been devoted to development and studying the performance of different coatings for corrosion 

protection of aluminium alloys [13, 14].Various inorganic anodic, conversion coatings and 

hybrid organic-inorganic layers have been actively studied as possible pre-treatments for 

aluminium alloys [13, 15-21]. Sol-gel coatings, contrastingly to other pre-treatments, form strong 

chemical bonds with metals, oxides and organic primers [18, 22] and have good corrosion 

performance [23]. Moreover, the sol-gel matrix is often used as a storage of inhibitors and 

different nanocontainers [24-27]. 

Corrosion performance of coatings is typically evaluated via standard accelerated 

corrosion tests like neutral salt spray tests or cyclic climate tests [28, 29]. Although such tests are 

effective, they do not explain the mechanisms of corrosion and do not reveal the degradation 

kinetics of coatings. Electrochemical impedance spectroscopy (EIS), on the other hand, is a 

useful tool for studying corrosion resistance of coated metals and follow the evolution of 

coatings properties, water uptake and development of corrosion activity during immersion [30-

35]. EIS was successfully applied in conjunction with accelerated testing including a 

combination of DC and AC measurements (AC/DC/AC) [36, 37], and to understand the kinetics 

of cathodic disbondment of organic coatings [38]. In literature, however, there is a large 

discrepancy of results concerning the interpretation of the impedance spectra of coated 

aluminium alloys by organic and hybrid coatings. EIS was employed to better understand 

properties of the coatings that were submitted to accelerated corrosion exposure [39]. The 

coatings exposed to corrosive electrolytes display non ideal capacitive behaviour and resistivity 

distribution resulting in constant phase element (CPE) behaviour, which called for development 

of various models that describe the EIS spectra of the coatings [40-42].  

Classical equivalent circuit models based on combination of time constants [35, 43] are 

typically employed for fitting EIS spectra of sol-gel coated metals [44, 45]. The high frequency 

part of the impedance spectrum of the coated metal is related to the barrier properties of the 

coating, while the low frequency segment reflects the corrosion activity on the metal surface 

                  



4 

 

[34]. However, such properties are not the only ones that can be studied by the EIS method. For 

example, the EIS spectra of the coated aluminium alloys often show the response of another 

property which is related to the presence of an intermediate layer between the metal and coating 

[26, 46, 47]. Such response can be attributed to the dielectric properties of the aluminium oxide 

film, which is naturally formed in air [48, 49] or after chemical etching treatment that is usually 

applied during the alloy preparation steps [24, 50]. Time constants found in the low and middle 

frequency region of spectra of coated aluminium alloy substrates can be erroneously assigned to 

organic layers or corrosion processes [51, 52]. The middle frequency time constant has been also 

assigned to the interfacial layer in sol-gel coatings [53]. And the existence of the aluminium 

oxide film is often neglected. By monitoring the evolution of EIS fitting parameters during 

corrosion testing it is possible to study the active corrosion protective capabilities [36, 54, 55], 

adhesive properties of the coatings and the electrochemically active area of the coated samples 

[56-58]. The latter works demonstrated the possibility to determine degradation of the metal 

coating interface by studying the evolution of pore resistance of the coating, double layer 

capacitance and charge transfer resistance. However, the properties of the oxide films on 

aluminium alloys were not extensively studied as possible means for evaluation of delamination 

and degradation of coatings. Moreover, since oxide films are often modelled by a circuit 

containing a CPE element, it requires finding effective capacitance expressed in F/cm
2
 by using 

different equations developed by Hsu and Mansfeld [59], Brug et al. [60] and understand their 

applicability [61]. 

In this work model experiments were designed to study the physical characteristics of the 

sol-gel coated substrates and assess the degradation mechanism of the sol-gel/oxide interface 

during immersion. Aluminium oxide films having different thicknesses were grown on 

aluminium using a two-step anodising process in ammonium pentaborate electrolyte. Model 

hybrid sol-gels were applied on aluminium samples forming dense and uniform coatings. These 

coatings were studied by electrochemical impedance spectroscopy during immersion in NaCl 

electrolyte. The obtained impedance spectra were fitted with equivalent circuit models and fitting 

parameters corresponding to oxide films were scrutinized. 
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Experimental 

Materials and sample preparation 

Aluminium 99 wt.% having impurities content of Cu <1000, Fe <7000, Mn <1000, Si 

<5000, Zn <1000 (ppm) and higly pure aluminium 99.999 wt.%, having impurities content about 

Cu~0.3, Fe~0.3, Mg~1.2, Si~0.8 (ppm), were acquired from Goodfellow. Rectangular coupons 

(5x3.5 cm) were cleaned in acetone and absolute ethanol in an ultrasonic bath for 10 min at each 

cleaning step. Electrochemical polishing has been performed to reduce the surface roughness and 

remove the top layer of aluminium. The polishing solution contained perchloric acid and 

absolute ethanol in a volume ratio (1:5). An Agilent DC current source N5751A was used in a 

potentiostatic mode by applying 20 V between the aluminium sample and the titanium foil 

counter electrode. The solution was kept at temperature of 3 °C using a water circulating 

thermostat system and was constantly stirred during the polishing step to avoid local overheating. 

The polished samples were rinsed with absolute ethanol, dried in a flow of air and stored in a 

desiccator.  

Anodising 

Aluminium anodising was performed in 0.1 M ammonium pentaborate electrolyte 

prepared using de-ionized water and AR grade ammonium pentaborate reagent (CAS 12046-03-

6, Sigma Aldrich), at 20±1 °C. The two-step anodising procedure used was similar to that 

described elsewhere [62]. Samples were galvanostatically polarized at a current density of 1 

mA/cm
2
 using a Keithley 237High Voltage Source-Measure Unit. After the desired terminal 

voltage was achieved, the process was switched to a potentiostatic regime. In this step a constant 

voltage was applied. The procedure was carried out with the terminal voltages of 10, 20 and 40 

V, producing the samples Al10, Al20 and Al40 respectively. The sample which has not been 

anodised is called Al0V for consistency reasons. Immediately after anodising the samples were 

rinsed with deionized water and dried in airflow. After the anodising step the samples were 

stored in a desiccator before use. For calibration of oxide thickness model anodic films were 

grown on high purity aluminium (99.999 wt.%). 

Sol-gel synthesis and coating application 

Sol-gel formulation #1 was based on a combination of Zirconium (IV) propoxide (CAS 

23519-77-9 Sigma Aldrich) in Ethylacetoacetate (CAS 141-97-9, Fluka) and 3-

glycidoxypropyltrimethoxysilane (CAS 2530-83-8 Sigma Aldrich) mixed with isopropanol (CAS 

67630 Sigma Aldrich) which were preliminary hydrolyzed by addition of a diluted nitric acid 

solution and then mixed to form the final sol-gel formulation. The molar ratio between the Zr 

inorganic precursor and Si organic precursor was 1:5. Hybrid sol-gels have been produced 

following the sol-gel synthesis procedure described elsewhere [26].  

Aluminium samples have been coated with the sol-gel using a dip-coating process. The 

samples were held in a sol-gel solution for 1 minute and then withdrawn at a rate of 18 cm/min. 

After dip coating the samples were dried in air for half an hour and then transferred to an oven 

heated up to 120 °C and cured during 80 min. The following samples have been prepared: 

electro-polished aluminium coated with the sol-gel formulation #1 (SG1Al0V), aluminium 
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anodised at 10V, 20V and 40V coated with the sol-gel formulation #1 SG1Al10V, SG1Al20V 

and SG1Al40V respectively. 

 

Experimental techniques 

Electrochemical Impedance Spectroscopy (EIS) was employed as the main technique for 

understanding the electrochemical response of the anodised aluminium and sol-gel coated 

aluminium samples during immersion. The measurements were performed using Gamry FAS2 

Femtostat with a PCI4 controller. A conventional three-electrode cell setup was used, which 

comprised a saturated calomel reference electrode (SCE), a platinum foil as a counter electrode 

and the uncoated or coated aluminium samples as working electrodes. The measurements were 

carried out at a temperature of 22±1 ºC in a Faraday cage. The impedance measurements were 

performed in 0.5 M NaCl solution (prepared with Millipore™ water and 99.5 wt. % NaCl) at 

open circuit potential with an applied 10 mV RMS sinusoidal perturbation in the frequency range 

of 2.6×10
-3

-1×10
5
 Hz with 7 data points per decade. The impedance plots were fitted using 

commercially available Echem Analyst (Gamry Inc.) software. Typically, three uncoated 

aluminium samples were measured for each condition, and the EIS measurements were 

performed in duplicate for sol-gel coated samples to check the reproducibility.  

Atomic Force Microscopy (AFM). A Pico LE AFM equipped with PicoScan 2100 

controller was employed to study the topography of aluminium samples before and after 

anodising. Topography studies were made in air using the semi-contact mode and highly doped 

Si probes with the radius of curvature less than 10 nm.  

Glow discharge optical emission spectroscopy (GDOES) depth profile analysis of 

coatings was conducted with a HORIBA GD-Profiler 2. Radiofrequency plasma discharge with 

40 W input power was ignited between the sample and a 4 mm copper anode at 650 Pa argon 

operating pressure. The plasma discharge etched the sample surface and optical emission spectra 

of the elements from the coating were obtained during the etching process. Three measurements 

were taken for each sample.  

Hitachi S-4100 field emission scanning electron microscope (SEM) equipped with 

Rontec energy dispersive X-ray (EDX) spectrometer and a Hitachi SU-70 UHR Schottky 

Analytical FE-SEM coupled with a SDD-Bruker Quantax 400 EDS detector, operating at 25 and 

15 kV correspondingly, were used to study the samples microstructure and the composition. 

 

Results and discussion 

1. Surface and depth profiles analyses of anodised aluminium  

Figure 1 presents the AFM topography of aluminium samples before and after the 

anodising process. The surface was not significantly changed after the anodising when compared 

to electropolished one. AFM images show relatively flat surface having RMS roughness in the 

range of 1.1-1.3 nm for 0V, 10V and 20V samples and around 0.5 nm for 40V sample. At such a 
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small roughness the surface area difference between the geometrical and real surface can be 

considered as not significant. 

Next, the anodised aluminium substrates were analysed by GDOES to determine the 

average oxide thickness. Preliminary, a calibration of GDOES profiles was performed on model 

anodic films with a known thickness grown on high purity aluminium (99.999 wt.%) (Figure 2). 

The anodised samples at 20 V and 40 V had the thickness about 28 nm and 56 nm respectively. 

The calculated etching rate was 2.5 nm/s. Afterwards, the oxide thickness of the anodised 

aluminium (99 wt.%) samples was calculated from the GDOES profiles and presented in Table 

1. With increasing the anodising voltage the thickness increased, though thickness to voltage 

ratio decreased and was lower than the theoretical thickness (1.4 nm/V) [48]. Probably this effect 

can be attributed to the presence of some impurities in the aluminium matrix which may 

adversely affect the growth of the oxide film during anodising. 

Having obtained the thickness of oxide films the anodised aluminium samples were 

characterized by electrochemical impedance spectroscopy during immersion in 0.1 M 

ammonium pentaborate solution at pH 7. This electrolyte was used to avoid possible destruction 

or modification of the oxide films which could happen in a corrosive electrolyte. Bode plots of 

aluminium before and after anodic film growth are presented in Figure 3. The spectra present 

only one clearly defined time constant attributed to the dielectric oxide layer (Figure 3). The 

increase of impedance modulus in the middle frequency range is seen when increasing anodising 

voltage (Figure 3). Such an increase is associated with thicker aluminium oxide films produced 

at higher anodising voltages. The spectra of anodised samples were fitted using an equivalent 

circuit (EC) with only one time constant which is associated with the dielectric properties of the 

anodic oxide film, (CPEoxide) connected in parallel with the resistance of the oxide layer Rox 

(Figure 3 inset). CPE elements were used instead of pure capacitors to account for the dispersion 

of properties of the dielectric layers at the sample surface. The oxide layer resistance here is not 

the electronic resistance but the resistance of the electrolyte in the minor defects and pores which 

are present in the oxide. 

The obtained fitting parameters of CPE elements were used to calculate the “real” sol-gel 

or oxide capacitance. This was done using two types of capacitance-CPE relations assuming 

normal and surface distributions of time constants [61]. The distribution occurs when properties 

of the oxide layer (e.g. which are explored in this work) are changing giving a time constant 

dispersion. These properties can vary normal to the metal surface and along the metal surface. 

The “real” capacitance of an oxide layer that assumes the normal distribution of time constants 

was calculated using equation (1) taken from Hirschorn et al. [61], equivalent to the equation 

proposed by Hsu and Mansfeld [59, 61]: 

           
       

         (1) 

where Ceff is the oxide capacitance expressed in (F/cm
2
), Q and n are CPE parameters and Rf is 

the film resistance. The effective capacitance that assumes the surface distribution of time 

constants in the presence of an Ohmic resistance can be expressed as [60, 61]: 
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         (
    

     
)
       

        (2) 

where Re is the global Ohmic resistance and Rf, Q, and n˛ represent global properties of the 

oxide. The estimated oxide layer thicknesses using the equations (1) and (3), assuming the 

dielectric constant εr = 9, are close to the experimentally obtained oxide thickness values for 

anodised samples (Table 1). It should be noted that equation (2) does not seem to be applicable 

for calculation of the effective capacitance of the anodised layers. The calculated oxide thickness 

values using equation (3) are much higher than the experimentally obtained thicknesses of the 

anodic oxides (Figure 2). This conclusion is similar to the one made by Hirschorn et al. who 

employed equation (2) in the calculation of the effective capacitance of Nb2O5 films formed on 

Nb electrodes [61].  

The effective relative dielectric constant of the oxide films can be estimated (Table 1) by 

inserting the calculated real capacitance of the oxide films, and the oxide thickness obtained 

from GDOES measurements into a plate capacitor relationship: 

                   (3) 

where ε0 represents the dielectric constant of vacuum (8.8543 10
-12

 F/m), εr is the relative 

dielectric constant of the anodic oxide, A is the area of the electrode, and d is the thickness of the 

oxide layer. The reported values of εr for anodised Al2O3 vary between 7.5 and 15 [63-68]. In 

this work the dielectric constant for the native oxide film formed on aluminium after 

electropolishing procedure was assumed to be 9 (Table 2). Since the native oxide film had a very 

small thickness, GDOES measurements could not unambiguously determine the real oxide 

thickness. Therefore, the oxide film thickness of the electropolished sample (Al0V) was 

estimated from EIS spectra as about 2.1 nm (εr = 9). The properties of the rest of the samples 

were determined by calculating the capacitance from EIS measurements and the thickness 

obtained from GDOES measurements. The calculated capacitance values and relative dielectric 

constants of the various oxides are presented in Table 2. It appears that the dielectric constants 

are higher for the anodised samples Al10V, Al20V and Al40V with values about 9.2, 9.6 and 10 

respectively. Oxide films measured by GDOES on anodised high pure Al (99.999 wt.%) (Figure 

2) reveal higher thickness than on anodised Al (99 wt.%) (Table 2). Probably in the latter case 

the impurities in Al matrix affected the growth and properties of anodised samples. The 

impurities were found to affect the growth of oxide films on the aluminium [69, 70]. Oxide films 

produced in neutral electrolytes such as the ammonium pentaborate at the anodising voltages 

used in this work should be amorphous and oxide crystallinity appears only at higher anodising 

voltages [67]. Nevertheless, the values of relative dielectric constants are within the range 

reported in the literature [63-70]. 

 

2. Depth profile characterisation of the sol-gel coated anodised aluminium 

The obtained capacitance and thickness information of the anodised samples will be used 

as the input data for the comparison between the uncoated aluminium samples and sol-gel coated 
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ones. Figure 4a presents a representative cross-section image of a pure aluminium sample coated 

by a sol-gel film. The sol-gel coating is dense and uniformly spread along the metal surface. The 

coating surface (not shown) is clear and without visible defects and cracks as was shown 

previously [26]. The thickness of the sol-gel layer estimated from cross-sections is around 2.2 

µm. Sol-gel coatings deposited on anodised aluminium substrates show similar coating thickness 

as observed on GDOES profiles of one of the major element (Zr) of the sol-gel coating (Figure 

4b). The profiles display the decrease of concentration of Zr element as one of the main 

components of the sol-gel matrix during etching of the coated samples in plasma discharge and 

the intersection between the profiles of Zr and Al is considered to be the thickness of sol-gel 

coatings.  

 

3. Electrochemical characterization of sol-gel coated anodised aluminium during 

immersion  

Sol-gel coated samples were immersed in 0.5 M NaCl solution during approximately 4 

weeks. Bode plots of different samples not anodised and anodised at 10, 20 and 40 V are 

presented in Figure 5. Impedance spectra of uncoated samples are presented for comparison on 

each graph. Bode plots of the coated samples clearly show two relaxation processes. The 

capacitance at lower frequencies is close to that of the sample without sol-gel. This is observed 

for all the cases with different thickness of the oxide layers. These facts can unambiguously 

prove that the middle frequency time constant is associated with the oxide layer present on the 

surface. The relaxation process observed on the sol-gel coated samples at higher frequencies 

appears only after application of the hybrid film and is related to the response of its capacity and 

pore resistance. This suggestion agrees well with the previous studies reported in the literature 

[18, 26, 33, 71]. During a long immersion time the pore resistance of the sol-gel layer decreases 

which is seen on all the spectra (Figure 5). However, the impedance part associated with the 

oxide layer does not change significantly. Impedance spectra show a third time constant located 

at the very low frequencies. This time constant is typically attributed to the electrochemical 

corrosion processes at the metal surface [72]. All spectra revealed corrosion activity in all sol-gel 

coated samples during immersion. 

Two standard equivalent circuit (EC) models presented in Figure 6 were used for fitting 

the EIS spectra. Such models are typically used to describe EIS spectra of sol-gel and organic 

coatings on metallic substrates [33-35]. In principle, different EC models representing RC 

connecting in series or hierarchical (cascade or ladder) models can be applied to fit EIS data of 

coated metallic samples and it is important to decide which of the models is applicable for the 

physical description of the system [35, 43]. Typically, sol-gel coatings have interlinked hybrid 

matrix which contains poorly polymerized regions. The latter become defects and pathways for 

the electrolyte to penetrate towards the oxide layer and metal [33]. The models were based on a 

combination of R-C elements that describe sol-gel and oxide dielectric films and interface 

phenomena at the metal/electrolyte and arranged in series or cascade. The CPE element was 

employed instead of capacitance in all the fitting procedures to account for the inhomogeneity of 

dielectric layers and dispersive character of time constants. Although EIS spectra do not clearly 

show the uncompensated electrolyte resistance (Rsol), it was a necessary element to improve the 
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fitting goodness. The following groups of elements were used in the EC models. The first R-C 

element was attributed to the sol-gel coating resistance (Rcoat) and capacitance (CPEcoat). Next, 

the model included the second R-C element that characterizes the aluminium oxide film porosity 

(Rox) and dielectric properties (CPEox). The third R-C element was used to account for the 

corrosion process that develops during immersion in the corrosive electrolyte. The corrosion 

process was characterized by the charge transfer resistance (Rct) and double layer capacitance 

(CPEdl). Macroscopic observations revealed a few small pits formed on the surface after 

immersion (not shown) thus this justifies the addition of Rct and CPEdl elements to the equivalent 

circuit model. Visual observations of the fit lines on the EIS spectra (Figure 5) revealed that the 

selected EC models (Figure 6) provide adequate fitting of the spectra.  

Table 3 presents the numerical fitting values obtained for the samples after 1 day and 23 

days immersion using the EC model in Figure 6b. The goodness of fits (Chi^2) was around 2-

5×10
-4

 and reflected a good convergence between the experiment and fitting. During immersion 

the capacitance of the sol-gel coating (CPEcoat) increased, and the coating resistance (Rcoat) 

decreased due to hydrolytic instability of the sol-gel coating in aggressive solutions, water 

absorption and active corrosion processes. On the other hand, the dielectric properties of oxide 

sub-layers (CPEox) were roughly similar during immersion (Table 3). The oxide layer resistance 

(Rox) dropped during immersion because of local corrosion attack. The corrosion process 

manifested on the impedance spectra in the low-frequency part, though numerical fitting values 

showed relatively high resistance (Rct) and low capacitance (CPEdl) during immersion. It is 

acceptable to evaluate the dielectric properties of sol-gel coatings and oxide films by following 

the changes in CPE values. However, CPE parameters may be misleading because they do not 

represent real capacitance. Therefore, the properties of sol-gel coatings and oxide layers should 

be further examined by applying the capacitance–CPE relations (equations 1, 2). 

 

3.1 Properties of the sol-gel coatings  

Although there is some discrepancy between the CPEcoat values (nS s
-a

 cm
-2

) presented in 

Table 3, to understand changes of the dielectric properties, the effective capacitance values 

expressed as (F/cm
2
) should be used. Figure 7a presents the evolution of effective capacitance of 

the sol-gel coatings (Ccoat eff) calculated using equation (1) versus square root of time (t
0.5

). The 

capacitance values show similar values for the four different samples (Figure 7a). Since the 

coatings were produced using the same sol-gel formulation and procedure, it is expected that the 

calculated capacitance should be very similar for all sol-gel coatings. Dielectric properties of a 

sol-gel coating must be studied using direct measurements of the coating thickness and EIS data 

during immersion. By using equation 3 a relative dielectric constant of the sol-gel coating can be 

calculated knowing the experimentally obtained thickness (about 2.2 µm). The calculated 

dielectric constant is about 15-16, and such values are close to the values obtained for the 

inorganic zirconia-based sol-gel coatings [73]. During the initial period of immersion (about 1 

day) the capacitance rapidly changes. Such changes may be explained by rapid water uptake 

[33]. At longer immersion time the slope on the capacitance – t
0.5

 graph became smaller 

compared to the initial period of immersion (Figure 7a). During this period the sol-gel coating 
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could be affected by both hydrolytic degradation and water uptake. Assuming that the water 

transport follows the Fick’s law the amount of water uptake in the coatings can be calculated 

according to the Brasher-Kingsbury’s equation [74]: 

   
     

  
  

 

       
              (4) 

where Φw is the volume fraction of water in organic polymers, Ct is the coating capacitance at 

immersion time t, C0 is the initial capacitance of dry coating and εw is the dielectric constant of 

water (80). Figure 7b shows the evolution of the water uptake plotted against the square root of 

time. There are two linear regions on the graph, which describe what seems to be two different 

kinetics of water uptake. The first region can be associated with the direct water uptake and is 

similar to the initial stage of water uptake of sol-gel coatings described elsewhere [51]. While the 

second one is most likely associated with the changes in the sol-gel matrix as was pointed earlier. 

This assumption was made because the water absorption process was not finite in a relatively 

thin sol-gel coating.  

Consequently, the calculation of Ceff was also performed using equation (2). Figure 7c 

presents the evolution of effective capacitance. The graph displays a very high dispersion of the 

values especially at the later stage of immersion compared with the results presented in Figure 

7a. Since the sol-gel coatings were similar, it is rational to say that the coatings do not show the 

behaviour that assumes the distribution over the surface of time constants, thus the equation 2 

should not be applicable for calculation of the effective capacitance. Besides, the obtained Rcoat 

values during immersion demonstrate a quite similar decrease during immersion, which is 

associated with the development of pores and cracks in the sol-gel coating matrix (Figure 7d). 

Next, we discuss the implications of the equations (1) and (2) in the calculation of the properties 

of the oxide films. 

 

3.2 Properties of oxide layers 

The evolution of the oxide layer resistance (Rox) during immersion was plotted in Figure 

8. The Figure displays a high scattering of the values especially for the samples having thicker 

anodic oxide layers. Such a lack of consistency in the values may be due to the fact that the EIS 

spectra are not finite, which means that the resistive part is poorly defined in the fitting (Figure 

5). Nonetheless, the samples having thicker oxide layers reveal higher oxide resistance. 

Moreover, the resistance stays approximately at the same level during immersion demonstrating 

the stability of the oxide layer against corrosion attack. 

Then, the oxide film capacitance data (CPEox) extracted from EIS fittings using the EC 

circuit (Figure 6b) was evaluated. The effective oxide layer capacitance (Ceff) was calculated 

using equations (1) and (2). Afterwards, the effective barrier oxide thickness was calculated 

using the capacitor formula (3) and relative dielectric permittivity values presented in Table 2. 

The calculation was performed under the assumption that the surface area of the oxide is equal to 

the geometric surface area of the sample. Figure 9 presents the evolution of the oxide thickness 
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calculated assuming the normal and surface distributions of time constants during immersion in 

NaCl solution. There are several important observations to be made. The oxide thickness values 

of the sample (Sg1Al0V) display a higher discrepancy compared with anodised samples that 

present very similar values (Figure 9). Therefore, there is a noticeable difference in calculating 

thickness using the real capacitance estimated from equations (1) and (2) especially for thin 

oxide films. Unlike for sol-gel coatings, oxide thickness did not significantly change for all the 

studied samples during immersion. This is justified by the fact that the used aluminium was 

relatively pure and the corrosive electrolyte had pH close to neutral, and in principle should not 

have led to the dissolution of the oxide [75]. However, the calculated oxide thickness of the 

coated substrates appears to be larger than that for the anodised samples only (Figure 9). The 

larger thickness may be explained in terms of partial coverage of the oxide surface by the sol-gel 

coating that effectively blocks the electrolyte contact with the oxide. Thus, the lower surface area 

of the exposed oxide to the solution gives a smaller capacitance value and, consequently, a 

higher calculated thickness. 

 

4. Discussion 

4.1. Applicability of EC models for fitting EIS spectra of sol-gel coated samples 

Although the EC model employed for fitting produced adequate goodness of fitting and 

consistent parameters of the coating and oxide, a more thorough discussion is required to 

understand if other ECs are applicable for EIS fitting. As was pointed out by Amirudin and 

Thierry, the EC models having the same parameters but arranged differently can yield the same 

impedance [35]. Figure 10 presents two possible models for EIS spectra fitting of the coated 

metal. The first model (a) is a standard model that was used for EIS fitting of sol-gel coated 

samples. This model emulates pores in the coating which allow the contact with the oxide film. 

Only part of the oxide film has a connection to the electrolyte through pores, while the other part 

becomes inaccessible for the electrolyte due to chemical bonding between the coating and the 

oxide layer. However, attention has to be paid to the fact that the bonding of silane molecules to 

the surface is not ideal and leaves patches of the surface without silane bonding to the surface 

[22, 76] (Figure 10c). This happens because the sol-gel has high condensation degree with a 

large fraction of T2 and T3 siloxane species and presence of organic groups in the formulation 

which cause steric hindrance [77]. Due to the presence of a few pores in the oxide, according to 

the high resistance of the oxide layer, only part of the metal surface connects to the electrolyte 

through pathways in the coating. In the second model (Figure 10b) the first R-C element 

connected in series with the rest of the elements arranged as in the model (a). The connection of 

elements in series (Voight circuit) is typically applied for EIS fitting of sealed porous anodic 

oxide layers [78] and in some cases for sol-gel coated metals [44, 45]. In the case of EC model 

(Figure 10b) electrolyte has access to all oxide surface through even distribution of the pores in 

the sol-gel coating. At such condition the oxide film capacitance estimated from the sol-gel 

coated samples should be similar to the oxide film capacitance of uncoated aluminium samples. 

Figure 11 presents the EIS spectrum of sample Sg1Al10V and fitting lines according to the two 

EC described above. Both EC models overlap and give similar fitting quality, albeit slightly 
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different parameters (Table 4). The calculated oxide layer thicknesses (equations 2, 3) are 21 nm 

and 20 nm for EC models a) and b) respectively. In both cases the calculated oxide thickness is 

larger than the nominal oxide thickness (i.e. 14.2 nm) of the anodised sample Al10V. Although 

both models are applicable for EIS spectra fitting, the physical meaning of the model in Figure 

10a better describes the properties of the sol-gel coated aluminium. 

 

4.2. Interpretation of oxide layer properties via the analysis of EIS fitting results 

There is a discrepancy concerning the interpretation of sol-gel coated aluminium EIS 

spectra. There are papers where the presence of barrier oxide layer was not considered and most 

often the time constant was assigned to corrosion process [51, 52]. However, the EIS fitting data 

presented in this work unambiguously proved that the middle frequency time constant observed 

on the sol-gel coated samples is related to the oxide film. It was demonstrated that upon 

increasing the barrier oxide film thickness on anodised aluminium samples the impedance grows 

proportionally to the oxide thickness (Figure 3). However, the oxide film thickness estimated 

from EIS spectra of the sol-gel coated samples is higher than that on bare anodised samples. A 

most probable cause for such an effect is the strong bonding between the sol-gel and oxide 

surface and, consequently, the blocking effect of the sol-gel coating against penetration of 

corrosive electrolyte to the oxide/sol-gel interface. This requires that the sol-gel coating covers 

some part of the oxide surface due to formation of chemical bonds between the hydroxyl groups 

located on the oxide surface and silanol groups and hydrolysed zirconium (IV) propoxide 

existing in the sol-gel formulation (Figure 10c). The electropolished aluminium had hydroxyl 

fraction about 0.57 (the peak area ratio of OH
-
 to O

2-
 components) upon exposure to the humidity 

level of 40 % for 240 min [79]. On the other hand, the anodised aluminium surfaces display a 

lower hydroxyl fraction of about 0.10-0.33 [80]. The studies of Alexander et al. revealed that the 

hydroxyl fraction of the electropolished aluminium and anodised aluminium was about 0.8 and 

0.6 respectively [81]. In another work by the same group it was found that the hydroxyl fraction 

decreased with the increase of the anodised oxide film thickness in the range of 3-10 nm [82]. It 

is rational to say that the oxide surface having the lower OH fraction would have less efficient 

chemical bonding between the sol-gel and oxide surface. However, as was pointed out earlier, 

hybrid silanes cannot produce a uniform and consistent Si-O-Al bonds, and the sol-gel coated 

surface always contains patches with no chemical bonds due to steric hindrance of the silane 

molecules [76]. Therefore, the bonding strength between the sol-gel and oxide will depend on 

both hydroxyl fraction at the surface and sol-gel chemistry. 

The adhesion quality at the sol-gel/oxide interface can be followed by EIS and in-depth 

analysis of the oxide film properties. More specifically the exposed surface area to the electrolyte 

(Aexp) is proportional to the oxide capacitance (Cox) of the sol-gel coated sample divided by the 

oxide capacitance of uncoated sample (   
 ), or the oxide thickness of the uncoated substrate 

(   
 ) divided by the calculated oxide thickness of the coated one (dox) (equation 5):  

     
   

   
       

   
 

   
            (5) 
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The difference between the calculated oxide thickness of the coated and uncoated 

aluminium is shown in Figure 12 a and Figure 12 b , using equations 1 and 2, respectively. Table 

5 displays the exposed surface areas of the oxide for the different sol-gel coated samples, which 

were estimated using equation 5 and the values of Ceff (obtained using equations 1 and 2). As can 

be seen, the Aexp is consistent for the anodised samples studied in this work, though the two 

equations result in different estimates of the exposed surface area (Table 5). Considering that the 

electropolished surface had a higher hydroxyl fraction than the anodised surface [79-82] it can be 

assumed that the adhesion should be better and the exposed oxide area should be lower in this 

case (Table 5). Considering this evidence, it was established that equation 2 (assuming surface 

distribution of time constants) seems to be more appropriate for calculation of Ceff of the oxide 

film on the sol-gel coated aluminium (Table 5). It is suggested that the oxide film response in 

sol-gel coated samples is a sum of local RoxCox elements which distribute along the surface, as is 

shown in Figure 13a. Based on this discussion the degradation mechanism of the sol-gel coated 

aluminium samples most likely happens according to the scheme (Figure 13a,b). It involves the 

growth of the sol-gel porosity during immersion while the sol-gel/oxide interface remains 

unchanged. Normally local corrosion events on the metallic surface accelerate the degradation of 

the interface [56]. In this work a model aluminium/sol-gel system was designed to significantly 

decrease the degradation of the interface due to corrosion, which allowed to study the properties 

of the oxide layer by EIS. 

 

4.3. Outlook on using EIS fitting for characterisation of sol-gel coated aluminium 

By analysing the response of a coating using EIS one can understand the degradation 

kinetics of the coating and also demonstrate the self-healing properties of polymeric coatings 

[36, 54, 55]. The water uptake by the coating can be evaluated by monitoring the region on the 

Bode plots where the coating shows the capacitive response in the high-frequency range, i.e. a 

straight line with a slope close to -1 (Figure 14). Self-healing events in coatings are reflected in 

the behaviour of the coating resistance (Rcoat). The value of the pore resistance of a coating is 

inversely proportional to the area of defects through the organic coating and is a measure of the 

coating degradation and indirectly of the electrochemically active surface area [56, 57]. Two 

factors contribute to the deadhesion of a coating, namely delamination and coating degradation. 

In section 4.2 it was demonstrated that the latter factor did not contribute to the delamination of 

the sol-gel coating from the oxide (Figure 9, 12). The oxide layer response in the EIS spectra is 

an important characteristic of aluminium and aluminium alloys [19, 33, 62]. It should be pointed 

out that a system comprised of an aluminium alloy coated by a sol-gel might have a different 

delamination mechanism because numerous alloy intermetallics develop cathodic activity during 

immersion leading to the increase of pH that deteriorates the stability of the sol-gel/oxide 

interface [5, 33]. This “deadhesion” event is schematically shown in Figure 14 as a decrease of 

impedance in the middle-frequency range where there is the capacitive contribution of the oxide 

film to the impedance. 

In this work little attention was given to the corrosion process (Figure 5,14) because the 

used aluminium metal was relatively pure and was anodised, thus it did not show consistent 
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development of corrosion activity on the coated samples (Table 4). However, the corrosion 

activity quickly develops on the coated aluminium alloys during immersion tests [3, 83, 84]. The 

EIS was a common tool to assess self-healing properties of the coatings containing corrosion 

inhibitors without or with the presence of nanocontainers [85, 86]. In ref. [72] model corrosion 

studies were conducted on sol-gel coated AA2024 substrates. The EIS spectra recorded from the 

samples during immersion demonstrated that the time constant associated with corrosion (charge 

transfer resistance and double layer capacitance) was located in the low frequency range. 

Moreover, a testimony for that was the recovery of the impedance of the coated sample at the 

low frequency when a corrosion inhibitor was added to the corrosive electrolyte. When doubt 

exists whether a time constant is attributed to corrosion, dielectric oxide layer or mass transfer 

process it is a good practice to perform a control test employing corrosion inhibitors and prove 

the correct assignment of the time constant. The double layer capacitance (Cdl) parameter has 

been used for monitoring the delamination processes of the coated substrates [35, 36, 56]. The 

delaminated active area (Ad) is proportional to the ratio of Cdl to the specific double layer 

capacitance that can be measured on the bare metal (C
0

dl), assuming that the latter does not 

change during exposure to the electrolyte solution. However, in the context of this study such an 

assessment could not be done due to the local nature of corrosion that did not influence the 

properties of the oxide layer. 

 

Conclusions 

This work provided an insight into problems related with selection of equivalent circuit 

models for the fitting of EIS spectra of sol-gel coated aluminium samples and interpretation of 

the obtained fitting parameters. Model aluminium substrates were anodised producing different 

thicknesses of anodic aluminium oxide layers. Subsequently, the samples were coated and 

studied by EIS in a corrosive electrolyte. 

EIS spectra of sol-gel coated substrates revealed the contribution of various interface 

phenomena to the impedance: the sol-gel film was in the higher frequency range, the oxide film 

was in the middle frequency range, while the corrosion process was visible at low frequency. 

The impedance response of the anodic oxide at middle frequency increased with the thickness of 

the oxide layers, which undoubtedly demonstrated the correctness of the applied equivalent 

circuit. 

The effective capacitance (F/cm
2
) of the barrier oxide in the sol-gel coated substrates was 

calculated using the capacitance–CPE relations from the work of Hirschorn et al. It was found 

that the equation (2) (formula of Brug et al.), assuming the surface distribution of the time 

constants, gave most adequate effective capacitance values.  

An alternative assessment of the coating adhesion was proposed. The adhesion failure of 

the sol-gel coating was numerically calculated as the ratio of the effective oxide capacitance of 

the sol-gel coated samples to the effective oxide capacitance of the anodised samples. 

During immersion in the electrolyte, the adhesive failure of the coating was relatively 

stable on all coated substrates, and by the end of immersion it was about 60-68 %. This 
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suggested that the degradation of the sol-gel coating growth of porosity during immersion did not 

contribute to the deadhesion of the coating. 
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Figure captions 

Figure 1. AFM topography of aluminium samples before anodising (0V), and after 

anodising at 10V, 20V and 40V.  

Figure 2. GDOES profiles across the control high purity aluminium samples anodised at 

20 V and 40 V. 

Figure 3. Bode plots of Al samples before anodising (A0V) and after anodising at 10 V, 

20 V and 40 V (A10V, A20V and A40V respectively); the equivalent circuit selected for fitting 

is presented as an inset in Figure a). 

Figure 4. SEM cross-section image (a) of epoxy resin (I) sol-gel coating (II) and 

aluminium (III), and GDOES profiles (b) obtained from the sol-gel coated samples. 

Figure 5. Bode plots of Sg1Al0V, Sg1Al10V, Sg1Al20V and Sg1Al40V after 1 and 23 

days of immersion in 0.5 M NaCl. 

Figure 6. Equivalent circuit models used for fitting EIS spectra of the coated aluminium 

samples. 

Figure 7. The evolution of Ccoat eff (a,c), water uptake (b) and Rcoat (d) during immersion 

in 0.5 M NaCl; the Ccoat eff values were obtained from two equations 1 and 2. 

Figure 8. Evolution of the oxide layer resistance (Rox) during immersion in 0.5 M NaCl. 

Figure 9. Aluminium oxide layer thickness calculated for samples Sg1Al0V (a), 

Sg1Al10V (b), Sg1Al20V (c) and Sg1Al40V (d) during immersion in 0.5 M NaCl; EIS fitting 

was done using EC model (Figure 6b). 

Figure 10. A scheme of two EC models with the arrangement of elements in the 

hierarchical model (a) and in the series combination model (b); the interface between the sol-gel 

and oxide (c). 

Figure 11. EIS spectrum of sample Sg1Al10V after 1 day of immersion and fit lines using 

EC models shown in Figure 10. 

Figure 12. The calculated thickness of the aluminium oxide layer of sol-gel coated and 

uncoated samples; oxide thickness was obtained using equation 1 (a) and equation 2 (b). 

Figure 13. Degradation mechanism of the sol-gel coated anodised aluminium samples 

during immersion. 

Figure 14. A schematic representation of Bode plots demonstrating the 

degradation/healing events in the coating, deadhesion at the oxide/coating interface and 

corrosion and inhibition phenomena. 
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Table 1. Oxide film thickness grown on pure aluminium determined by GDOES. 

Sample name 
Anodising 

voltage 

Average 

thickness, nm  

Al0V   

Al10V 10V 14.2±0.8 

Al20V 20V 26.9±1.1 

Al40V 40V 53.7±0.9 

 

Table 2. The capacitance of the oxide films calculated from EIS spectra and the relative 

dielectric constants calculated from equation 3.  

Sample name 
average C, 

F/cm
2
 

relative dielectric 

constant 

Al0V 3.92E-06 9
*
 

Al10V 5.73E-07 9.2±0.6 

Al20V 3.15E-07 9.6±0.5 

Al40V 1.65E-07 10.0±0.6 

*Assumed value 
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Table 3. Fitted parameter values using the EC model presented in Figure 6b. 

Parameters Sg1Al0V Sg1Al10V Sg1Al20V Sg1Al40V 

 1day 23days 1day 23days 1day 23days 1day 23days 

CPEcoat  

(nS s
-a

 cm
-2

) 
42.9±4 145±31 46.1±6 71.7±2 46.3±6 69.3±16 33.0±4.5 47.8±9 

a_coat 0.833±0.01 0.773±0.02 0.837±0.01 0.841±0.02 0.836±0.01 0.844±0.02 0.861±0.01 0.872±0.02 

Rcoat  

(kΩ cm
2
) 

7.94±0.1 1.26±0.03 5.43±0.1 0.901±0.03 5.77±0.13 0.956±0.03 6.30±0.02 0.984±0.04 

CPEox  

(µS s
-a

 cm
-2

) 
2.79±0.04 2.82±0.05 0.415±0.01 0.409±0.18 0.215±0.06 0.211±0.01 0.112±0.04 0.109±0.08 

a_ox 0.955±0.01 0.966±0.01 0.989±0.01 0.995±0.01 0.997±0.05 1±0.01 1±0.01 1±0.01 

Rox  

(MΩ cm
2
) 

8.97±2.5 2.04±0.1 30.8±3.7 17.7±17 143±20 32.5±4 281±62 360±203 

CPEdl  

(µS s
-a

 cm
-2

) 
4.22±4.2 16.5±5 0.597±0.28 0.039±0.016 0.225±0.05 0.635±0.3 0.223±0.22 0.067±0.07 

a_dl 1±0.9 1±0.08 0.933±0.1 0.870±0.1 1±0.3 0.923±0.1 1±0.5 0.970±0.4 

Rct  

(MΩ cm
2
) 

19.1±19 2.82±0.4 59.1±12.9 684±216 161±23 41.2±9 171±160 418±310 

Chi^2 (10
-4

) 3.41 2.84 2.15 1.20 2.55 2.29 3.80 2.30 

 

Table 4. Fitted parameter values of EIS spectrum shown in Figure 10 using the EC 

models presented in Figure 9. 

Parameters/Systems Sg1Al10V 

 Model a Model b 

CPEcoat (nS s
-a

 cm
-2

) 46.1±6 41.6±5 

a_coat 0.837±0.01 0.847±0.01 

Rcoat (kΩ cm
2
) 5.43±0.1 5.02±0.08 

CPEox (µS s
-a

 cm
-2

) 0.415±0.01 0.457±0.01 

a_ox 0.989±0.01 0.981±0.04 

Rox (MΩ cm
2
) 30.8±3.7 27.0±3.7 

CPEdl (µS s
-a

 cm
-2

) 0.597±0.28 0.479±0.22 

a_dl 0.933±0.1 0.880±0.1 

Rct (MΩ cm
2
) 59.1±12.9 65.7±14.7 

Chi^2 (10
-4

) 2.15 1.87 

 

Table 5. The exposed surface area (Aexp), which was calculated using equation 5 and 

different effective capacitance values (equations 1 and 2), of the oxide in the sol-gel coated 

samples after immersion.  

Sample name 
Surface area, % 

Equation (1) 

Surface area, % 

Equation (2) 

Sg1Al0V 80.7 60.4 

Sg1Al10V 73.6 68.5 

Sg1Al20V 68.8 66.6 

Sg1Al40V 69.3 66.0 
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Figure 1. AFM topography of aluminium samples before anodising (0V), and after 

anodising at 10V, 20V and 40V.  
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Figure 2. GDOES profiles across the control high purity aluminium samples anodised at 

20 V and 40 V. 
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Figure 3. Bode plots of Al samples before anodising (A0V) and after anodising at 10 V, 

20 V and 40 V (A10V, A20V and A40V respectively); the equivalent circuit selected for fitting 

is presented as an inset in Figure a). 
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Figure 4. SEM cross-section image (a) of epoxy resin (I) sol-gel coating (II) and 

aluminium (III), and GDOES profiles (b) obtained from the sol-gel coated samples. 
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Figure 5. Bode plots of Sg1Al0V, Sg1Al10V, Sg1Al20V and Sg1Al40V after 1 and 23 

days of immersion in 0.5 M NaCl. 
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Figure 6. Equivalent circuit models used for fitting EIS spectra of the coated aluminium 

samples. 
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Figure 7. The evolution of Ccoat eff (a,c), water uptake (b) and Rcoat (d) during immersion 

in 0.5 M NaCl; the Ccoat eff values were obtained from two equations 1 and 2. 
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Figure 8. Evolution of the oxide layer resistance (Rox) during immersion in 0.5 M NaCl. 
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Figure 9. Aluminium oxide layer thickness calculated for samples Sg1Al0V (a), 

Sg1Al10V (b), Sg1Al20V (c) and Sg1Al40V (d) during immersion in 0.5 M NaCl; EIS fitting 

was done using EC model (Figure 6b). 
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Figure 10. A scheme of two EC models with the arrangement of elements in the 

hierarchical model (a) and in the series combination model (b); the interface between the sol-gel 

and oxide (c). 
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Figure 11. EIS spectrum of sample Sg1Al10V after 1 day of immersion and fit lines using 

EC models shown in Figure 10. 
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Figure 12. The calculated thickness of the aluminium oxide layer of sol-gel coated and 

uncoated samples; oxide thickness was obtained using equation 1 (a) and equation 2 (b). 
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Figure 13. Degradation mechanism of the sol-gel coated anodised aluminium samples 

during immersion. 
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Figure 14. A schematic representation of Bode plots demonstrating the 

degradation/healing events in the coating, deadhesion at the oxide/coating interface and 

corrosion and inhibition phenomena. 
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