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Abstract 

Aerospace aluminum alloys, especially the most commonly used AA 2024 T3 alloy is 

often susceptible to corrosion in chloride containing environment. These alloys are phase 

separated, highly complex metal-in-metal composites and tend to have weakness towards 

local galvanic corrosion because of this microstructure. At present the coating system used 

for aerospace aluminum alloys involves a multi-layer system such as a pretreatment layer at 

the primer/Al-alloy substrate interface, primer and topcoat. Chromate conversion coatings 

(CCCs) are usually applied as pretreatment layer to aluminum and its alloys.  Despite its 

efficiency and versatility, the use and emission of hexavalent chromium (Cr6+) has been 

under increasingly strict regulation because of its high toxicity and carcinogenic effect. For 

the past two decades concentrated efforts were made to develop an ecofriendly conversion 

coating system as an alternative to CCC and also chromate free additives in primer layer. 

Introduction 

Aluminium alloys are extensively used for aircraft applications because of their light 

weight and high strength-to-weight ratio. In order to achieve the desired mechanical strength 

for these alloys, the inclusion of different concentrations of elements such as copper, zinc, 

magnesium and others has been a mandatory. Although the addition of these elements 

increases the strength, it causes the aluminium alloys susceptible to localized corrosion, 

specifically in chloride containing environments. Recent studies showed that the presence of 

intermetallic compounds like, Al7CuFe2, Al6MnFe2, (Al,Cu)x(Fe,Mn)ySi, Al2CuMg, 

AlCuFeMn and (Mn,Fe)3SiAl12 can cause severe corrosion in aggressive environment. 

The corrosion protection property of aircraft coatings are some of the most important 

aspects of the entire coating system. At present the coating system used for aerospace 

aluminum alloys involves a multi-layer system such as a pretreatment layer at the primer/Al-

alloy substrate interface, primer and topcoat. Metal pretreatment provides corrosion 
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protection to the damaged areas as well as a surface to which the primer adheres strongly. 

The primer provides corrosion protection when the coating system is damaged as well as 

adhesion to the metal substrate. In the case of top coat, it provides water resistance and 

barrier properties. Each layer in this complex three-layer structure must perform properly in 

order to achieve optimal corrosion protection.  

In practical applications these alloys are clad with 60-80 µm thick pure aluminum 

sheets to enhance the corrosion resistance. The thickness of this layer may not be uniform 

throughout the surface and also the exposure of substrate, Al 2024 alloy surface, may occur 

due to the mechanical damage. Moreover, the natural oxide layer of aluminum (on alclad) 

and its alloys seldom show adequate corrosion resistance in several conditions and has to be 

replaced by a protective conversion coating.  Apart from the non-uniform native oxide layer 

formed on the Al alloy and the presence of galvanic couples (IMPs-Al matrix) may lead to 

the localized corrosion attack. In particular, the presence of halide environments such as Cl-, 

F-, Br- results in severe corrosion of aluminum alloy surface due to the formation of soluble 

salts. The usage of hexavalent chromium ion is extensive as a pretreatment process for 

aluminum alloys especially those used for aircraft applications such as alclad 2024 to offer 

better corrosion protection and also adhesion for the organic coatings. Despite its efficiency 

and versatility, the use and emission of Cr6+ has been under increasingly strict regulation due 

to its high toxicity. For the past two decades, concentrated efforts were made to develop an 

environment friendly conversion coating system as an alternative to chromate coatings.  

The microstructure and morphology of the surface of the aluminum alloy strongly 

affect the nucleation, growth and protective properties of conversion coatings. It has been 

already reported that the coating formation is different on the intermetallic cathodic sites such 

as Al-Fe-Si (α-Al-Fe-Si, βAl-Fe-Si, Al3FeSi, Al4FeSi2) present in the clad layer and Al6(Cu-

Fe-Mn)/Al2CuMg present on the surface of aluminum alloy. The heterogeneity (IMPs) of the 

alloy surface may cause defects in the formed conversion layer. Most of the available 

alternate conversion coating systems are promising to provide better corrosion protection for 

aluminum alloys but the same are ineffective specifically for copper-rich Al alloys. It is 

necessary to understand how the existing chromate conversion coatings and its compounds 

able to provide excellent corrosion protection to aerospace aluminum alloys.  
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Chromate Conversion Coatings 

 Chromate conversion coatings (CCC) are applied by contacting the metal surface with 

solutions containing hexavalent chromium and other components. Acidic deoxidizers are 

used to reduce the oxide film and to activate the surface for chromating. Several factors such 

as time, temperature, chromate concentration, pH and accelerator concentration are critical in 

controlling the coating properties. In general, acidic CCC solution contains chromates, 

fluorides along with either phosphates or ferricyanides. During coating formation, fluorides 

act as activators and ferricyanides act as accelerators.  

 The formation of CCC has been described as a process resulting from a redox reaction 

between chromate ions in solution and aluminum. At low pH (< 2) chromates exists as either 

HCrO4
- or Cr2O7

2-. Both of these two ions are strong oxidizing agents and have high 

reduction potentials.  The formation mechanism of CCC is given below: 
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In the presence of oxidizers, Al is oxidized while hexavalent chromium is reduced to 

trivalent chromium. Other reduction reactions such as hydrogen evolution and oxygen 

reduction may also occur. During coating formation, Fe(CN)6
3- first oxidizes Al to Al3+ while 

Fe(CN)6
3- is reduced to Fe(CN)6

4-. Then Fe(CN)6
4- is oxidized back to Fe(CN)6

3- by Cr6+ 

while Cr6+ is reduced to Cr3+. The result is Cr6+ reduction to Cr3+ and Al oxidation to Al3+. 

CCC formation is greatly accelerated through the mediation of Fe(CN)6
3-. Recently, CCC 

formation has been described from a sol-gel perspective. In this model, Cr6+ is first reduced 

to Cr3+. Then it hydrolyzes and condenses to form Cr3+ monomers, dimers, trimers and 

tetramers. With the increase in pH near the substrate surface region, these species polymerize 

and precipitate onto the substrate to form a hydrated oxide film. The precipitated Cr3+ oxide 

forms the “backbone” of CCCs. Then hexavalent chromium species in solution are adsorbed 

onto the chromium oxide backbone.  

The release characteristics of soluble chromate from CCCs are important for the 

active corrosion protection or self-healing action to occur. Active corrosion protection refers 

to the ability of CCC coatings to self-repair when damaged. The soluble chromate retained in 

the coatings dissolves and moves to the active corrosion sites through diffusion or 

electromigration. Then the chromate is adsorbed onto gel corrosion products and stifles the 

anodic or cathodic reactions. Thus the corrosion at the damaged area is inhibited.  

There are number of commercial chrome free conversion coating formulations such as 

Alodine 5700, Iridite NCP, Nabutan STI etc. available today. They have not qualified 

completely for aircraft applications. There have been many claims for chromate replacement 

in primer and pretreatment systems for aircraft, but no such systems presently are in use that 

can function and meet specifications without some form of chromate used in the pretreatment 

and/or primer. 

Alternative Chemistries 

Permanganate Conversion Coating 

For the past 20 years, a considerable effort has been made to develop non-chromate 

conversion coatings for the corrosion protection of aluminium alloys. The inorganic species 

considered for replacement can be divided into the following categories: 
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• Reducible hypervalent transition metals (compounds of Mn, Mo, V). Like chromium, 

the high valent oxyanions of these elements exist in aqueous solution. 

• Difficult to reduce transition metal oxides (Zr, Ta, Ti, Y) and covalent oxides (oxides 

and mixed oxides of Si, Ge, P, Te). Both the former and latter can be processed using 

sol-gel methods. 

• Precipitated coatings including boehmite and hydrotalcite coatings, and rare earth 

metal coatings. 

In the reducible hypervalent transition metals, the permanganate ion has been chosen as a 

nontoxic oxidant having physical and chemical similarities as that of hexavalent chromium. 

Permanganate conversion coating (PCC) as chromium-free conversion coating for zinc and 

its alloys has been reported. It has been mentioned that the conversion coating produced by 

heptavalent manganese compounds (Mn (VII)) are quite similar to the ones produced by 

chromates. These metals form oxo-metallates, soluble hypervalent oxoanions that reduce to 

form insoluble oxides in the same way as Cr. Oxo-compounds of these elements (Mo and V) 

can form very stable polyoxometallates with each other, phosphates and tungstates. The use 

of rare earth compounds as corrosion inhibitors has become popular because they form 

protective oxide films over cathodic sites in an alkaline environment. Permanganate 

conversion coatings with Mo as additive has been prepared on unclad AA 2024 alloy. Surface 

images of these coatings in as-prepared and after continuous salt spray are given below. 

Afte r 336hAsprepared Afte r 168 h Asprepared

M PCC2 M PCC3

 

Figure 1: Modified permanganate conversion coatings before and after the continuous 

salt spray exposure 
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Pore Filled Oxide Layers 

Another method of improving the corrosion resistance of aerospace aluminium alloys 

is by forming thick oxide layers by electrolytic route. The inherent oxide film present on 

aluminium does not offer sufficient protection against aggressive environment. The anti-

corrosive properties of these aluminium alloys are improved by the oxide layer formation 

(anodization). Chromic acid anodizing (CAA) is widely used as a pre-treatment process along 

with primer and top coat as multilayer corrosion protective system for aircraft aluminium 

alloys. This pre-treatment process forms the oxide layer (Al2O3) containing Cr(VI) and 

Cr(III) ions which yield good corrosion resistance. Researchers are forced to replace CAA 

process with logical environmentally benign alternative analogue to Cr(VI). During the past 

two decades, a lot of work has been carried out to develop a process alternative to CAA such 

as sulphuric, sulphuric-boric acid, sulphuric-tartaric acid etc. Generally the formed oxide 

layer contains a thin non-porous oxide layer (barrier layer) and thick porous layer. Further to 

enhance the corrosion resistance of anodized aluminium, methods such as sealing in steam, 

hot water, cold water and incorporation of Ni(II) and Cr(VI) ions using nickel acetate, 

dichromate respectively have been reported. It was found that the hot water sealing did not 

provide enough corrosion protection for aluminium alloys with higher copper and zinc 

contents (AA 2024 and 7075). The presence of nickel salts also found to be hazardous that 

could cause contact dermatitis. It has been reported that impregnating the oxide layer with 

Ce(III) ions improves the corrosion resistance of aluminium alloys. Oxide layers were formed 

on AA 2024 alloy using sulphuric acid as electrolyte. As a post treatment these specimens 

were immersed in permanganate bath. Surface images of pore filled oxide layers before and 

after the continuous salt spray exposure are given below:  

 

Figure 2: Permanganate pore filled oxide layers before and after the continuous salt 

spray exposure 

As-Prepared     After 336 h
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MIL- Specifications 

In the process of developing any corrosion resistant coating for aerospace aluminum 

alloys it is mandatory that it should follow some of the MIL- specifications. The following 

table gives the specifications for qualification and also conformance. As per this standard, 

there should not be more than 3 pits over the aluminum alloy specimen after the continuous 

salt spray exposure of required duration. 

Table 1: MIL- specifications to conformance or qualification of the corrosion resistance 

of developed conversion coating over aerospace aluminum alloys 

M IL-D TL-81706B  – C hem ica l co nvers io n  m ateria ls  fo r co ating  A lum inum  
and  its  a llo ys

M IL-D TL-5541F  – C hem ica l co nvers io n  c o ating s  o n  A lum inum  and  its  
a llo ys

Co rro sio n  

R e sistan ce

In sp e ctio n

C lass A lu m in u m  A llo y  To  

B e  Co n v e rs io n  

Co a te d

S a lt S p ra y  

Ex p o su re  

(H o u rs)

Q ua lific atio n 1A 2024-T3 336

C o n fo rm ance 1A 2024-T3 168

N o ev idence o f co rro s io n w ith the excep tio n o f ¼ in . o f th e
edge is a llo w ed after e xpo sure o f five pan e ls fo r a spec ified
tim e.  

Conclusions 

Chromate conversion coatings and chromic acid anodizing are used as pretreatment process 

for aircraft aluminum alloys to provide excellent corrosion resistance. These coatings also 

provide better adhesion to the substrate and also to the chromate compounds containing 

primer/ top coat paint system.  Developing an eco-friendly total coating system and its 

performance on par with the existing system is a challenging task. Development of alternate 

entire coating system suitable for aircraft aluminum alloys is still under progress.  
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