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ABSTRACT 
 

Complex anodic alumina films were preapered by the reanodization of porous anodic oxide films on aluminium alloy (AA) 5052. The AA 5052 

samples were anodized first in H2SO4 for 30 min at 15 V. The reanodization was performed in 0.1 M ammonium pentaborate solution at 15 V for 

5 and 10 min. Electrochemical impedance spectroscopy was employed to characterize these complex films. Polarization studies show that the 

corrosion rate decreases significantly by reanodization and it is further decreases with an increase in reanodization time. Reanodization is 

found a good method to increase corrosion resistance properties of porous anodic oxide film. Morphologically, no significant difference was 

observed between simple and complex film as shown in Field Emission Scanning Electron Microscope (FESEM) images. The electrochemical 

impedance data was fitted with equivalent circuit containing a Constant Phase Element (CPE) and fitted parameters were calculated. 
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INTRODUCTION 
 

Anodic oxide films were formed by the process of anodic oxidation of metal in suitable electrolyte. Aluminum and its alloys are widely used in 

industry, so extensively investigated to know the electrochemical behavior in various electrolytes [1-3]. Anodic oxide film with varying 

properties over a wide range can be obtain just by choosing the anodization conditions, especially the electrolyte composition and applied 

voltage or current [3-5]. Mainly barrier and porous type anodic oxide films were formed during anodization on aluminum. The formation of 

barrier or porous type film depends on the electrolyte composition, temperature, applied voltage or current density or other anodization 

conditions [6]. The porous alumina films have received a new technological application in the field of nanotechnology, like fabrication of 

nanomaterials such as nanotubes, nanowires, nanodots etc, [7-11]. Other than these applications the anodic oxide film increases the corrosion 

resistance properties of metals by providing a barrier oxide film [12,13]. Barrier films were formed during anodization in an electrolyte which 

does not dissolve the film [14]. The passive thin film blocks the dissolution of the metal in corrosive environment. The barrier-type anodic oxide 

layer on aluminium and its alloys are also used as a dielectric layer in aluminium electrolytic capacitors. The electrical properties of capacitors 

depend upon the dielectric characteristics and dimensions of anodic oxide film in relation to the electrochemical oxidation process for film 

formation [15-17]. The anodic oxide film on aluminum and its alloys obtained in sulfuric acid solution commonly consists of two layers; a thick 

porous outer layer in contact to the electrolyte separated from the metal by a thin non-porous compact uniform layer called the barrier layer 

[18,19]. These films are widely used as protective, decorative, electro insulating and hard coatings [20,21]. Porous Al2O3 was found one of the 

most favorable ceramics sensing materials [22]. The small pore radius in porous alumina makes it sensitive to very low vapor pressure [23]. 

Besides the barrier and porous films, the complex films were also formed when a porous film is reanodized [14,24,25]. The complex films have 

improved electrical and corrosion resistance properties [24,26]. Reanodization of the porous α-Al2O3 in certain acid solutions at low voltage was 

found to be an effective humidity sensor at various temperatures [27]. The knowledge of bulk and surface characteristics of anodic oxide film 

has great importance to utilize porous and complex films (Reanodized in neutral electrolyte). In this work, electrochemical Impedance 

Spectroscopy (EIS) and potentiodynamic polarization were used to study the influences of reanodization on the electrochemical behaviour of 

anodized AA 5052. AA 5052 is commonly used for the manufacture of kitchen cabinets, small boats, home freezers, air craft tube. The 

motivation behind this study was to investigate the possibility of improving the surface and corrosion resistance properties of anodic oxide films 

by reanodization in ammonium pentaborate solution. 

 

EXPERIMENTAL 
 

Samples of AA 5052 with the exposed area of 1 cm2 were used as working electrode. AA 5052 has following composition 0.35% Cr, 0.15% Cu, 

2.2% Mg, 0.1% Mn, 0.4% silicon + iron and balance Al. First of all, the specimen samples were mechanically polished with silicon carbide 

paper for the smooth surface appearance followed by chemical etching with NaOH (100 g/l). Anodization was performed in a simple 
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electrochemical cell with a magnetic stirrer under the constant temperature of 30°C. A Platinum mesh was used as the cathode. The samples 

were placed at the centre of the platinum mesh. In the present investigation, Al 5052 samples were anodized in 0.3 M H2SO4 at 15 V for 30 min 

(Sample A). Then these anodized samples were reanodized in 0.1 M ammonium pentaborate solution at 15 V for 5 min (Sample B) and 10 min 

(Sample C). The oxide films were characterized by microscopy, impedance spectroscopy and polarization measurements. The morphology was 

studied by FESEM (Zeiss Ultra 55, Oxford instruments) in high vacuum. The impedance and polarization measurements were done by 

potentiostat (Auto lab) having three electrode set up in which Ag/AgCl is used as a reference electrode. All the electrochemical measurements 

were done in 1 M KCl solution. The frequency range applied for impedance measurements is 10-1 Hz to 105 Hz. 

 

RESULTS AND DISCUSSION 
 

The anodic porous layer on the AA 5052 sample consists of double layer; one is called as barrier layer intact to the metal surface and another is 

porous layer which is present above this barrier layer. The complex films were formed by reanodization of porous oxide film samples in near 

neutral electrolytes (Ammonium pentaborate) which partially filled the pores. The thickness of the barrier layer increases after reanodization 

[24]. 
 
To evaluate the electrochemical characteristics and corrosion resistance properties of anodized and reanodized samples, the Nyquist and Bode 

plots from electrochemical EIS were shown in Figure 1. In Figure 1(a), the shape and diameter of the capacitive loop curves presented the 

corrosion resistance properties of anodic oxide film [28]. Corrosion resistance properties are directly proportional to the diameter of loop i.e. 

Bigger the diameter of the loop, better are the corrosion resistance properties [29,30]. The capacitive loops for reanodized complex films are 

much bigger than the simple anodized sample (Figure 1a). Furthermore, the loop size increases with an increase in reanodization time from 5 to 

10 min. This indicate that, reanodization of porous oxide film contribute towards increase in corrosion resistance properties due to increase in 

thickness of barrier film. 

 

 
 

Figure 1a: Nyquist plots of (A) porous type film; (B) reanodized for 5 min; (C) reanodized for 10 min, lines represents the fitted curve 

 

The increase in impedance exhibits an improvement of anodic oxide film on reanodization. The result of Bode Plots in Figure 1(b) and (c) 

exhibit the similar trend as in Nyquist plots showing reliability of experimental results. The maximum experimental phase (Bode Plots) angle 

near to 90° indicates the nature of electric double layer formation and higher stability of the oxide film (Figure 1c). 

 

 
 

Figure 1b: Bode plots modulus of (A) porous type film; (B) reanodized for 5 min; C) reanodized for 10 min, lines represents the fitted curve 
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Figure 1c: Bode plots phase of A) porous type film; B) reanodized for 5 min; C) reanodized for 10 min, lines represents the fitted curve 

 

The phase angle is found near to 90° in wide frequency range, in reanodized samples (B and C), as compare to simple porous alumina sample 

(A) indicating improvement anodic oxide film on reanodization [31]. Slight shifts of phase-angle minima towards the low-frequency region 

indicate an increase in the porous layer resistance [32]. At frequencies higher than 1 Hz bode magnitude displayed linear slopes indicating a 

typical capacitive behavior [12]. The experimental impedance data were fitted with Z view software and the good agreement was observed 

between the experimental results and simulated curve proving that the proposed model is appropriate. We interpreted the spectra by using an 

equivalent circuit having a resistance R, a modeling element with frequency distribution behavior called as constant phase element (CPE) and 

Rel, resistance of the electrolyte (Figure 2). The CPE summarizes the impedance response of a distributed process in an Equation. 

 

ZCPE=A-1 (iω)-n 

 

Where, ZCPE is the CPE impedance, A is proportional constant, ω is the rotation frequency and n has the meaning of a phase shift. 

 

 
 

Figure 2: Equivalent circuit diagram for modeling of impedance data 

 
The equivalent circuit consisted of a parallel combination of the film resistance R and capacitance CPE, connected in series to the 

electrolytic resistance Rel. The CPE are used to account for the irregularities and variations of the properties of various layers. It can be seen 

from Figure 1, the calculated curve fits well to the experimental data. By simulation with the equivalent circuit, the resistance and 

capacitance of anodized samples were evaluated given in Table 1. The value of CPE decreases and resistance increases from simple to 

complex alumina and similar behavior with an increase in reanodization time [23]. This is due to increase in thickness of barrier film by 

reanodization and the thickness increases with reanodization time. 

 
Table 1: Evaluated circuit data of the different anodized films (A) porous type film; (B) reanodized for 5 min; (C) reanodized for 10 min 

 

Sample CPE(F) Rel (ohm) Rs (ohm) 

A 1.3493 × 10-6 1.46 8.5 × 104 

B 1.0103 × 10-6 1.27 3.04 × 105 

C 8.0709 × 10-7 1.69 4.7 × 105 

 

Morphology of the porous films 
 
FESEM images of sample A and B is shown in Figure 3. The minute pores ranging from 20 to 30 nm were formed and there is no 

significant difference was observed on surface morphology between the simple porous and reanodized sample for 10 min. Only some 

degree of smoothness has been observed after reanodization. 
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Figure 3: SEM images of (a) simple porous type film; (b) reanodized for 10 min 
 

Corrosion resistance characteristics 
 
The polarization plots of anodized samples were shown in Figure 4 and their corrosion potentials (Ecorr), corrosion current density (icorr), Tafel 

slops (βa and βc) and corrosion rate are displayed in Table 2. The measurements are repeated three times. The plot shows that the reanodized 

samples have more positive Ecorr and very less corrosion current density as compare to simple anodized samples. 
 

Table 2: Polarization data of the different anodized films (A) porous type film; (B) reanodized for 5 min; (C) reanodized for 10 min 

 

Sample 
βa 

(V/dec) 

βc 

(V/dec) 

Ecorr, 

Obs. (V) 

icorr 

(A/cm²) 

Corrosion 

(mm/year) 

Polarization 

Resistance (Ω) 

A 0.42048 0.089994 -0.91787 6.18E-07 0.0067403 26036 

B 0.26808 0.28218 -0.92685 1.75E-07 0.0019031 171010 

C 0.37502 0.43558 -0.70465 3.76E-08 0.0004097 1.16E+06 

 

 
 

Figure 4: Potentiodynamic polarization of (A) porous type film; (B) reanodized for 5 min; (C) reanodized for 10 min 

 

CONCLUSIONS 

 

The porous anodic oxide films were fabricated by anodic oxidation of AA 5052 in 0.3 M H2SO4 solution and reanodized in 0.1 M ammonium 

pentaborate solution for 5 and 10 min. The impedance spectroscopy was found an appropriate method for characterization of anodic oxide film 

on aluminum for corrosion resistance characteristics. The corrosion current density was found decreases significantly with reanodization. The 

increase in anodization time increases the thickness of barrier film by filling of pores which results decrease in the corrosion rate. The increase in 

corrosion resistance up on reanodization is supported by the impedance data (Nyquist plots) and increase in film resistance calculated by fitting 

the impedance data with equivalent circuit. 
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