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Abstract 
 
A zirconium based conversion coating (ZrCC) was developed on aerospace aluminum alloy 

(AA2024) in order to improve its corrosion resistance. Various corrosion inhibitors such as Ce, 

Mo and W oxyanions were also added in the conversion bath and their corrosion inhibition 

performance was studied. Electrochemical impedance spectroscopy (EIS) results revealed that 

the cerium incorporated zirconium (ZrCeCC) showed higher charge transfer resistance value 

(13.4 kΩ.cm2) compared to zirconium-molybdenum (ZrMoCC) and zirconium-tungsten 

(ZrWCC) conversion coatings. The EIS results also revealed that low frequency impedance of 

ZrCeCC did not change significantly with respect to immersion time in 3.5% NaCl solution for 

up to 168h. The potentiodynamic polarization (PDP) results showed that both ZrCC and ZrCeCC 

exhibited lower icorr values of 0.83 and 0.6 μA.cm-2 respectively. The damage tolerance study 

results revealed that the ZrCeCC offered active corrosion protection to the substrate from the 

chloride ion attack. X-ray photoelectron spectroscopy (XPS) results revealed that both Zr and Ce 

elements existing in the multivalent oxidation state. The morphology (FE-SEM) and composition 

analysis (EDAX) of the developed coatings before and after corrosion studies were also 

thoroughly examined. 
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1.0 Introduction 

The high strength aluminum alloy (AA2024) has received wide application in the aircraft 
industry [1]. The presence of Cu rich intermetallic particles makes this alloy to undergo severe 
localized corrosion and results in catastrophic failure. Over 5 decades chromate conversion 
coating (CCC) is widely used pretreatment process for the aircraft structure to improve corrosion 
inhibition and adhesion for the primer and top coats. Since Cr (VI) is declared as a carcinogen, 
the chromate free conversion coatings with similar or better corrosion resistance and adhesion 
property is the current interest [2]. Few alternate coatings have been already developed such as 
trivalent chrome process (TCP), rare earth metal (REM) conversion coating, permanganate 
conversion coating, etc for various aluminum alloys with limitation [3]. Bierwagen et al. reported 
that a true replacement for the hexavalent chromium conversion coating has not yet found for the 
high strength aluminum alloy [4].  

Zirconium based conversion coatings have potential advantages such as, reduced 
environmental impact (Phosphate Free, No Regulated Heavy Metals, Reduced Carbon Footprint, 
and Less acidity than conventional Phosphates). Wang et al. reported that a self-assembled 
zirconium-phosphate derivative film on aluminum substrate effectively improve the corrosion 
resistance property but it allow localized Cl- ion attack after 120 h of salt spray exposure [5]. 
Very recently Zhong et al. reported that the vanadium-zirconium composite conversion coating 
offer self-healing protection behavior for AA6063 [6]. Yi et al reported that the addition of 
tannic acid into Ti-Zr conversion coating bath imparts golden colour and significantly improves 
the corrosion resistance [7]. Though few reports are available for Zr based conversion coating on 
different Mg and aluminum alloys, the performance of this coating on high strength aluminum 
alloy (AA2024) for longer duration is not yet found.  

The main objective of this work is to develop a chromate free zirconium based conversion 
coating on AA2024 and study the effect of different corrosion inhibitors such as Ce, Mo and W 
incorporation into the coating. The developed coatings were evaluated based on different 
electrochemical techniques such as electrochemical impedance spectroscopy (EIS), 
potentiodynamic polarization (PDP) and open circuit potential monitoring for up to 168 h of 
immersion in 3.5% NaCl solution. Damage tolerance study has been employed in order to 
explain active corrosion protection (self-healing) of the developed conversion coating. 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 its oxidation states respectively.   

2.0 Experimental 

2.1 Specimen preparation and conversion coating 

Unclad AA 2024 alloy specimens of size 25 mm X 15 mm X 1.2 mm were used as 
substrate materials. The as-received specimens were cleaned and followed by ultrasonicated in 
acetone. Prior to conversion coating, the specimens were pretreated by dipping the specimen in 
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mild alkali solution for 5 min at 65-700C, NaOH etching for 2 min at 300C, deoxidizing in HNO3 
for 1 min at 300C and followed by acetic acid dip for 5 min at 300C. Conversion coating was 
developed by immersing the pretreated specimens in Zr based bath for 10 min at 300C. After the 
conversion coating the samples were dried in air and kept in ambient condition for about 24-48 h 
and then taken for further characterization.  

2.2 Characterization.  

 Electrochemical studies such as open circuit potential (OCP) monitoring, electrochemical 
impedance spectroscopy (EIS) and potentiodynamic polarization (PDP) layers were conducted 
using Autolab PGSTAT302N electrochemical workstation. The test was carried out in non 
deaerated 3.5 wt% (0.6 M) NaCl solution (200 ± 2 ml) using conventional three electrode cell for 
up to 168 h immersion. The detailed electrochemical experimental conditions are discussed in 
our previous article [8]. For immersion study the freshly prepared specimens were immersed into 
NaCl solution and EIS test was carried out for every 24 h. 
In order to find out the self-healing ability of the developed coatings damage tolerance test was 
carried out. For this study freshly coated specimens were immersed into NaCl solution and the 
EIS experiments were conducted after every 24 h. After 72 h of immersion the specimens were 
indented by diamond pyramid microhardness indenter (3 X 3 array with 1mm gap) as per the 
procedure mentioned by Zang et al [9] and the EIS experiments were continued for up to 192 h 
of immersion. 
 The developed conversion coatings 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 respectively.  

3.0 RESULTS AND DISCUSSION 

3.1 Potentiodynamic polarization   

The potentiodynamic polarization graph and the corresponding electrochemical parameters 
are shown in Fig.1 and Table 1 respectively. From the table it can be seen that the lower icorr 
value of the developed ZrCC and ZrCeCC coatings compared to the bare specimen indicates the 
improved corrosion resistance. From the graph it is evident that the lower icorr is mainly due to 
the reduced cathodic reaction rate and the coating does not alter the anodic reactions 
significantly. This indicates both the coated specimens provide cathodic protection to the bare 
AA2024. The decrease in corrosion potential after 168 h of immersion reveals that the increased 
anodic reaction. Also the increased icorr value of about one order of magnitude compared to 1h 
indicates the severe attack of the coating by Cl- ions. This value is in par with the bare specimen 
indicates that the protection of the coating become negligible. The icorr value of ZrMoCC is about 
0.57 and ZrWCC is about 6.3 μA.cm-2 after 1 h immersion whereas, after 168 h it has increased 
to 3.55 and 7.76 μA.cm-2respectively. 
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FIG.1 Tafel plot of ZrCC and ZrCeCC for 1h and 168 h immersion in 3.5% NaCl solution  

Table 1 : Polarization results of ZrCC and ZrCeCC for up to 168 h of immersion in 3.5% NaCl 
solution 

 

 

 

 

 

 

 

 

3.2 Electrochemical impedance spectroscopy  

Fig .2 shows the Bode plot of the EIS spectra obtained for ZrCC and ZrCeCC of different 
immersion time in NaCl solution.  Since EIS is a non destructive technique, it gives more reliable 
information about the charge transfer reaction mechanism of a developed coating with respect to 
immersion time. The impedance value at the low frequency region gives the valuable 
information about the charge transfer reaction of the specimen in the immersed electrolyte.   

From the figure it is evident that a gradual decrease in the low frequency impedance of ZrCC 
with respect to immersion time indicates the coating performance deterioration due to the 

Specimen 
details 

Ecorr 

(V) 

Ba 

(mV/dec) 

Bc 

(mV/dec)

icorr 

(μA.cm-2) 

Corrosion 
Rate 

(mm/y) 

Bare-1h -0.61 39.20 392.00 1.21 0.013 

ZrCC-1 h -0.62 72.43 182.27 0.83 0.009 

ZrCC-168h -0.75 148.00 231.00 3.30 0.036 

ZrCeCC-1h -0.63 80.11 206.00 0.63 0.006 

ZrCeCC-168h -0.78 135.00 241.00 3.55 0.037 
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continuous attack of the Cl- ions. Whereas, in the case of ZrCeCC the low frequency impedance 
is almost constant over the immersion period indicates the effective inhibition performance of 
the developed coating against the Cl- ion attack. The phase angle maxima peak shift towards 
lower frequency region with respect to immersion time on both the coated specimens shows the 
diffusion of Cl- ions.  The low frequency impedance value (0.01 Hz) of ZrMoCC and ZrWCC is 
about 3500 and 5340 kΩ.cm2 respectively after 1 h immersion. Immersion study results show 
still decrease in the low frequency impedance of these specimens. Since both polarization and 
EIS results of ZrMoCC and ZrWCC are not encouraging these systems have not been 
extensively studied further. 

 

 

 

 

 

 

 

 

 
 

FIG.2 Bode plots of ZrCC and ZrCeCC for different immersion time in 3.5% NaCl solution.  
3.3 Damage tolerance study  

Fig .3 shows the charge transfer resistance (Rct) value obtained from the EIS results 
during damage tolerance test. From the figure it is evident that the gradual decrease in the Rct 
value of ZrCC confirms the gradual degradation of the coating. In general, after indentation a 
reduction in Rct value is expected due to the damage of the coating (leads to explore the bare 
specimen into the solution and thereby increased attack of the substrate). No significant change 
in the Rct even after indentation reveals that the damage of the coating does not alters the charge 
transfer reaction mechanism of the ZrCC coated specimen. On the other hand, ZrCC does not 
form a complete conversion layer but only Zr ions may precipitates as in the form of oxides or 
hydroxides at the intermetallic particles or a very thin layer which is already attacked by Cl- ions 
during immersion up to 92 h. Whereas, in the case of ZrCeCC after indentation there was a large 
decrease in the Rct value and further immersion lead to the recovery of the coating performance 
observed from increase in Rct value. The increase in the Rct for longer immersion time can be 
attributed to the passive layer formation/ self-healing ability of the coating. Since, rare earth 
metals (REM) are known for self-healing inhibitors the repairing ability of the ZrCeCC can be 
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attributed to the active corrosion protection ability of the Ce ions present in the developed 
coating.  

 

 

 

 

 

 

 

 

FIG.3 Rct value of ZrCC and ZrCeCC from damage tolerance test 
 

3.4 Morphology and composition of the coating 

Fig. 4 shows the surface morphology of the as prepared ZrCC and ZrCeCC at different 
magnifications. From the figure it is evident that the ZrCC surface is uniform and pits/crack free 
even at the higher magnifications. Whereas, ZrCe based treatment leaves many heterogeneous 
precipitates throughout the surface. The higher magnification images show that the precipitated 
area appears rough and contain micro-cracks of about 1µm. Table 1 gives the composition 
analysis results obtained from EDAX. From the table it is evident that the ZrCC contains about 
4.1wt. % of Zr and ZrCeCC contains 5.7 wt. % of Ce. It also shows that there is no presence of 
Zr in the case of ZrCe conversion coating. The spot analysis at different places also shows the 
absence of Zr species in the developed ZrCeCC. The surface XPS analysis results also show that 
the absence of Zr peak on ZrCeCC corroborates the absence of Zr ions in the coating. 
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FIG.4 FESEM images of ZrCC 
(a and b) and ZrCeCC (c and d) 
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Table 2  

Compositional analysis of as prepared ZrCC and ZrCeCC specimens by EDAX analysis 

 

 

 

 

 

 

 

   In the present investigation the absence of Zr species on the developed ZrCeCC coating 
indicates that the Ce ion presence in the bath inhibits the deposition of Zr ions during the 
conversion coating reaction. The understanding of the coating formation mechanism of Zr and 
Ce ions make more interest to study this system. Several authors have reported [10-11] that the 
Ce ions are preferentially deposits on the Cu rich intermetllic particles as its hydroxides and 
hydrated oxides. Only very few reports are available for the Zr based conversion coating 
mechanism. The literatures explain that the Zr acts as a cathodic inhibitor and it deposits on the 
cathodic area (intermetallic particles) as its hydroxides during the conversion reaction. 

 In the present study the high resolution spectra of Zr, Ce and O (is not shown) reveals 
that the Zr is present in its +4 and lower oxidation states and the Ce is present in +3 and +4 state 
as oxide and hydroxides respectively. It appears that both Zr and Ce ions acts as cathodic 
inhibitors and preferentially deposits on the Cu rich IMPs due to the localized pH increase at the 
cathodic area during the conversion reaction. Therefore, during the conversion reaction both ions 
have to compete with each other. The rate of deposition of Ce may be faster compared to Zr ions 
and this may prevent the deposition of the later ion over the IMPs. It requires further 
investigation to find out the clear coating formation mechanism of the Ce and Zr ions during the 
conversion reaction. 

4 Conclusions 

 The ZrCC and ZrCeCC coatings were successfully developed on AA2024 specimen by 
simple immersion process. Potentiodynamic polarization results showed that both the coatings 
offered cathodic protection to the substrate from the Cl- ion attack. EIS immersion study results 
revealed that no significant reduction in the Rct value of ZrCeCC with respect to immersion time 
indicating the better corrosion resistance of the coating. The damage tolerance test results 
showed that the higher corrosion resistance offered by ZrCeCC was due to the self-healing 
inhibition effect of Cerate ions present in the coating. The composition analysis of as-prepared 

Specimen 
details 

Composition (wt.%) 

O Mg Al Mn Cu Zr Ce 

ZrCC 3.7 1.1 81.7 1.4 5.1 4.1 - 

ZrCeCC 2.1 0.8 80.3 1.0 5.5 Trace 
amount

5.7 
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coatings showed that the presence of Ce ions in the conversion bath inhibited the deposition of 
Zr ions during conversion coating reaction. The XPS results revealed that the presence of Zr in 
+4 and Ce in +3 and +4 oxidation states in the developed coatings. 
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