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The purpose of this study was to prepare and evaluate a new two-step sealing process for a porous and tortuous 

anodic film, prepared on aluminum alloy (AA) 2024-T3, to ensure anti-corrosion properties. This process involves a 

cathodic electrophoretic deposition of boehmite particles, followed by a hydrothermal post-treatment. This two-step 

sealing was evaluated through three industrial tests (dye-spot, continuity and salt spray) and the low frequency 

resistance. Such sealing of the anodic film on AA 2024-T3 showed promising anti-corrosion behavior, suggesting a real 

potential interest of this innovative process for future industrial applications. 
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                INTRODUCTION 

Due to their good mechanical properties and low 

density, aluminum alloys (AA), are intensively 

used in the aircraft industry [1,2], as with AA 

2XXX (Al-Cu) or 7XXX (Al-Zn). However, Al-Cu 

alloys, for instance AA 2024, show a low corrosion 

resistance [3,4]. They therefore require an 

additional corrosion protection, usually obtained by 

(electro) chemical processes (i.e. typically 

anodizing and sealing), usually involving chemical 

solutions including hexavalent chromium-based 

compounds. Such compounds are known to be 

classified as being both highly toxic and 

carcinogenic and their use is limited by recently 

adopted European standards (REACH). So, to 

protect AA 2024 for instance, new alternatives have 

been studied and developed, such as new anti-

corrosion coatings prepared via the sol-gel route 

[5], with corrosion inhibitors [6-10], as well as new 

green sealing of anodic films [11,12]. 

Electrophoretic deposition (EPD) of nanoparticles, 

from organic or aqueous media, could provide an 

interesting alternative since it is simple and cheap. 

In this process, particles migrate under the 

influence of an electric field and are deposited onto 

an electrode [13,14]. Organic media are usually 

used [15,16] due to their wide voltage range of 

electrochemical stability. For instance, Fori et al. 

[17,18] successfully filled a porous anodic film 

prepared on AA 1050 using SiO2 nanoparticles 

dispersed in an isopropyl alcohol solution. But, for 

environmental reasons, the aqueous medium 

appears to offer a good alternative to avoid 

pollution. Despite a limited cell voltage due to 

water electrolysis, some previous studies [19-21] 

showed a significant incorporation of nanoparticles 

(SiO2 and PTFE and AlOOH respectively) inside 

porous anodic films prepared on aluminum 

substrates. However, these results were obtained on 

pure aluminum substrates (99.99 % and 99.5 %) 

with anodic films showing straight pores, contrary 

to the tortuous porosity obtained when AA 2024 is 

anodized. Moreover, in previous studies [19-21], 

phosphoric acid-based electrolytes are used to 

perform anodizing to obtain the largest main pore 

diameter. However, the usual hydrothermal sealing 

of such anodic films prepared in phosphoric acid-

based electrolyte is problematic [22] as compared 

with other types of anodic films.  

There are now two main challenges: 

- the first is to deposit nanoparticles on, and 

ideally in, the tortuous anodic film prepared on AA 

2024 substrate, 

- the second is to study a new process to seal the 

anodic film prepared in phosphoric acid-based 

electrolyte. 

The present work aimed to develop a two-step 

sealing process for a tortuous anodic film prepared 

by anodizing of AA 2024-T3 in a phosphoric acid 

electrolyte. This sealing is implemented by direct 

electrophoretic deposition of boehmite 

nanoparticles dispersed in an aqueous solution 

on/into a tortuous anodic film, followed by a 

hydrothermal treatment. The resulting coatings are 

then characterized by FEG-SEM observations, and 
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evaluated through the low frequency resistance (50 

mHz) – a good approximation of the polarisation 

resistance –, as well as using three standard 

industrial tests, i.e. salt spray, loss of absorptive 

power and continuity. 

EXPERIMENTAL 

Preparation 

An aluminum alloy 2024-T3 substrate 

(compound of 4.5 % Cu, 1.5 % Mg, 0.6 % Mn, 0.2 

% Fe, 0.08 % Zn, 0.06 % Si, 0.01 % Cr and 0.03 % 

Ti) was prepared following a three-step procedure 

(degreasing, etching and acid neutralization). 

Firstly, the aluminum sheet (20 x 20 x 1 mm or 80 

x 1250 x 1 mm for industrial tests) was degreased 

using ethanol. The sample was then cleaned firstly 

in an alkaline aqueous solution (sodium 

triphosphate and borax) for 20 min at 60 °C 

(reaction 1). 

Al2O3 + 2OH- → 2AlO2
- + H2O           (1) 

Secondly, sample was then immersed in a sulfo-

nitro-ferric acidic solution for 5 min at room 

temperature (reaction 2). 

Al2O3 + 6H+ → 2Al3+ + 3H2O       (2) 

After being rinsed in deionized water (106 

Ω.cm), the aluminum sheet was used as an anode 

and a lead plate (50 x 40 x 2 mm) as a cathode. The 

specimen was anodized at constant voltage (70 V 

for 60 min) in a phosphoric bath (40 g.L-1, i.e. 0.48 

mol.L-1) at 25 °C (reactions 3 and 4). Finally, the 

obtained anodic film was fully rinsed in deionized 

water. 

Al → Al3+ + 3e-                      (3) 

2Al3+ + 3O2- → Al2O3                             (4) 

The first step of the sealing process involved a 

constant cathodic electrophoretic deposition of 

boehmite particles dispersed in an aqueous solution. 

A colloid suspension of boehmite nanoparticles in 

aqueous media was initially synthesized. This 

suspension was prepared by hydrolysis of an 

aluminum alkoxide following the Yoldas process 

[23] (reaction 5). 

Al[OCH(CH3)C2H5]3 + H2O → AlOOH + 

3C4H9OH                                                         (5) 

An excess of deionized water (H2O/Al = 100) at 

85 °C was then immediately added to 25.3 g of 

aluminum tri-sec-butoxide (Al(OC4H9)3) while 

stirring for 15 min. The white sol obtained was 

peptized by adding 0.2 mol of nitric acid (HNO3) 

per mole of alkoxide to improve particle dispersion. 

The mixture was then continuously stirred at 85°C 

for 24 h. The final concentration was around 0.5 

mol.L-1. 

Electrophoretic impregnation of particles was 

then performed (10 V, 15 min) with the anodized 

aluminum substrate as the cathode, while a lead 

foil, located at about 2.5 cm from the cathode, was 

used as the anode. After being air dried for about 

30min, a hydrothermal post-treatment (deionized 

water at 98 °C, 2 h) was performed as the second 

sealing step. 

Characterizations and industrial tests 

Surface and cross-sectional views of the 

coatings were performed using a Field Emission 

Gun Scanning Electron Microscope (FEG-SEM 

JEOL JSM 6700F). 

The Stokes diameter of the nanoparticles and 

zeta potential of the particles were measured by 

Dynamic Light Scattering using a ZS90 Malvern 

nanosizer with zetasizer software. 

The low frequency resistance (RLF) of the 

samples was monitored for 240 h in a solution of 

NaCl (0.05 mol.L-1) and Na2SO4 (0.5 mol.L-1) at 

room temperature. A low concentration of chloride 

was chosen to limit the rapid corrosion attack, 

while sodium sulphate was chosen as a supporting 

electrolyte. A three-electrode electrochemical cell 

was used, with a platinum foil as a counter-

electrode and a saturated calomel electrode as the 

reference electrode. The low frequency resistance 

was measured using an SP-150 BioLogic Science 

Instrument. It corresponds to the real part of the 

impedance measured at 50 mHz at open current 

potential; a RMS voltage amplitude of ± 50 mVeff 

was applied. 

Loss of absorptive power of the anodic films 

was evaluated by a dye-spot test according to ISO 

2143 standard, while their continuity was evaluated 

with an acidic copper solution according to NF A 

91410 standard. Additionally, salt spray tests were 

conducted for 24 h, according to EN ISO 2143 

standard. 

RESULTS AND DISCUSSION 

After anodizing 

Characteristics of the bare anodic film 
FEG-SEM views (Figure 1) show that the bare 

porous anodic film (i.e. before electrophoretic 

deposition) typically has a thickness of 1.2 ± 0.3 

µm. Although this thickness is low, the continuity 

test is compliant (Table 1) and so attests that the 

resulting anodic film is homogeneous and evenly 

covers the whole metal substrate. 
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Table 1. Results of both industrial continuity and dye-spot tests 

Steps of the process Dye-spot test Continuity test 

Anodizing Grade 2 Conform 

Anodizing + hydrothermal post-treatment Grade 2 Conform 

Anodizing + constant EPD + hydrothermal post-

treatment 
Grade 0 Conform 

FEG-SEM views (Figure 1) additionally show 

that the porosity is extremely tortuous, much more 

so than the porosity obtained using purer 1050 

aluminum alloy, in agreement with previous studies 

[24,25]. Despite the real difficulty in distinguishing 

the pores, their average diameter was estimated to 

be in the range of 30-50 nm. Unsurprisingly in this 

case, Grade 2 is obtained with a dye-spot test 

(Table 1), meaning that ink is impregnated into 

pores of the anodic film, indicating that the pores 

are not closed. 

 

 

Fig. 1. FEG-SEM a) surface view and b) cross-sectional view of the bare porous anodic film, prepared 

(70V, 60 min, [H3PO4]=40 g.L-1, 25°C) on AA 2024-T3 

Corrosion behavior of the bare anodic film 

Evaluation of the low frequency resistance was 

then performed in a solution including NaCl (0.05 

mol.L-1) and Na2SO4 (0.5 mol.L-1), as a function of 

the immersion time (Figure 2). In comparison with 

the raw substrate, the anodized substrate shows a 

high low frequency resistance (about 1x105 .cm2) 

at the beginning of immersion (t = 0 h), proving the 

positive intake of the anodic film against corrosion. 

However, its resistance decreases and reaches a 

minimum (at about 1x103 .cm2) after 100 h of 

immersion (i.e. more than four days), meaning that 

the chloride corrosive ions penetrate through the 

barrier layer. This result is explained mainly by the 

opened pores and the thinness (1.2 ± 0.3 µm) of the 

bare anodic film, especially its barrier layer (lower 

than 100 nm). After 100 h, the bare anodic film 

shows the same behavior as the substrate, corrosion 

being generalized and the anodic film failing to 

further protect the AA substrate.  

After the two-step sealing process 

Characteristics of the sealed film 

Diffusion Light Scattering analysis showed an 

average hydrodynamic diameter for the boehmite 

particles equal to 35±15 nm, while from zeta 

potential measurement it came out at +2.7x10-4 

cm2.V-1.s-1 as particle electrophoretic mobility. This 

positive value shows that it is possible to perform a 

cathodic electrophoretic deposition (here at 10 V), 

thus avoiding any further oxidation of the metal 

substrate, i.e. electrodissolution or over-oxidation 

of the aluminum [26] 

 
Fig. 2. Low frequency resistance values as a function of 

the immersion time 
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FEG-SEM views (Figure 3) show that 

electrophoresis alone induced a mainly top-surface 

deposit, although some of the smallest particles 

(about 20 nm) could be incorporated into the pores 

(30-50 nm).  

The influence of the second sealing step, i.e. 

hydrothermal post-treatment (after the EPD), was 

then studied. FEG-SEM views (Figure 4) show 

complete sealing of the anodic film, both inside and 

on the top of the anodic film. On its top surface 

(Figure 4b), a typical “sand rose” structure is 

observed, attesting to the aluminum hydroxide 

formation. The continuity test gave a correct result 

(Table 1), meaning that the film is homogeneous 

and crack-free. In addition, after hydrothermal post-

treatment, Grade 0 is obtained using the dye-spot 

test, since no color persists at the surface after 

removal of the dye-spot.  

This result unambiguously proves that the pores 

are globally closed, in agreement with the FEG-

SEM views (Figure 4). 

 

Fig. 3. FEG-SEM cross-sectional view of the anodic film 

after constant EPD (10 V, 15 min) 

 

 

Fig. 4. FEG-SEM cross-sectional views of the anodic film after constant EPD (10 V, 15 min) followed by 

the hydrothermal post-treatment (deionized water at 98 °C, 2 h) 

This result, i.e. complete sealing of the porosity, 

tends to prove either modification of particles on 

and inside the anodic film, or the film’s 

transformation under hydrothermal conditions. To 

test these hypotheses, the same hydrothermal 

treatment was performed directly on the bare 

anodic film, i.e. without electrophoretic deposition. 

FEG-SEM views (Figure 5) show that no change 

can be observed in comparison with the bare anodic 

film (Figure 1). Moreover, while the industrial 

continuity test remains compliant (Table 1), grade 2 

is again obtained with the industrial dye-spot test, 

proving that the pores are still partially unclosed 

following the hydrothermal treatment alone. Thus, 

in these conditions the usual hydrothermal sealing 

fails to occur, meaning there is no fast hydration of 

the pore walls of the bare anodic film. These results 

confirm the difficulty, for an anodic film prepared 

in phosphoric acid electrolyte, of sealing under the 

usual hydrothermal conditions [27]. This behavior 

can be explained by the incorporation of phosphate 

ions into the anodic film during its formation, 

largely inhibiting the latter’s hydration [22]. The 

phosphate ions are indeed incorporated into the film 

in the form of aluminum phosphate AlPO4 [28,29], 

which is thermo-dynamically stable. Davis et al. 

[22] showed that the AlPO4 top-layer slowly 

dissolves and that this dissolution is the rate-

limiting step inducing greater hydration resistance 

and thus impeding rapid sealing of the anodic film 

pores. In all events, our results clearly show that the 

electrophoretic deposition of boehmite particles 

allows the complete sealing of the tortuous anodic 

film prepared in phosphoric acid electrolyte on AA 

2024-T3 to be achieved. In this case, the 

electrophoretic process followed by a hydrothermal 

post-treatment could jointly accelerate aluminum 

phosphate dissolution, thus allowing the hydration 

of the pore walls from alumina (Al2O3) to boehmite 

(AlOOH) (at T > 80°C) and subsequent interaction 

with the electrodeposited boehmite particles. 
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Fig. 5. FEG-SEM a) surface view and b) cross-sectional view of the anodic film after the hydrothermal 

post-treatment (deionized water at 98°C, 2h) 

Corrosion behavior of the sealed film 

Sealed film shows a similar behavior (Figure 2) 

compared with the bare anodized substrate for the 

first 50 h of immersion, with the low frequency 

resistance initially being high (about 5x104 .cm2). 

The RLF of the sealed film then decreases but 

remains higher (about 8x103 .cm2) compared with 

the value obtained with the bare anodic film. After 

50 h and up to 240 h (i.e. 10 days), the low 

frequency resistance of the sealed film slowly 

increases, significantly remaining higher than the 

value corresponding to the bare anodic film. Thus, 

this two-step sealing process clearly provides a 

barrier slowing down the penetration of corrosive 

species across the anodic film, and significantly 

improving the anti-corrosion behavior of AA 2024-

T3. 

Anodized samples with and without 

electrophoretic impregnation, but each time 

followed by the same hydrothermal post-treatment, 

were then characterized using the salt spray test. 

Figure 6 shows photographs of samples after a salt 

spray exposure for 24 h. Anodized samples without 

impregnation and with hydrothermal post-treatment 

are completely corroded (Figure 6a), whereas 

anodized samples with impregnation and identical 

post-treatment show only a few pits (Figure 6b). 

These results clearly indicate that this two-step 

sealing process, including electrophoretic deposit 

before hydrothermal post-treatment, successfully 

improves corrosion resistance of anodized AA 

2024-T3. However, corrosion performances still 

fail to meet industrial requirements from the 

duration point of view; although the process can 

advantageously replace currently used techniques, 

it still needs to be optimized. 

 

Fig. 6. After 24 h of salt-spray test, photographs of a) the anodic film after the hydrothermal post-

treatment (deionized water at 98 °C, 2 h), and of b) the anodic film after constant EPD (10 V, 15 min) 

followed by the hydrothermal post-treatment 
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CONCLUSIONS 

Anodizing of AA 2024-T3 was performed in 

phosphoric acid solution, with the resulting bare 

anodic film showing a low thickness (1.2 ± 0.3 µm) 

and tortuous porosity. Despite these conditions, the 

bare anodic film, and especially its barrier layer, 

provides a first level of protection against 

corrosion. To boost this protection, a constant 

cathodic electrophoretic deposition of boehmite 

particles (Øparticles = 35±15 nm) dispersed in an 

aqueous media was conducted, with the resulting 

deposit being mainly located on the surface. The 

process was completed by a second step, i.e. an 

additional hydrothermal post-treatment allowing 

the anodic film to be completely sealed. Finally, 

low frequency resistance characterization and three 

additional tests highlight positive and promising 

performances against corrosion thanks to the two-

step sealing process. The results still fail to meet 

industrial expectations but the future use of pulsed 

electrophoresis could possibly offer a promising 

optimization technique to improve incorporation of 

the boehmite particles within the tortuous anodic 

film and thus enhance its anti-corrosion protective 

behavior. 
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