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Abstract 
 
Sulphuric acid anodization process was carried out to grow oxide layers on unclad AA 2024 
alloy. To enhance the corrosion resistance of plain oxide layer (PO), post treatments such as 
immersion in boiling water (HTO) and Mn-Mo oxyanions conversion bath (PMO) were carried 
out. Results obtained from electrochemical impedance spectroscopy (EIS) studies showed that 
the Mn-Mo infused oxide layer maintained the charge transfer resistance (Rct) value of about 
106 Ωcm2 even after 7 days of immersion in 3.5% NaCl solution. Scanning vibrating electrode 
technique (SVET) results revealed that the plain and boiling water sealed oxide layers exhibited 
anodic corrosion activity immediately after the immersion into NaCl solution. Whereas, the 
distribution of anodic and cathodic sites over the surface of Mn-Mo infused oxide layer was 
insignificant even after 7 days of immersion. The EIS immersion study clearly revealed the self-
healing behavior of the PMO in NaCl solution until 7 days of immersion. This corrosion 
inhibition mechanism was corroborated with the help of energy dispersive X-ray analysis 
(EDAX) and X-ray photoelectron spectroscopy (XPS) results.  
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1.0 Introduction  
 
The high strength and low density aluminum alloys such as 2024 and 7075 are widely used in 
aviation and aircraft applications. These alloys can be affected by different forms of atmospheric 
corrosion like pitting, intergranular, fatigue, exfoliation, etc., [1]. Though, the native oxide layer 
present on the surface of these alloys is stable in normal atmospheric conditions, it cannot 
withstand in aggressive corrosion environment. The micro defects in the oxide layer acts as the 
path for the penetration of corrosive ions and consequently, the material fails. Various surface 
treatment techniques are available to improve the corrosion resistance of these alloys. 
Anodization is one of the familiar surface treatment processes specifically for these light weight 
alloys to produce an adherent and thick oxide film. Because of its unique corrosion inhibition 
and adhesion promoting behavior, chromic acid anodization (CAA) is the conventionally used 
process in aircraft structures as a pretreatment. However, as per the environmental legislation the 
use of hexavalent chromium [Cr (VI)] causes many unavoidable environmental and health 
related problems. Therefore, the chromate-free coatings are the current interest for the aviation 
and aerospace community. Till date, the replacement of hexavalent chrome [Cr (IV)] in the 
processing of aluminum remains a challenge of great significance with similar or enhanced 
corrosion resistance property.  
Sulphuric acid (SAA), tartaric acid (TAA), tartaric-slphuric acid (TSA), oxalic acid (OAA), 
phosphoric acid (PAA) anodization processes are the currently emerging techniques for the 
replacement of CAA. But still the significant corrosion resistance property could not achieved by 
only adopting these techniques. Because, the oxide layer developed by these techniques have a 
thick porous and followed by a thin non-porous (barrier) layer. Therefore, in aggressive 
environment the porous layer acts as the pathways for corrosive species such as Cl-, SO4

2-, and 
ClO4

- which impair the total protective effect of anodization. SAA process on AA2024 surface 
generates irregular pores and cracks (tortuous porous structure) during the course of anodization. 
Sealing the pores by boiling water, steam or different metal oxyanions are the plausible ways to 
improve the corrosion resistance of the oxide film. In the present investigation we have made an 
attempt to develop the oxide layer on AA2024 surface in sulphuric acid bath (SAA) followed by 
the incorporation of Mn and Mo oxyanions to improve the corrosion resistance. 
Various conventional electrochemical techniques such as electrochemical impedance 
spectroscopy (EIS), potentiodynamic polarization (PDP), open circuit potential monitoring 
(OCP) are being used for the characterization of corrosion behavior of bare or coated metal 
surfaces. But they seldom give the information about the localized electrochemical reactions. 
Therefore, localized micro and sub-micrometric techniques with high spatial resolution are 
emerging for the localized corrosion analysis. The scanning vibrating electrode technique 
(SVET) is an electrochemical method which can able to resolve and quantify the localised 
corrosion currents occurring at the metal–electrolyte interface during the corrosion process.  The 
SVET has found a wide range of applications in the study of localised corrosion such as pitting, 
crevice, galvanic corrosion and etc,. The SVET is based upon the existence of an electric field 
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associated with ionic concentration gradients over electrochemically active surfaces. A 
microprobe is made to vibrate in this electric field, and its potential is measured versus a 
stationary electrode (substrate-working electrode). From the potential maximum and minimum, 
the solution resistivity and the ionic current flow in solution can be determined. The sign of the 
current can also be determined and therefore, by scanning the surface, it is possible to map the 
localized anodic and cathodic area distribution over the surface in micron level [2, 3]. 
 
The main objective of this work is to study the applications of different electrochemical 
techniques for the understanding of different types of corrosion mechanism of the developed 
oxide layers. In this paper we present the scanning vibrating electrode technique (SVET) results 
of a newly developed Mn-Mo incorporated oxide layer (PMO) and also the plain oxide layer 
(PO) and boiling water sealed oxide layer (HTO) results for comparison. The electrochemical 
impedance spectroscopy (EIS) for different immersion time in 3.5% NaCl solution of PO, HTO 
and PMO is also discussed to understand the self-repairing property of the developed PMO. 
Field emission scanning electron microscopy (FE-SEM), energy dispersive X-ray analysis 
(EDAX) and X-ray photoelectron spectroscopy (XPS) results are also discussed to understand 
the morphology, elemental analysis and the oxidation state of the existing element respectively. 

2.0 Experimental 

2.1 Material and surface treatments  
 
Aluminium alloy AA2024 T3 (composition in wt. %: Cu 5.0, Mg 1.5, Mn 0.7, Fe 0.3, Si 0.1, Al 
92.4) of size 2.5X 1.5X 0.12 cm3 were used as substrate materials. As-received specimen were 
cleaned with acetone, ground with 800 and 1200# SiC emery sheet, polished with 0.3 µm 
alumina followed by ultrasonication in acetone for 15 min. The surface treated specimen were 
immersed in a mild alkaline bath (6.25 g/L Na3PO4and Na2CO3) for  about 5 min at 70±20C to 
remove the soil contaminants, followed by deoxidized with NaOH (0.5M) for 2 min and  then 
neutralized with HNO3 (1:1) at room temperature . 

2.2 Anodic oxide layer formations 

The anodic oxide layer was developed by using the specimen as anode and pure aluminum as 
cathode in sulphuric acid electrolyte by applying constant current density at room temperature 
for 2 h. These developed oxide layers were taken out rinsed with distilled water (PO) and then 
immersed into the boiling water, Mn-Mo conversion coating bath in order to get HTO and PMO 
oxide layer respectively. The PMO conversion coating carried out at 78 ± 2o C for 30 min. After 
the coating formation, the samples were dried in air and kept in ambient condition for 48 h and 
then used for further characterization. 
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2.3 Characterization  

Electrochemical studies such as open circuit potential (OCP) monitoring, electrochemical 
impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) on the developed oxide 
layers were conducted using CHI604D electrochemical workstation. The test was carried out in 
deaerated 3.5 wt% (0.6 M) NaCl solution (200 ± 2 ml) using conventional three electrode cell 
equipped with specimen as working electrode (1 cm2), platinum foil and SCE as counter and 
reference electrodes respectively. The reference electrode was connected to a Luggin capillary 
and the tip of the Luggin capillary was kept closer to the surface of the working electrode to 
minimize IR drop. The coupon was kept in NaCl solution for an hour in order to establish the 
open circuit potential (Eocp). The change in open circuit potential (OCP) values were monitored 
and represented as potential vs. time plot. EIS studies were carried out in the frequency range of 
100 kHz–10 mHz. The applied alternating potential was 10 mV peak to zero on the Eocp. The 
acquired data were curve fitted and analyzed using ZSimpwin program. Then the system was 
allowed to attain open circuit potential, the upper and lower potential limits of linear sweep 
voltammetry were set at ±200 mV with respect to the Eocp. The potentiodynamic polarization 
(Tafel) plots obtained were represented as potential vs. log i. The corrosion current density (icorr) 
values were obtained by extrapolating the cathodic region to Ecorr. For immersion study the 
specimens were dipped into NaCl solution and EIS test was carried out for every 24 h. 
The scanning vibrating electrode technique (Princeton applied research) in which the vibrating 
electrode with the spherical tip of 5µm diameter. The probe was located 100 µm above the 
surface and vibrated in the perpendicular direction to the surface (Z) with amplitude of 20µm. 
The vibration frequency of the probe was 80 Hz.  

The oxide layers before and after modifications were analyzed using field emission scanning 
electron microscopy (FESEM) for its surface and cross section topography attached with energy 
dispersive X-ray analysis (EDAX) and X-ray photoelectron spectroscopy (XPS) were also 
carried out for elemental analysis and the oxidation state of the existing element respectively.  

3.0 RESULTS AND DISCUSSION 

3.1 Electrochemical studies  

3.1.1 Conventional electrochemical techniques 

The potentiodynamic polarization and EIS studies for these oxide layers after 1 (static condition) 
and 168 h (dynamic condition) of immersion in 3.5% NaCl solution was discussed in our 
previous report [4]. Based on these results it was concluded that the PMO layer was more stable 
in NaCl solution even after 168 h of immersion. In the present investigation the PO, HTO and 
PMO samples were immersed into 3.5 % NaCl solution and EIS study was carried out after 
every 24 h. This immersion study was helpful to understand about the corrosion mechanism of 
the developed oxide layers. All the data obtained from immersion study was tried to curve fit 
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with different electrical equivalent circuits (EEC). The best curve fit was obtained for two time 
constants behaviour which corresponds to R (Q (R (QR))) circuit. The same circuit was chosen 
for all the samples in order to give comparative explanation. In this circuit the constant phase 
element was used to explain the deviation from the ideal capacitor behaviour. The variation in 
Rct value is sown in Fig. 1.  From the figure the Rct value after 1h immersion for PO, HTO and 
PMO are 166, 2276 and 3427 kΩ.cm2 respectively. A gradual decrease in Rct was observed for 
PO specimen with respect to immersion time. This might be due to the Cl- ion attack of the 
specimen after immersion. The open pores and cracks present in the PO layer acted as the path 
for Cl- ion penetration and followed by the corrosion of the substrate. In the case of HTO a 
drastic reduction in Rct value was observed after 24 h of immersion from 2276 to 1000 kΩ.cm2 
and then the decrease in Rct became gradual. The reason for sudden decrease in Rct after 24 h of 
immersion might be due to the random attack of the oxide layers (HTO) by Cl- ion.  In general 
during boiling water sealing process the open pores and cracks were incompletely filled due to 
the bulging of the pores in water. The bulging of pores represents the conversion of Al2O3 to AlO 
(OH) (boehmite). This boehmite will not be more stable in aggressive Cl- ion environment and 
therefore the attack of the layer became a random process up to the saturation of Cl- ion into the 
pores. It appears minimum 24 h required for the saturation of pores present in PO layer. After the 
saturation of pores chloride ions lead to the attack of the thin barrier layer and followed by the 
corrosion reaction proceeds. This was observed from the gradual decrease in Rct after 24 h up to 
168 h of immersion in NaCl solution. 

 

 

 

 

 

 

 

 

Fig. 1. Variation of Rct value with respect to immersion time in 3.5%NaCl solution and the 
corresponding equivalent circuit (inset).  

In the case of PMO, interestingly a zigzag motion of Rct from 1 h to 168 h of immersion is 
observed (Fig. 1). There is no sudden or gradual decrease in Rct value is noticed unlike PO and 
HTO during immersion in NaCl solution. In general the zigzag motion of Rct will be attributed to 
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the self-healing property of the coating. From the figure it can be observed that the initial 
decrease in Rct after 24 h of immersion indicates the initiation of Cl- ion attack on PMO layer and 
followed by the increase in Rct value after 48 h shows the re-passivation. The Cl- ion attack 
followed re-passivation of the surface continues periodically. The re-passivation of the surface 
can be explained as during the oxide layer attack by chloride ion the oxyanions present in the 
pores are healing the pores from further attack. This healing or repairing nature of the coating 
could be the reason for maintaining the Rct value without drastic reduction. On the other hand, it 
can be explained in another way, due to the corrosion reaction, always there is a possibility for 
the formation of a fresh layer of corrosion product over the surface. It gives sufficient protection 
for further Cl- ion attack and also enhanced resistance by forming a barrier layer. Therefore, the 
zigzag motion observed in the present investigation also can be attributed for the self-healing 
ability of the Mn-Mo oxy anions present in the oxide layer. During the immersion from 1 h to 
168 h PMO offers about 35 times higher Rct compared to PO and HTO as an average.  

 
3.1.2 Scanning vibrating electrode technique (SVET) 

SVET is a useful tool for the study of galvanic corrosion and localized anodic and cathodic 
distribution during the immersion in NaCl solution. Experimental results are presented in the 
form of 2D maps of ionic currents using data from the electric field normal to the surface. 
Positive values (red) correspond to the anodic activity and negative values (blue) to the cathodic 
activity. The ionic current maps obtained for PO, HTO and PMO after immediate, 1h and 168 h 
of immersion in 3.5% NaCl solution is shown in Fig. 2 (a), (b) and (c) respectively. From the 
Fig. 2 (a) it can be seen that PO specimen exhibits cathodic activity throughout the surface after 
immersing into the NaCl solution. The cathodic activity can be attributed to the presence of more 
passive Al2O3 layer on the surface of AA2024. After 1h of immersion the initiation of anodic 
sites are randomly observed over the surface. This indicates the Cl- ions enter through the pores 
and corrosion initiates. After 168 h of immersion in NaCl solution, a clear distribution of 
localized anodic (green) and cathodic (blue) sites are observed. It indicates the PO is fully 
attacked by the Cl- ions due to the localized pitting corrosion. The pitting attack of the sample is 
confirmed from the photographic image after 168 h of immersion which is shown in Fig. 3. The 
SVET image of HTO indicates there is no specific distribution of anodic and cathodic sites after 
immediate immersion in NaCl solution. But after 1 h immersion it shows cathodic protection and 
this may be due to the protective boiling water sealed oxide layer. On the contrary after 168 h of 
immersion, the distribution of anodic and cathodic sites is fully localized similar to PO. This can 
be attributed to the vigorous attack of HTO oxide layer by Cl- ions during immersion. The 
similar explanation observed from EIS can be given for the localized distribution of anodic and 
cathodic sites over the HTO surface. The partially filled oxide layer in HTO does not offer 
sufficient protection for corrosion attack up to 168 h. Once the chloride ions reach the substrate 
the localized attack begins and it proceeds further. Surprisingly, the photographic images does 
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not exhibit any pits over the surface of HTO after 168 h of immersion (shown in Fig. 3). This 
indicates that the localized attack in the case of HTO is only in the microscopic level (cannot be 
visually seen). The PMO (Fig. 3) exhibits similar corrosion behavior like PO after immediate and 
1 h of immersion in NaCl solution. It also shows the initiation of anodic corrosion site after 1 h 
of immersion. But after 168 h of immersion, the distribution of anodic sites is minimum and also 
uniform (not localized) compared to PO and HTO surface. Therefore it can be stated that the 
PMO undergoes more uniform corrosion rather than pitting attack even after 168 h of immersion 
in NaCl solution.  
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 2. Mapping of ionic current obtained from SVET for PO (a), HTO (b) and PMO (c); after 
immediate, 1h and 168 h of immersion in 3.5 % NaCl solution.  

 

 

 

 

 

 

 

Fig. 3. Photographic images of PO, HTO and PMO after SVET experiment. 



 

8 

 

3.2 X-ray photoelectron spectroscopy (XPS) and Energy dispersive X-ray analysis (EDAX) 

For better understanding of the corrosion reaction mechanism XPS and EDAX analysis are 
useful tools to analyze the composition and chemical state of the elements exist in the oxide layer 
respectively. The elemental analysis of PMO exhibits the presence of Mn-Mo oxyanions until the 
bottom of the pores (cross-section).  This indicates that the pores are effectively sealed during the 
conversion process. The XPS high resolution spectra of PMO after de-convolution are shown in 
Fig. 4. From the figure the PMO shows the presence of both higher and lower oxidation states of 
Mn and Mo oxyanions. The XPS high-resolution spectra of Mn-2p and Mo-3d shows the 
presence of KMnO4, MnOx, MnO2 and MoO3, MoOx, MoO2 on the surface of PMO layer, 
respectively. The presence of lower oxidation states of Mn and Mo oxyanions confirms the 
formation of irreversible oxide layer deposition due to the redox reaction between oxide layer 
and conversion species (Mn and Mo) during the sealing process. 

 

 

 

 

 

 

Fig. 4. XPS spectrum of high resolution de-convoluted spectra of Mn and Mo obtained from 
PMO specimen. 

Based on the above results the corrosion and its inhibition mechanism can be explained as 
follows: The soluble hypervalent Mn and Mo oxyanions (corrosion inhibitors) present in the 
oxide layer dissolves in the NaCl solution (especially water) during corrosion reaction then 
diffuses towards the proximity of the corrosive area and forms an irreversible thin oxide layer 
due to the complex reactions (pH change, electron exchange and redox reaction between the 
metal/oxides). This can be stated as the self-healing nature of the PMO. Due to this reaction there 
will be the reduction in concentration of corrosion inhibitors. This is confirmed by EDAX 
analysis after the 168 h of immersion and salt spray exposed specimen (Mn:0.66 to 0.38 at.%; 
Mo:0.65 at.% to <detectable limits). Since the concentrations of these ions are above the critical 
level they could survive for longer duration. This attack and passivation continues due to the 
existence of large amount of inhibitor oxyanions. The excess ions existing in the oxide layer acts 
as a inhibitor reservoir. From the reservoir the controlled release of inhibitors takes place 
periodically.   
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3.2.4 Salt spray 

As an industrial practice all the specimens were subjected to continuous salt spray test as per 
ASTM B117 standard. The surface of PMO exhibited no significant corrosion products on its 
surface even after 2000 h of salt spray exposure. The mechanically damaged surface (cross -
hatched mark) also did not show any significant corrosion products on the damaged area. Based 
on the salt spray result it can be stated that the PMO exhibits better corrosion resistance behavior 
compared to conventional CAA. 

4.0 Conclusions 

The SAA oxide layer was developed on unclad AA 2024 alloy surface. The developed oxide 
layers were modified by immersion in boiling water and Mn-Mo combination of oxyanions to 
improve its corrosion resistance property. The EDAX and XPS analysis showed that the 
existence of Mn and Mo species with multiple oxidation states on PMO surface. Results obtained 
from electrochemical impedance spectroscopy (EIS) studies showed that the Mn-Mo infused 
oxide layer maintained the charge transfer resistance value of about 106 Ωcm2 even after 7 days 
of immersion in 3.5% NaCl solution. Scanning vibrating electrode technique (SVET) results 
revealed that the PO and HTO exhibited the distribution of localized anodic and cathodic sites 
after 168 h of immersion. Whereas, the distribution of anodic and cathodic sites over the surface 
of Mn-Mo infused oxide layer was insignificant even after 7 days of immersion. The EIS 
immersion study clearly reveals the self-healing behavior of the PMO in NaCl solution up to 7 
days of immersion. 
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