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Abstract 

In the field of indoor decorative items, aluminium alloys are widely used since their surface 

may be coloured by adsorption of dyes within an anodic nanoporous network. This 

anodizing/colouring process is followed by a sealing step ensuring the protection of the 

treated surface without modifying its aesthetic appearance.  

In the present paper, water, nickel acetate and sodium silicate were used as sealing agents and 

implemented in rapid sealing processes dedicated to anodized then coloured aluminium 

surfaces.  The morphological aspects were finely observed by scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). The elemental repartition was tracked 

by wavelength and dispersive spectrometry (WDS/EDS). The sealing efficiency was 

evaluated by electrochemical impedance spectroscopy (EIS) and a dye spot test. An optical 

characterization was performed by visible reflection spectrometry and gloss measurements.  

Both water and nickel salt lead to the precipitation of a few tens of nanometers hydroxide 

layer, providing an efficient sealing in a short time while maintaining optical properties. Best 

performances are obtained with nickel salt.  In contrast, the high adsorption of silicates 

inhibits the formation of the sealing superficial sheets on the one hand and even makes the 

dye desorb from the nanoporous oxide layer. 
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Introduction 

Aluminium anodizing has been widely used as an industrial process to protect aluminium 

alloys from corrosion, but also to provide many decorative aspects for everyday objects in 

aluminium. Anodizing in acidic media produces on the surface of alloys a nanoporous oxide 

layer of several microns thickness [1–4], in which coloured pigments can be trapped, and with 

a variable roughness depending on surface preparation. The colouring is achieved by a 

chemical adsorption mechanism on the surface of nanometre pores during the immersion of 

the anodic film in a solution containing an organic or inorganic dye [5, 6]. A large range of 

tints may be reached and modulated by the thickness of the oxide layer. After colouring, 

desorption of the dye is prevented by performing a so-called sealing step that blocks the 

nanopores of the anodic oxide. The decorative applications of this surface treatment are 

numerous, particularly in the architecture field, for sporting instruments, for cosmetics 

packaging but also in aerospace [7]. 

Several sealing processes can be used to trap and block the dyes in the porous network. The 

simplest one is the hydrothermal sealing. It consists of immersing the anodized surface in 

deionized boiling water (T> 95 °C) for an estimated time of 2 min μm-1 [8], which generally 

leads to a long-time process. In boiling conditions, the reaction forms on the surface of the 

anodic oxide a coating of hydroxide sheets which is attributed to poorly-crystallized boehmite 

or aluminium hydroxide [9]. The most recent studies show that the hydratation of oxide and 

the hydrolysis of the aluminium sulphate induce a change in the chemical environment of 

aluminium cations from AlO4 tetrahedra to AlO6 octahedra, and the precipitation of the 

hydroxide sheets on the extreme surface [10]. Chromate-based sealing processes have been 

applied for their efficient anticorrosion properties but they are now excluded due to the high 

toxicity of Cr(+VI) salt [11]. In the last decades, nickel acetate-based sealing processes have 

been widely used for anticorrosion properties [12]. Especially for decorative applications, the 

sealing process using nickel salt in boiling conditions offers the advantages of a fast kinetic 
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[13] and an inconspicuous change of gloss and tint of the coloured pieces. Other sealing 

processes use fluoride anions which can substitute hydroxyl groups of the aluminium oxide by 

fluorine. This exchange leads to a local increase of the pH as shown by Chahboun et al  

[14, 15] on sealing with fluorozirconate salt. In the case of nickel sealing, the addition of 

fluoride allows the precipitation of nickel hydroxide on the top of the anodic oxide at low 

temperature (around 40°C) [12, 16, 17]. 

However, the use of heavy metal salts as nickel or fluoride anions should be now avoided due 

to health and safety regulations, and the management of the waste water reject in plants. In 

fact, nickel salts are now classified as possible CMR compounds and are responsible for some 

skin allergies [18].  

In this context, the addition of several other metallic salts in boiling water (Co [19], Ce [20], 

Li [16]) or chemical compounds (such as triethanolamine [21]) have been considered in 

literature as alternatives to nickel salts without full success. Actually, the colouring/sealing 

process of aluminium anodic oxide must be efficient to trap the dye in the nanopores, without 

modifying the optical aspect (gloss and tint) and has to be carried out in a short time (several 

minutes) in the case of the surface treatment of mass consumer goods.  

In this framework, the present paper is devoted to study both the properties of nickel-based 

sealing process of coloured aluminium anodic oxide and some possible environmental 

friendly alternatives of sealing for indoor decorative applications as cosmetic packaging. 

For this purpose, the nanoporous oxide layers were obtained by anodizing in a sulfuric acid of 

5657 aluminium alloy. Then, colouring was carried out by adsorption of an orange chromium-

azoic dye to induce a golden colour, and was finished by a rapid sealing of 4 min in 

hydrothermal conditions. Three sealing formulations were compared: deionised water, a 

nickel acetate based solution and a silicate solution. After metallographic analyses by 

scanning electron microscopy (SEM) and transmission electron microscopy (TEM) coupled 

with energy dispersive X-ray spectroscopy (EDS) and wavelength-dispersive X-ray 
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spectroscopy (WDS), the efficiency of dye trapping in nanopores was characterized by 

electrochemical impedance spectroscopy (EIS) and dye spot test. Finally, the optical effect of 

sealing was evaluated by UV-visible absorption spectroscopy and visible reflection 

spectroscopy. 

 

1. Materials and methods 

 

1.1.  Materials and coatings 

AA5657 alloy laminated plates (Al: 98 wt.%, Mg: 0.9 wt.%, Si : 0.6 wt.% Si, Fe : <0.5 wt.%) 

were provided by Constellium. Firstly, plates were chemically etched with a classical 

brightening process in a solution containing phosphoric, nitric and sulfuric acids for 3 min at  

95 °C [22]. Then, Plates were then washed for 1 min in a concentrated nitric acid solution at 

25 °C. The anodizing process was performed in a two-electrode cell, the aluminium alloy 

substrate being mounted vertically between two lead counter electrodes. The nanopourous 

anodic layers were grown in H2SO4 2 M at room temperature, by applying constant voltage 

for 15 min. After rinsing, plates were immersed for 150 s in a colouring solution, an orange 

Cr-based azoic dye at a concentration of 0.15 g L-1 at 55 °C (Orange G from CLARIANT). 

Finally, the sealing step was achieved by a short immersion (only 4 min) in solutions heated at 

95°C. Three different sealing formulations were chosen and compared: 

- deionized water at pH = 6.8, further referred as “water” sealing,  

- a nickel acetate salt solution containing 2 g L-1 of nickel metal, further referred as 

“nickel” sealing : 2 min of immersion in the nickel acetate solution are followed by 2 

min in boiling deionised water, 

- a solution of sodium silicate (Na2SiO3 provided by Alfa Aesar) acidified until pH = 10 

by addition of silicic acid (Si(OH)4 provided by Sigma-Aldrich), further referred as 

“silicate” sealing (the total silicon concentration was 5.10-3 M). 
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1.2. Physicochemical characterization 

The sealed anodic oxides were observed with a Hitachi S-4800 FEG-SEM at an acceleration 

voltage of 1 or 2 kV in order to be sensitive to the extreme surface morphology. Cross 

sections were prepared with an ion beam polisher (JEOL IB-09010CP) and then analysed in a 

JEOL J7600F FEG-SEM, coupled with both EDS and WDS spectroscopies. A finer cross-

section analysis was carried out in a JEOL ARM 200F TEM (by using STEM mode and EDS 

for chemical mapping) after preparation of the sample thanks to a MEB with focused ion 

beam (FEI Helios Nanolab 600i). 

 

1.3 Electrochemical characterization 

Electrochemical characterization of the samples was performed in a non-corrosive K2SO4 0.5 

M electrolyte, by using a classical three-electrode set-up, with the working electrode mounted 

at the bottom of the cell, facing to a platinum grid used as a counter electrode and a saturated 

calomel electrode used as a reference. The electrochemical set-up was driven by a Gamry 

REF600 potentiostat. After 2 hours of maintain at the open-circuit potential (to monitor the 

electrochemical interface steady state), electrochemical impedance spectroscopy 

measurements were recorded over the frequency range 1 MHz to 1 mHz with a voltage 

magnitude of 20 mV. Impedance spectra were fitted with ZsimpWin software [23] over the 

limited frequency range 100 kHz to 100 mHz, in order to get a relevant fit of the data with the 

chosen equivalent circuit. 

 

1.4 Spot dye test 

The performance of the sealing was evaluated by the ISO 2143 dye spot test [24]. The surface 

of the sealed and unsealed samples was degreased with ethanol and a spot of H2SiF6 0.09 M 

solution was deposited to dissolve the coating. After 1 min, the surface was rinsed with water 

and a spot of Sanodal red B3LW dye from CLARIANT at pH = 5.7 (10 g.L-1) was deposited 
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on the previously attacked area. After 1 min, a new water rinse was performed to remove the 

excess of dye. The resulting color spot was observed and compared with a tint scale numbered 

from 0 to 5. The lowest index is assigned to a very effective sealing. On the contrary, an index 

of 5 corresponds to an unsealed layer. 

 

1.5 Optical characterization 

The acquisition of the UV-visible absorption spectrum of dye was made on a 0.15 g L-1 

concentrated solution with a JASCO V-730 spectrophotometer. The optical properties of the 

surfaces were characterized by reflection spectrometry measurements in a Konica Minolta 

CM-5 spectrophotometer, by using a diaphragm with a diameter of 30 mm and excluding the 

specular reflection (SCE mode). Gloss measurements were performed as well by using a 

three-angle (20°/40°/85°) Rhopoint IQ goniophotometer at 540.1 nm. The glossmeter 

measures the light intensity of the specular reflection of the sample with respect to a reference 

surface, a black glass. The result is expressed in gloss unit (GU), according to the relation: 

 ����� = ��� 
	
��
���� (�����
)

	
��
���� (�������)
 . The reflection measurement is carried out at different 

angles regarding the normal of the interface. 

 

2. Results 

2.1. Morphology of unsealed and sealed dye-filled anodic layers 

Fig.1 illustrates the extreme surface morphology of unsealed (Fig.1a) and sealed (Fig.1b to d) 

dye-filled anodic layers. According to Fig.1a, the colouring step only induces an internal 

filling of the alumina nanoporous network, without external physical blockage of the pores 

which remain open. Actually, the observed morphology is very similar to the extreme surface 

of a not coloured anodized layer, with columnar porosities of about 10 nm diameter [1, 25]. 

On the surface observation of anodized and coloured samples immersed for only 4 minutes in 

“water” (Fig.1b) or “nickel” (Fig.1c) solutions, the nanostructured network disappears since 
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the columnar nanostructure is covered by a sealing film. This overlayer is made of sheets 

whose morphology looks like hydroxide sheets formed by the conversion of nanoporous 

alumina into boehmite [26]. In the specific case of nickel sealing, the covering is more 

homogeneous and the sheets are finer than in the film formed in water. Contrary to the 

external physical blockage of the columnar alumina reached with water or nickel sealing, no 

formation of superficial film can be observed after 4 minutes of immersion in the silicate 

containing formulation (Fig.1d). The observed morphology lets appear the typical nanoporous 

network of anodic and dye-filled anodic layers.   

A fine observation of sealed layers cross-sections was performed by TEM as depicted in Fig. 

2. From the morphological point of view, the dye-filled anodized oxide coating consists of a 

ten nanometres’ thick internal barrier layer surmounted by a columnar porous structure of 

several microns, perpendicular to the aluminium surface (Fig. 2a). The global morphology is 

very similar to what is usually observed on anodized aluminium and seems to be unaffected 

by dye-filling and sealing in depth [1]. Regarding the extreme surface, a modification of the 

ten upper nanometres is nevertheless obvious in cases of water sealing (Fig.2b) and nickel 

sealing (Fig.2c). Consistently with the SEM surface micrographs (Fig.1b and 1c), the extreme 

surface consists of nanometre tangled sheets, likely hydroxide sheets. According to local 

electron diffraction in MET, these covering products are amorphous. On the opposite, after 

immersion in the silicate containing formulation, the top of the anodized and dye-filled layer 

show the porous nanostructure without formation of any overlayer (Fig.2d). 

 

3.2. Chemical analysis of the sealed oxide layers 

As revealed by chemical analyses (Fig.3 and Fig.4) and also referred elsewhere [10] the 

anodized layer is mainly made of aluminium and oxygen (Fig.3), but also contains sulphur, 

with an homogeneous content of about 3 at.% in all the depth, corresponding to the 

incorporation of sulphates from the electrolyte (Fig.4).  
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In the cases of sealing with formulations containing nickel salt or silicate salt, both elements 

nickel and silicon are integrated within the anodic film (Fig. 4a and Fig. 4b).  

In nickel sealed layer, nickel is mainly located in the upper part of the coating until 8 at.% 

(revealed by EDS analysis in TEM), forming a superficial overlayer with a thickness of 

around 20 nm (Fig. 3). In depth, nickel is also present within the columnar nanoporous 

structure until 2 µm (Fig. 4a) with a content below 1 at.%, as revealed by EDS analysis in 

SEM. Nevertheless, inside the nanoporous network, the nickel content can reach 15 to 20 at.% 

in some places (Fig 3).  Sulphur seems to be more concentrated in the 20 upper nanometres 

(about 4 at.% according to EDS measurements performed in TEM). Underneath this top most 

layer, depletion in sulphur (2 at.%) is observed over about 2 microns depth (Fig. 4a) and the 

sulphur concentration regains then its usual value in anodic films grown in sulphuric acid (3 

at.%).  

Sealing with silicates induces the penetration of silicon within the porous layer as well (Fig. 

4b), not limited to the two first microns but until the oxide metal interface. Contrary to what is 

measured for nickel sealing, the sulphur content remains constant in the oxide depth (around  

3 at.%) and no specific desorption can be observed from the outer part. 

 

3.3. Electrochemical behaviour of the unsealed and sealed dye-filled anodic layers in non-

corrosive medium 

Electrochemical impedance spectroscopy was carried out in a non-corrosive medium in order 

to evaluate the efficiency of the different sealing processes and to provide details on the 

sealing mechanisms. Bode representations are drawn in Fig. 5. 

Spectra can be first qualitatively interpreted by comparing the value of modulus in different 

frequency ranges (Fig. 5a). The modulus value at high frequency is known to be characteristic 

for the global resistance of electrochemical interface, which seems to be not significantly 

modified by any kind of considered sealing process. Actually, the efficiency of the sealing is 
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characterized by an increasing of the modulus value in the middle frequency range, associated 

with a phase shift [29]. This modulus increase corresponds to an increase of resistance to 

ionic diffusion through the porous layer by the presence of the “sealed” layer.   

As referred in the literature [26–28], the spectra recorded on sealed anodic film can be 

modelled by using an equivalent electrical circuit composed of two time constants (Fig. 6), 

represented by two RC loops in series with the electrolyte resistance Re. The one at low 

frequency can be assigned to the dielectric relaxation of the internal barrier layer (Rb, Cb) and 

the other at high frequency corresponds to the porous layer (Rp, Cp). The electrical parameters 

deduced from the fit of the experimental spectra are gathered in Table 1.  

The value of the barrier layer resistance Rb is very high, around 109 Ω cm2 [30] and is not 

significantly modified by the sealing processes. By considering this barrier layer as a planar 

dielectric, its capacitance Cb may be related to its thickness by the relation, �� =
� �� �

��
 , where 

db is the thickness of the barrier layer, ε is the dielectric constant of the medium (εAl2O3 = 10), 

ε0 is the dielectric constant of vacuum, S is the active area. The calculation leads to an 

estimation of the barrier layer of around 12 nm (with Cb = 8.3 10-7 F.cm-2), in agreement with 

TEM observations (fig. 2a).  

Consistently with the first qualitative observations, the resistance assigned to the ionic 

diffusion through the porous layer Rp, is enhanced by water and nickel sealing processes, 

reaching 2 to 4 104 Ω cm2, namely one order of magnitude higher than without sealing. The 

Rp increase by a ten factor is sufficient to trap and block the dye molecule inside the 

nanoporous network as shown by the index of dye-spot test of about 2-3. This result is well-

corroborated by the observation of a nanometre more or less compact layer on the top of 

nanopores. By contrast, Rp is only slightly increased by silicate sealing, almost similar to the 

one without sealing. In comparison, the dye-spot test shows a 5 index value, corresponding to 

a not-sealed anodic oxide, correlated with the absence of compact top layer in the case of 

silicate sealing. 
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The pore capacitance values, Cp, undergo a drastic increase after water and nickel sealing, 

which can be assigned to a decrease of permittivity and ionic conductivity inside the 

nanpores. As observed for the Rp value, the Cp value is only slightly modified by the silicate 

sealing, which confirms that the silicate sealing has a poor effect on the electrochemical 

behaviour the aluminium anodic oxide. 

 

3.4. Optical properties of the unsealed and sealed nanoporous oxide layers 

The optical properties of anodized/coloured/sealed surfaces depend on two key factors. The 

tint is first given by the absorption of the dye in the UV-visible spectra (Fig. 7 and Fig. 8), and 

the reflections of the light on metal oxides and on underlying metallic substrate lead to a 

specific brightness or gloss of the surface [31] (Fig. 9). Both tint and brightness may be 

modified by the sealing processes, leading to a change of the colour of the samples.  

According to Fig. 7, the orange G dye exhibits an absorption band in the UV-visible range 

with a maximum at 470 nm. This wavelength corresponds exactly to the minimum of 

reflection observed on the unsealed sample and the samples sealed with water and nickel, 

demonstrating the presence of the orange dye G inside the nanopores. While the spectrum 

recorded on the sample sealed with water is identical to the one on the unsealed sample at any 

point, small deviations can be observed due to the presence of nickel in the sealing film. In the 

specific case of sealing with silicates, the orange G dye has obviously desorbed from the 

nanoporous network since the reflection minimum corresponding to the presence of the dye 

has disappeared. 

The brightness of the different surfaces was evaluated by gloss measurements and the results 

obtained for three different angles are given in the Fig. 9. The anodized samples are usually 

very bright, essentially due to the chemical polishing. Consequently, no significant difference 

in the gloss level can be evaluated with high grazing angle (85°) and only measurements 

performed at 20° and 60° provide relevant results.  For both incident angles, the same trend 
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can be described. In comparison with the unsealed sample, nickel and silicate sealing 

processes induce more scattering and a consequent loss of gloss, because of the presence of 

the more or less rough layer composed of nanometre hydroxide sheets. This effect remains 

nonetheless very slight. On the opposite, the sealing process with silicates seems to lead to 

higher level of gloss regarding the unsealed sample. This observation is explained by the loss 

of the incorporated dye, which increases the reflected intensity and artificially increases the 

gloss level.  

 

3. Discussion and mechanisms 

Most of the studies on hydrothermal sealing are based on long time sealing, usually several 

tens of minutes, which suggest that the formation of a sealing film is a long-time process [27, 

32]. According to the results presented in this paper, a short sealing time of 4 min is sufficient 

to induce the formation of a top-layer over the nanoporous anodic network in the cases of 

water and nickel sealing. The formation of the hydrothermal sealing films involves the 

dissolution of aluminium ions from the anodic film and a pH decrease, because of hydrolysis 

of the aluminium sulphate compounds, according to the following reaction:  

Al2(SO4)3 + 2 H2O � 2 Al(OH)2+ + 2 H+ + 3 SO4
2-  

However, after the short sealing, EDS analysis shows that the anodic film still contains nearly 

3 at.% of sulphur, due to the presence of sulphates (Fig.4). Moreover, reflection spectra are 

not modified by hydrothermal sealing (Fig.8), indicating that the hydrolysis of sulphates does 

not provoke any desorption of the dye during immersion in boiling water. In a second step 

during sealing, aluminium hydroxide precipitates at the top of the layer in the form of 

hydroxide sheets to form the sealing or blocking layer, as suggested by Rocca et al [10]:  

Al(OH)2+ + 2 H2O � Al(OH)3 + 2 H+ 

In 4 minutes, without nickel ions, the sealing layer is formed by aluminium hydroxide sheets 

of about 100 to 200 nm which partially cover the nanoporous oxide network. On the surface, 
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this nanometre layer induces a slight loss of gloss recorded at 20° and 60° (Figure 9) by light 

scattering. Even though this rapid sealing does not completely seal the nanopores according to 

morphological observations, it provides a significant increase of the pore resistance as 

revealed by electrochemical impedance spectroscopy. The reached Rp value is sufficient to 

block the dye molecules inside the pores as confirmed by the qualitative dye-spot test. 

In the case of hydrothermal sealing with Ni2+ acetate addition at pH=5, the hydroxide sheets 

on the surface are thinner than without nickel, about 50 nm (Fig. 1c). The elementary 

mapping and the concentration profile of the nickel-sealed oxide show that the nickel sealing 

does not result from a precipitation of Ni(OH)2, as it is often mentioned in the literature for 

long-time sealing processes [33]. Indeed, nanoscale elementary mapping (Fig. 3) shows that 

nanopores are covered and partially filled with compounds containing nickel, oxygen and 

sulphur. 

The lower sulphur content on the first micrometres of the oxide reveals that the hydrolysis of 

the sulphates occurs during the sealing process, which explains the formation of sulphur-

containing precipitates. In pores, some nickel precipitates can contain until 15 to 20 at.% of 

nickel by EDS analysis in TEM inside the nanometre pores. This kind of composition could 

correspond to the precipitation of nickel hydroxysulfate compounds, as already studied in 

literature in hydrothermal conditions [34], which can be formed according the following 

reaction:  

Ni2+ + (2-x) OH- + x SO4
2- ↔ Ni(OH)2-x(SO4)x. 

Moreover, impedance spectroscopy shows that the pore resistance reaches a 43 kΩ.cm² value, 

which is sufficient to trap the dye molecules inside the pores according to the dye spot test. 

Simultaneously, the growth of hydroxide sheets is probably inhibited by the rapid covering of 

the nanoporous oxide network by nickel precipitates. Consequently, the gloss loss remains 

very low, and the optical properties of surface are quasi-unchanged compared to an unsealed 

sample. 
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Regarding the hydrothermal sealing in presence of silicates at pH=10, the concentration 

profile of silicon shows that the diffusion and adsorption of silicates occur throughout the 

entire depth of the nanoporous network (Fig. 4b). In addition, the reflection spectrum of the 

sealed surface clearly shows that the dye molecules have also quasi-entirely desorbed from 

the nanoporous structure (Fig. 8).  

The question is: “how silicates can be adsorbed on aluminium anodic oxide at pH=10?” 

Actually, given that the isoelectric point (PZC) of anodic aluminium oxide is around  

pH=8.5-9, the surface of the aluminium oxide should be predominantly covered by Al-O- sites 

at pH=10 [25, 4], which is theoretically unfavourable for the formation of a silicates 

adsorption film. It is well-known for example that the adsorption of anions such as phosphate 

is very difficult even impossible on alumina at pH over 8 [36] 

However, Gaggiano and al [37] have suggested that the presence of sodium cations can hide 

the charge of anionic sites on oxide and allow the adsorption of silicate anions on the negative 

site of the aluminium oxide. Moreover, in the case of anodized aluminium oxide, the 

hydrolysis of aluminium sulphate naturally induces a decrease of pH inside the nanometre 

pores, which could favour the presence of Al-OH and Al-OH2
+ cationic sites. This pH 

decrease inside the pores could explain the important adsorption of silicate throughout the 

porous network.   

On the other hand, the presence of silicate in the nanoporous network prevents the formation 

of hydroxide sheets or blocking nanometre layer as observed for water sealing or nickel 

sealing, which suggests that the release of aluminium ions is prevented by the silicate 

adsorption, probably due to stability of the bond between silicate and aluminium cations. 

Consequently, the formation of the hydroxide sheet layer, resulting from the hydrothermal 

sealing reaction, is quasi-entirely inhibited by the silicate adsorption. This observation is well-

corroborated by the electrochemical impedance measurements which show a very low 

increase of the Rp resistance in comparison with the unsealed sample. 
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4. Conclusions 

For indoor decorative applications, an efficient sealing process of anodized/coloured 

aluminium requires a hydrothermal reaction of the aluminium oxide, but desorption of the dye 

molecules and morphological modification of the extreme surface must be avoided. 

From the chemical point of view, the different ions release (aluminium, sulphate) induces the 

precipitation of sealing products which should not affect the optical properties of the surface. 

• Nickel sealing is more effective than water sealing, even over a short time. Actually, 

hydroxide sheets of smaller size are obtained with the nickel salt. They cover more 

homogeneously the surface and partially fill the top of nanopores by the precipitation 

of nickel hydroxysulphates.  

• The brightness of the anodized / coloured surface is slightly modified by the 

precipitation of the hydroxide sheets which induce light scattering, with an effect 

depending on their size.  

• The immersion of the coloured aluminium oxide in a silicate solution leads to a rapid 

desorption of the dye. The nanoporous network is not sealed but a layer of 

chemisorbed silicates is present on walls of the nanoporous network, which inhibits 

the formation of hydroxide sheet sealed layer. 
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Table 1. Parameters obtained by the fitting of the EIS data of sealed and unsealed oxide 

layers in 0.5 M K2SO4 with the equivalent circuit described in Fig. 6. 

 

Sealed 

layer 
χ2 Cb / F.cm-2 Rb / Ω.cm² Cp / F.cm-2 Rp / Ω.cm² Dye spot 

index 

Without 

sealing 
1.10-3 8.3 10-7 9.7 108 2.7 10-6 2.4 103 5 

Water 8.10-4 8.2 10-7 9.4 108 1.5 10-8 2.5 104 3 

Nickel 5.10-4 7.6 10-7 7.5 108 6.5 10-9 4.3 104 2 

Silicate 5.10-3 8.1 10-7 3.0 108 4.1 10-7 4.9 103 5 
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a) 
 

 

b) 
 

 

c) 
 

 

d) 
 

 

Fig. 1. FEG-SEM surface views of anodized / coloured samples without sealing (a), 

 with water sealing (b), with nickel sealing (c) and with silicate sealing (d). 
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Fig. 2. Cross sections dark field TEM observations of anodized / coloured layers after  

4 minutes of sealing: typical bottom of the layer (a), top of the layer after water sealing (b), 

nickel sealing (c), silicate sealing (d). 
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Fig. 3. Characterization in a TEM of the upper part of an anodized / coloured layer sealed for 

4 minutes in a nickel acetate solution: bright field micrograph and EDS mappings of  

O, Al, S and Ni. 
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a) 

 

 

b) 

 

Fig. 4. Concentration profiles measured by EDS in the anodic layer sealed  

by nickel (a), silicate (b). 
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a) 

 

 
 

b) 

 

Fig. 5. Bode representations of EIS data recorded in K2SO4 0.5 M on unsealed and 

 sealed anodized / coloured layers: Bode modulus (a) and Bode phase (b). 
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Fig. 6. Equivalent electrical circuit used to fit the EIS data of the sealed  

and unsealed nanoporous oxide layers. 

 

 

 

Fig. 7. Absorption UV-visible spectrum of the orange dye G. 

 

 

 

Fig. 8. UV-Visible reflection spectra recorded on unsealed and sealed layers. 
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Fig. 9. Gloss measurements at two angles versus normal direction  

on the unsealed and sealed surfaces. 




