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Steady-state and electrochemical impedance spectroscopy measurements have been made
on anodic layers on 1050 and 2024T3 aluminium alloys prepared from solutions of
phosphoric acid, boric acid and sodium tetraborate, before and after impregnation
treatment with zinc. Corrosion characteristics of the anodic layers were dependent on the
aluminium substrate and the electrolyte. Aluminium alloy composition was found to be the
most important factor for corrosion resistance; alloying elements of 2024T3 alloy (like
copper) had a harmful influence on this layer property. Steady-state measurements allowed
the oxide layer behaviour to be studied in the anodic range by the determination of an
anodic passivity domain. This domain was characterized by a weak aluminium oxidation
through the oxide layer. The zinc impregnation treatment had a marked protective effect on
each studied anodic layer. This treatment can be used as an alternative to hot sealing in
water or chromic acid solution. C© 2001 Kluwer Academic Publishers

1. Introduction
An important treatment used for the protective, dec-
orative or adhesive surface treatment of aluminium is
anodic oxidation. Anodizing consists of the controlled
electrochemical growth of an aluminium oxide film by
the anodic polarization of the aluminium substrate in a
particular electrolyte solution. In neutral solutions such
as boric acid, the native oxide film at the surface devel-
ops to a compact and uniform oxide layer, commonly
called the barrier layer [1–3]. In aggressive solutions
such as phosphoric and sulphuric acids, a thick and
porous film is also formed [1–4]. The dimension and
properties of both type layers depend on the formation
conditions, i.e. substrate and electrolyte composition,
formation current density and temperature [5]. In a pre-
vious paper [6], influence of the aluminium substrate
and electrolyte composition on the layer morphology
was studied using transmission electron microscopy
and a.c. impedance measurements. Porous layer mor-
phology was shown to be very dependent on the alu-
minium substrate; electrolyte composition had a strong
influence on the barrier and porous layer thickness.

The corrosion properties of anodized aluminium al-
loys are frequently increased by hot sealing in water

or chromic acid solution. Some authors [7, 8] have re-
ported that the porous oxide layer can be modified by
impregnation with metallic compounds under alternat-
ing voltage (50 Hz), but the effect of this impregnation
treatment on the electrochemical properties have not
been studied.

The aim of this paper is first, to study the influence of
anodic layer formation conditions (substrate and elec-
trolyte composition) on its protective effect, and sec-
ond, to study the effect of impregnation treatment with
zinc on the electrochemical properties of the modified
oxide layer. Results were obtained by electrochemical
d.c. and a.c. measurements performed in a corrosive
medium.

2. Experimental method
Before treatment, the aluminium alloys, 1050
(99.35 wt% Al, 0.4% Fe, 0.25% Si) and 2024T3
(Al, 4.4% Cu, 1.5% Mg, 0.6% Mn) were etched in
alkaline solution at 60◦C followed by acid etching
in a sulphuric acid/iron sulphate solution at 60◦C.
Anodization was carried out in three different solu-
tions: PAO : H3PO4 solution (0.8 mol.L−1) under d.c.
15 V for 15 min. at room temperature; BAAO : H3BO3
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(10 g · L−1) and H2SO4 (40 g · L−1) solution under
d.c. 15 V for 20 min. at room temperature; BBAO :
Na2B4O7 solution (30 g · L−1) under d.c. 20 V for
20 min. at 65◦C. Each of these operations was fol-
lowed by a washing in deionised water. Impregnation
was carried out in a zinc sulphate based electrolyte
(ZnSO4 : 30 g · L−1, H3BO3 : 20 g · L−1, MgSO4 : 20
g · L−1, (NH4)2SO4 : 20 g · L−1), at room temperature
with an alternating voltage (50 Hz) of varying ampli-
tude between the working electrode and an inert auxil-
iary Ni electrode. The microstructure of the layers was
observed by transmission electron microscopy (TEM);
cross sections were prepared by ion milling and ob-
served in a JEOL 2010 HC operated at 200 kV. The po-
larization curves and electrochemical impedance spec-
troscopy study were carried out in a thermostated cell
containing 0.2 M NaCl/0.2 M Na2SO4 solution, us-
ing the conventional three electrode configuration. The
impedance spectra were recorded on a Solartron 1250
frequency response analyser.

3. Results and discussion
3.1. Microstructural study of the anodic

oxide layers
Aluminium substrate has a strong influence on the
porous layer morphology [6, 9]. As we can see
for BAAO layer, the growth of the porous layer
was anisotropically oriented for 1050 substrate layer
(Fig. 1a); pores were perpendicular to the substrate. On
the other hand, for 2024T3 substrate layer (Fig. 1b),
pores were not unidirectional; the porous layer struc-
ture looked like a sponge. Similar results were found for
the two other electrolytes [6]. In fact, alloying elements
of 2024T3 alloy caused this morphological difference
[10]. During anodization treatment, these alloying el-
ements behaved according to their physico-chemical
properties, playing thus a significant role in the anodic
film growth. They did not allow a well defined structure
to be obtained, like for 1050 substrate layers.

The thickness of the barrier (eb) and porous (ep) lay-
ers for each oxide film is reported in Table I. As we
can see, aluminium substrate had a weak influence on
porous and barrier layer thickness. These thicknesses
are strongly influenced by the electrolyte.

3.2. Electrochemical study of the anodic
oxide layers

3.2.1. Steady-state measurements
Fig. 2 shows the polarization curves obtained for the
2024T3 aluminium alloy before and after BAAO in
the cathodic and anodic ranges. From the cathodic po-
larization curve (Fig. 2a), it was observed that anodic

T ABL E I Thickness of barrier layer (eb) and porous layer (ep) for each oxide film

PAO BAAO BBAO PAO BAAO BBAO
1050 1050 1050 2024T3 2024T3 2024T3

eb (nm) 26 ± 3 20 ± 3 15 ± 3 24 ± 3 20 ± 4 14 ± 3
ep (µm) 0.30 ± 0.05 1.00 ± 0.05 0.90 ± 0.05 0.25 ± 0.05 0.90 ± 0.05 0.70 ± 0.05

TABLE I I Corrosion current density in the cathodic range Jcc for
2024T3 substrate layers

2024T3 BBAO PAO BAAO

jcc (µA.cm−2) 20 ± 1 16 ± 1 14 ± 1 12 ± 1

oxidation leaded to a decrease of the cathodic current
density. By the Tafel method [11], a corrosion current
density in the cathodic range Jcc could be determined
with a satisfactory accuracy. The results for each oxide
layer are presented in Table II. The best results (i.e. the
lower Jcc value) were obtained for the BAAO layer.

In the anodic range (Fig. 2b), the polarization curves
showed a similar decrease of the anodic current den-
sity due to the anodic oxidation. However, the irregular
shape of these curves did not allow the Tafel method
to be used without an important incertitude on the de-
termination of the corrosion current density in the an-
odic range. We then plotted J vs. E (and not log(J )
vs. E). The curve obtained for BBAO layer is shown
in Fig. 3. On this curve, a potential E0 could be deter-
mined, which seemed to mark the transition between
two oxidation kinetics. Up to E0, anodic current den-
sity was low, whereas above this potential, it increased
quickly.

The potential domain between the corrosion potential
Ecorr and E0 was called passivity domain [12]:

∆E = E0 − Ecorr

This domain was characterized by weak anodic cur-
rent densities. We compared the value of �E with that
of Jcc for each anodic oxidation layer (Fig. 4). This fig-
ure showed good correlation between these two electro-
chemical data. It allowed a hierarchy to be established
between the various anodic oxidation layers in term
of corrosion resistance: best results were obtained for
BAAO layer, then PAO and BBAO.

The results obtained for 1050 substrate layers are
summarized in Fig. 5, which compares the evolution
of Jcc vs. �E for both substrates. For 1050 substrate
layers, Jcc was systematically lower and �E systemat-
ically higher than for 2024 substrate layers, implying a
better corrosion resistance.

3.2.2. a.c measurements
The Nyquist diagram obtained for a PAO layer on
2024T3 aluminium alloy is shown in Fig. 6. It was char-
acterized by a single capacitive loop representative of
the electrochemical behaviour of the barrier layer [13].
Extrapolating this capacitive loop to the real axis, a po-
larization resistance Rp could be determined, which was
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Figure 1 Cross section of a BAAO layer (TEM) on (a) 1050 and (b) 2024T3 substrates.

T ABL E I I I Polarization resistance Rp determined by EIS for (a) 2024
and (b) 1050 substrate layers

BBAO PAO BAAO

a)

Rp(�) 8000 9730 17680
b)

Rp(�) 24760 22140 52730

representative of a corrosion resistance [14]. The val-
ues obtained for both aluminium alloys are reported in
Table III; they confirmed the hierarchy established with
the steady-state measurements between the aluminium
alloys and between the anodic oxidations studied.

The corrosion characteristics of 1050 substrate lay-
ers were better than that of 2024 substrate layers. In
the case of 1050 substrate layers, the porous film pre-
sented a very well defined morphology, with unidirec-
tional pores; on the contrary, the porous oxide structure
obtained on 2024T3 substrate was disorganized. Nev-
ertheless, it could not be concluded that the oxide layer
morphology caused this electrochemical behaviour dif-
ference, because the 1050 alloy was known to have
good corrosion properties, unlike the 2024T3. Indeed,
alloying elements (like copper) of 2024T3 alloy were
harmful for corrosion resistance.

The best results were obtained for the BAAO layers,
which were the thickest anodic oxide layer. In the same
way, it cannot be concluded that corrosion resistance
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Figure 2 Polarization curve for the 2024T3 aluminium alloy before and
after BAAO in the (a) cathodic and (b) anodic ranges.

Figure 3 Polarization curve (J vs. E) for BBAO layer on 2024T3 alloy
in the anodic range.

increased with the oxide layer thickness, since the
BBAO layers were relatively thick but had weak cor-
rosion properties. Other factors have to be taken into
account, like the layer porosity or the pore density.

We then studied the effect of the impregnation treat-
ment on the oxide layer reactivity in corrosive medium.

3.3. Microstructural study of anodic layers
impregnated with zinc

Impregnation treatment consists of the deposition of
metal particles in the porous oxide layer under alter-
nating voltage [9, 15, 12]. This treatment was generally
used on 1050 alloy, after a phosphoric anodic oxidation

Figure 4 Corrosion current density in the cathodic range Jcc vs. passivity
domain in the anodic range �E for 2024T3 substrate layers.

Figure 5 Corrosion current density in the cathodic range Jcc vs. passivity
domain in the anodic range �E for 1050 and 2024T3 substrate layers.

Figure 6 Nyquist diagram of a PAO layer on 2024T3 alloy.

PAO. We showed that it is also applicable on 2024T3
alloy, after BAAO and BBAO [12]. Usually, nickel was
the impregnated element; in this case, only nickel metal
was found in the oxide layer [15]. We studied zinc im-
pregnation; we found that zinc was deposited under
two states : zinc metal and zinc oxide [12]. As it can be
supposed, the morphology of the layer obtained after
anodic oxidation had a strong influence on the zinc de-
posit morphology. Fig. 7 shows PAO layers on 1050 and
2024T3 alloys impregnated with zinc. For both types of
porous layer, the dark particles observed in a zone close
to the substrate-oxide interface have been identified as
microcristallized particles of zinc metal [9]. The growth
of metal zinc in 1050 alloy layer (Fig. 7a) was oriented
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by the anisotropy of the porosity and contributed to
the formation of zinc needles, perpendicular to the sub-
strate. In the 2024T3 alloy layer (Fig. 7b), metal grains
do not have such a well defined morphology but were
homogeneously distributed through the interfacial re-
gion of the oxide layer.

3.4. Electrochemical study of anodic oxide
layers impregnated with zinc

3.4.1. Steady-state measurements
Fig. 8 shows the polarization curves of a BAAO layer
on 2024T3 alloy before and after zinc impregnation.

Figure 7 Cross section of PAO layers impregnated with zinc (TEM) on (a) 1050 alloy and (b) 2024T3 alloy.

The protective effect of zinc impregnation was clearly
shown by the decrease in anodic and cathodic currents.
In particular, the decrease of anodic current resulted
from the attenuation of aluminium oxidation through
the oxide layer.

To quantify this protective effect, we defined an
anodic inhibition rate η at corrosion potential plus
100 mV:

η = J0 − Ji
J0

where Ji was the anodic current density at corrosion
potential +100 mV of the impregnated layer, J0 was the
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Figure 8 Polarization curves for a BAAO layer on 2024T3 alloy before
and after zinc impregnation.

Figure 9 Bode diagram for a PAO layer on 2024T3 alloy before and
after zinc impregnation.

anodic current density at corrosion potential +100 mV
of the anodized layer.

Table IV presents results obtained for several im-
pregnated layers. For each studied oxide layer, zinc im-
pregnation treatment had a marked protective effect.
However, results obtained for 1050 alloy layers were
significatively better. So, deposit morphology seemed
to influence layer reactivity; the more important pro-
tective effect was obtained for a well organized zinc
deposit (1050 alloy).

To pursue this study, we followed the layer behaviour
by electrochemical impedance spectroscopy.

3.4.2. a.c. measurements
From the Bode diagrams (Fig. 9 presents results ob-
tained for a PAO layer on 2024T3 alloy), we determined
the global resistance Rg of the impregnated layer [16]
as the difference between the resistance values obtained
at high and low frequencies (Table V). The increase in
global resistance confirmed the protective effect of zinc
impregnation, for the two aluminium alloys (1050 and
2024T3) and the three anodic oxidations (PAO, BAAO,
BBAO).

T ABL E IV Anodic inhibition rate η at corrosion potential +100 mV
for various impregnated layers

PAO PAO BBAO BAAO
1050 2024T3 2024T3 2024T3

η(%) 85 76 65 70

TABLE V Global resistance before and after zinc impregnation for
various oxide layers

PAO PAO BAAO BBAO
1050 2024T3 2024T3 2024T3

Rg(k�) before 38.8 14.5 28.3 8
impregnation

Rg(k�) after 72.4 28.5 48 20.4
impregnation

This impregnation treatment with zinc seemed to
play a similar role to hot sealing. Zinc partially sealed
the pores; moreover, its corrosion products, known to
be voluminous, could also seal the pores.

4. Conclusion
Corrosion resistance of anodic oxidation layers on alu-
minium was found to be dependent on the aluminium
substrate and on the electrolyte. For each type of stud-
ied anodic oxidation, corrosion characteristics deter-
mined by d.c. and a.c. measurements were better for
1050 substrate layers; alloying elements of 2024T3 al-
loy, like copper, were harmful for corrosion resistance.
The electrochemical study allowed a hierarchy between
the studied anodic oxidations to be established; best re-
sults in term of corrosion resistance were obtained for
the BAAO layers. Although this layer was the thickest,
this parameter was not sufficient to characterize corro-
sion resistance of the anodic layers. Other parameters
had to be taken into account, like layer porosity and
pore density.

The polarization curve study showed that Tafel
method was not applicable in the anodic range; a passiv-
ity domain was then defined, which was in good agree-
ment with the corrosion current density determined in
the cathodic range by the Tafel method.

Zinc impregnation treatment had a strong effect on
the anodic oxide layer reactivity in corrosive medium;
it allowed corrosion resistance of the layers to be en-
hanced, for each aluminium substrate and each type
of anodic oxidation. Zinc and its corrosion products
seemed to partially seal the pores.
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