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Abstract

The porous oxide layer obtained by phosphoric anodic oxidation (PAO) of 1050 and 2024T3 aluminium alloys is
modi®ed by impregnation with zinc under alternating voltage. The resulting current against applied voltage
relationship shows that a threshold voltage is required to deposit the zinc. Beyond a low critical voltage, VcL , zinc
electrocrystallization starts near the barrier layer and grows with time through the porous oxide layer whatever the
alloy used as substrate. For the 2024T3 alloy, beyond a high critical voltage VcH , S.I.M.S. analysis shows that zinc is
also present on top of the oxide layer. The distribution of zinc particles depends on the porous layer morphology:
formation of zinc needles in a columnar form (1050 alloy) and dispersion of zinc particles in a disorganized structure
(2024T3 alloy). The polarization curves obtained in a 3 wt % NaCl solution show a decrease in anodic and cathodic
currents indicating a protective e�ect of zinc impregnation, con®rmed by electrochemical impedance analysis.

1. Introduction

Anodic oxidation of aluminium alloys is extensively
used in many applications to improve corrosion resis-
tance. Several types of oxide layer can be obtained and
can be roughly classi®ed into two categories according
to the reactivity of the coating formed on the electrolyte
and, more exactly, according to the dissolving power of
the electrolyte [1]. Thus, if the electrolyte is not
aggressive, such as boric acid, the oxide layer formed
is compact and uniform. In contrast, for sulphuric,
chromic and phosphoric acid electrolytes, the coating
obtained (depending on experimental conditions) con-
sists of two parts. A compact uniform layer at the metal
surface, the barrier layer, and a porous layer in contact
with the electrolyte. Whatever the alloy, the oxide ®lms
are amorphous [2]. Although the thickness of each layer
depends on the experimental conditions used, such as
electrolyte composition and applied voltage, the mor-
phology of the porous layer is very dependent on the
composition of the aluminium alloy itself [3]. The
corrosion properties of anodized aluminium alloys are
frequently increased by hot sealing in chromic acid
solution. Some authors [4, 5] have reported that the
porous oxide layer with nanostructured porosity ob-
tained on 1050 alloy can be modi®ed by impregnation
with metallic compounds under alternating voltage

(50 Hz). Some authors have reported that physical
properties, such as optical behaviour [6], can be mod-
i®ed by impregnating the porous oxide layer of anodised
1050 alloy with a metal, but the e�ects on the electro-
chemical properties have not been studied.
In this paper we describe zinc impregnation of

phosphoric anodic oxidation (PAO) layers of 1050 and
2024T3 alloys (i.e., PAO1050 and PAO2024). After mi-
crostructural characterization of the PAO layers, we
compare the e�ects of zinc impregnation parameters on
the composition, microstructure and reactivity in cor-
rosive solution of PAO1050 and PAO2024.

2. Experimental method

Before treatment, the aluminium alloys, 1050 (0.4 wt %
Fe, 0.25% Si and 99.35% Al) and 2024T3 (4.4% Cu,
1.5% mg, 0.6% Mn and Al to 100%) were etched in
alkaline solution at 60 �C followed by acid etching in a
sulphuric acid/iron sulphate solution at 60 �C. Anodi-
zation was carried out in a phosphoric acid solution
(0.8 M) at 15 V for 15 min at room temperature. Each of
these operations was followed by washing in deionized
water. Impregnation was carried out in a zinc sulphate
based electrolyte (ZnSO4:30 g Lÿ1, H3BO3:20 g Lÿ1,
MgSO4:20 g Lÿ1, (NH4)2SO4:20 g Lÿ1), at room tem-
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perature using alternating voltage (50 Hz) of varying
amplitude between the working electrode and an inert
auxiliary Ni electrode. The current distributions were
recorded on an oscilloscope coupled to the alternating
voltage generator. After processing, the sample was
washed with deionized water and air dried.
Chemical analysis was performed on sample solutions

by ionic chromatography and the distribution pro®les of
the elements were obtained by secondary ion mass
spectrometry (Cameca IMS 6F/4F), by recording the
spectra of the negative ions coupled with cesium, in
order to cancel the signal deformation resulting from the
oxidation state of the elements. The microstructure of
the layers was observed in cross section by transmission
electron microscopy (TEM) with a Jeol 2010 apparatus.
The potentiodynamic analysis and electrochemical im-
pedance spectroscopy studies were carried out in a
thermostated corrosion cell containing 3 wt % NaCl
solution.

3. Results and discussion

3.1. Microstructural study of PAO1050 and PAO2024

layers

The microstructures of PAO2024 and PAO1050 layers
observed in cross section by TEM are reported in
Figure 1. The dual microstructure of the PAO1050 layer,
already reported by other authors [7], is made up of a
compact thin layer (26 nm) close to the substrate, named
the barrier layer, and a porous, thick layer, the thickness
of which depends on the anodization time. The diameter
of the pores was about 35 nm and the thickness of the
cell wall about 30 nm. This columnar porosity, charac-
teristic of PAO1050 layers, is very di�erent to the
disorganised porosity in PAO2024 layers, which probably
results from the discontinuity of the barrier layer.

3.2. E�ect of impregnation parameters

The electrochemical impregnation studied consists of
depositing metal particles under alternating voltage in
porous oxide layers obtained by PAO. Among the

Fig. 1. Cross section of PAO1050 (a) and PAO2024 (b) by transmission

electron microscopy.

Fig. 2. Zinc content (Zn) and average current density (Jm) of impregnated PAO1050 and PAO2024 against applied alternating voltage.
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processing parameters, we showed [8], for nickel im-
pregnation of PAO layers on 1050, that voltage and
impregnation time had a strong in¯uence on metal
inclusion in the porous layer. The higher compaction of
the PAO2024 layer suggested it would be harder to
deposit metal in it, so further investigations had to be
made into the in¯uence of voltage and impregnation
time on the introduction of metal into the oxide layers.

3.2.1. E�ect of applied voltage on current distribution
and zinc deposition
As shown in Figure 2, the quantity of zinc deposited
increases with the intensity of the alternating voltage
applied between the working and auxiliary electrodes.
This result, obtained for an impregnation time of 5 min,
shows a particular pattern for PAO2024 and reveals
changes of slope at around 6 and 10 V. Up to 6 V,
corresponding to low critical voltage (VcL ), no resulting
current appeared in the electrolytic cell and zinc was not
deposited; beyond 6 V, the resulting current and the
quantity of zinc deposited increased with the applied
voltage. The increase of metal deposited is not a linear
function of the applied voltage since a second critical
voltage (VcH) appearing around 10 V, indicates the
transition between two zinc deposition kinetics. In the
same Figure, where resulting current densities (Jm)
between the working and auxiliary electrodes are re-
ported, the increase in zinc deposited at 10 V cannot be
correlated to an increase in the resulting current. This
imperfect correlation is not surprising if we consider that
the current resulting from an alternating voltage is an
average value between the anodic and cathodic parts,
one of which does not result in reduction of zinc ions.
Figure 3 shows oscillograms of the current resulting

from the application of 4, 8 and 12 V of 50 Hz
alternating voltage for a PAO1050 layer (the evolution
was the same for PAO2024 layers). From the oscillo-
grams, we calculated the quantity of cathodic current
which is plotted, in Figure 4, against the applied voltage.
For both layers, the quantity of cathodic current closely
follows the zinc content in the layer and the shape of the
pulse allows the low and high critical voltages to be
determined.
For both PAO1050 and PAO2024, the distribution of

the cathodic and the anodic parts of current pulse
changes with applied voltage. These curves also provide
characteristic slopes of the three voltage ranges previ-
ously de®ned from Figure 2. For both types of oxide
layer, the anodic and cathodic parts of the current are
comparable but present di�erences in amplitude.

Fig. 3. Current oscillograms of PAO1050 layers for various alternating

applied voltages: (a) 4, (b) 8 and (c) 12 V.

Fig. 4. Zinc content (Zn) and cathodic current quantity (ÿQc) against

applied alternating voltage for PAO1050 and PAO2024 layers.
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Below the low critical voltage VcL , for which the
resulting average current is equal to zero, the anodic and
cathodic parts of the curve are symmetric and the
corresponding quantity of current probably contributes
to the charge and discharge of the interface capacitance
of the oxide layer. For these applied voltages, there is
low or no charge transfer to reduce protons and zinc
cations. Above this value, charge transfer and zinc
deposition start to become e�ective. A distortion of the
cathodic and anodic parts of the current appears. Its
intensity depends on the PAO alloys. Above VcL , the
cathodic distribution of the current is separated into two
distinct parts. First, the cathodic current increases to a
shoulder which can be associated to the charging of the
capacitive porous oxide layer. After 4 or 5 ms a negative

Fig. 5. S.I.M.S. analysis: concentration pro®les of impregnated

PAO2024 under various applied voltages: (a) 4, (b) 8 and (c) 12 V.

Duration 3 min.

Fig. 6. Zinc content (Zn) against impregnation time for PAO1050

and PAO2024 (V � 8 V).

Fig. 7. S.I.M.S. analysis: concentration pro®les for various impregna-

tion times of PAO1050 under 8 V of applied alternating voltage.

Impregnations: (a) 30 s, (b) 1 min and (c) 3 min.
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peak of current occurs corresponding to charge transfer
and deposition of zinc. When the applied voltage
increases, we also notice a change in the anodic current
distribution. This is particularly true for PAO1050, in
which, during the anodic pulse, after the capacitive
discharge of the porous oxide layer, a current peak
appears which is characteristic of the charge transfer
required for the oxidation of zinc deposited during the
cathodic pulse. For PAO2024, the peak of anodic current
is only obtained above the second critical voltage VcH

(10 V). While the anodic and cathodic currents varied in
the same way for PAO1050, this was not the case for
PAO2024 layers. When the applied voltage increased
above VcH , the cathodic pulse was always separated into
two distinct parts, but after capacitive charge of the
porous oxide layer, the great increase in current char-
acteristic of charge transfer was maintained during the
whole cathodic pulse voltage. These changes of current
distribution above VcH con®rm the change in kinetics of
cathodic and anodic reactions at the PAO2024 working
electrode.

3.2.2. E�ect of applied voltage on zinc distribution in
oxide layers
To specify the distribution of zinc in the porous oxide
layers, chemical analysis was carried out by SIMS.

Figure 5 reports the pro®les obtained for PAO2024

layers. With applied voltages lower than VcL , the absence
of zinc from the oxide layer was con®rmed for both
alloys (Figure 5(a) shows the results for 2024T3 alloy),
since the pro®les of aluminium, oxygen and zinc are the
same as those obtained on as-anodized substrate. The
pro®les are divided into three zones corresponding to
(1) the aluminium substrate, (2) an interface zone where
an increase in oxygen and a decrease in aluminium
appear and (3) the oxide layer with stable quantities of
aluminium and oxygen.
For applied voltages between VcL and VcH Figure 5(b),

leading to a low zinc deposition rate, the pro®les
obtained show the presence of zinc at the interface
zone. When the applied voltage rises to 11 V, the
increase in zinc deposition in a zone close to the surface
involves a signi®cant accumulation of zinc on the
external surface of the oxide layer. So, for impregnated
PAO2024, a fourth zone can be de®ned for which an
increase of zinc and a decrease of aluminium occur,
corresponding to zinc deposition on top of the zinc-
modi®ed oxide layer. This fourth zone did not appear
for PAO1050 layers.
So, the study of the in¯uence of the applied voltage

showed, particularly for PAO2024, two distinct voltage
ranges for which the electrocrystallization of zinc takes

Fig. 8. Current oscillograms for various impregnation times of PAO1050 under 8 V applied alternating voltage. Impregnations: (a) 5 s, (b) 3 min,

(c) 5 min and (d) 10 min.
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place in a preferred region of the oxide layer. For
voltages lower than VcH , zinc reduction takes place
preferentially near the substrate-oxide interface, then for
higher voltages, metal simultaneously appears on the
outer oxide layer. We have attributed the strong rise in
cathodic current when the applied voltage is increased
above 11 V to a change in kinetics. This is now
con®rmed by a change in the region of the layer where
zinc deposition takes place. For the more compact
PAO2024 layer two distinct zones appeared beyond 12 V
Figure 5(c), one corresponding to the impregnated oxide
layer and the other to the zinc coating on top of it. To
con®rm zinc penetration into the oxide layer, for applied
voltages between VcL and VcH , we followed the e�ect of
impregnation duration.

3.2.3. E�ect of impregnation duration
Figure 6 reports mass gain against impregnation time
for PAO2024 and PAO1050 layers. An increase in depos-

ited zinc appeared with impregnation time for both
oxide layers.
Zinc penetration into porous PAO2024 and PAO1050

layers was followed by SIMS, against impregnation time
under 8 V applied voltage (Figure 7 reports the pro®les
obtained for PAO1050 layers). For both alloys, the
pro®les showed that the region where deposition oc-
cured, initially at the substrate±oxide interface, shifted
in time through the porous oxide layer towards the
surface. For the PAO2024 layer, however, after 3 min of
applied voltage, the pro®le of zinc in the layer showed
that zinc deposition did not only occur near the
substrate±oxide interface but also through the bulk of
the oxide layer. It then rapidly reached the external
region of the oxide layer without zinc deposition
occuring on top of the layer.
Absence of bulk deposition in PAO1050 can be

explained by the plot of current against duration of
deposition (Figure 8). The distribution of cathodic and

Oxide
layer

Substrate

Zinc
impregnated

zone

Fig. 9. Cross section of a zinc-impregnated PAO1050 layer (V � 8 V, t � 5 min) by transmission electron microscopy.

850



anodic current becomes symmetric after a deposition
time for which the quantity of metal deposited in the
oxide layer is su�cient to cancel its capacitive e�ect. In
such conditions, part of the metal deposited during the
cathodic pulse is etched during the following anodic
pulse, explaining the saturation with time of metal
deposition seen in Figure 6.
SIMS surface analysis showed that a similar metal

distribution was obtained for both oxide layers. Al-
though the presence of metal at the oxide-substrate
interface has been frequently mentioned for PAO1050

layers, it has rarely been proved. We con®rmed the
SIMS results by transmission electron microscopy of
both layers.

3.3. Microstructural study

Figures 9 and 10 report the micrographs showing the
microstructures of PAO layers impregnated with zinc

under 8 V alternating voltage for 5 min. For both types
of porous layer, the dark particles observed in a zone
close to the substrate-oxide interface have been identi-
®ed as microcrystallized particles of zinc metal. The
di�raction diagrams obtained in a zone far from the
oxide±substrate interface (white part of the layers)
indicate an amorphous structure as usually obtained
by anodic oxidation of aluminium. We con®rm here,
that for both layers, zinc metal mainly appears in a
region close to the oxide±substrate interface, more
precisely just above the barrier layer.
The distribution of metal grains in oxide layers

depends on the pore morphology. The growth of metallic
zinc in PAO1050 is oriented by the anisotropy of the
porosity and contributes to the formation of zinc needles
of around 25 nm diameter, perpendicular to the surface.
In the PAO2024 layer, the metal grains do not have such a
well de®ned morphology but are homogeneously dis-
tributed through the interfacial region of the oxide layer.

Oxide

layer

Zinc
impregnated

zone

Substrate

Fig. 10. Cross section of a zinc-impregnated PAO2024 layer (V � 8 V, t � 5 min) by transmission electron microscopy.
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3.4. Electrochemical study

Figure 11 reports the polarization curves of PAO1050

and PAO2024 layers obtained in NaCl solution before
and after zinc impregnation for 5 min under 8 V.
The protective e�ect of the phosphoric anodization of

2024 and 1050 alloys is clearly shown by the decrease in
anodic and cathodic currents. The oxide layer covering
the 2024 and 1050 alloys slows down the di�usion of
protons and decreases the resulting cathodic current.
The decrease of anodic current results from the atten-
uation of aluminium alloy oxidation through the oxide
layer. Unexpectedly, zinc impregnation does not involve
a shift in corrosion potential which would indicate
sacri®cial dissolution of zinc. The further decrease in
cathodic and anodic currents reveals a protective e�ect
of the zinc impregnation.
To pursue the study of impregnated PAO1050 and

PAO2024 layers, we followed their behaviour by electro-
chemical impedance spectroscopy. From the Bode
diagrams obtained (Figure 12), we determine a global

resistance of the electrochemical interface [9] from the
resistance values obtained at high and low frequencies
(Table 1). The increase in global resistance of both
layers con®rms the protective e�ect of zinc impregna-
tion. A forthcoming paper will report investigations by
electrochemical impedance spectroscopy coupled to
surface analysis to attempt to explain how zinc impreg-
nation exerts its protective e�ect.

4. Conclusion

This study shows that zinc impregnation, under alter-
nating voltage, of PAO layers can be carried out for
both aluminium alloys 1050 and 2024T3. It also shows
that the compactness of the oxide layer governs the
location and the rate of zinc electrocrystallization.
The resulting current against applied voltage curves

reveal two critical voltages, around 6 V (VcL ) and 10V
(VcH). VcL is the voltage for which a distortion of the
cathodic part of the current appears corresponding to

Fig. 11. Polarization curves obtained in a 3 wt % NaCl solution of anodized alloys and after zinc impregnation (V � 8 V, t � 5 min) of

(a) PAO1050 and (b) PAO2024.
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charge transfer through the porous oxide layer and to
zinc deposition. Between VcL and VcH , electrodeposition
takes place essentially near the substrate/oxide interface,
whereas above VcH and particularly for the more
compact PAO2024 layer, zinc deposition occurs on top
of the oxide layer. This can be correlated to a change in
current distribution. For an applied voltage of between
VcL and VcH , for both layers, the deposition of zinc shifts
with impregnation time from the substrate/oxide inter-
face through the porous oxide layer towards its external
part, but growth does not occur on top.

Transmission electronic microscopy shows the pres-
ence of particles in the oxide layer, essentially near the
barrier layer, identi®ed as microcrystallised zinc metal
particles. Their distribution depends on the pore mor-
phology: formation of needles in PAO1050 and more
isotropic dispersed particles in PAO2024.
An electrochemical study in NaCl solution showed the

protective e�ect of zinc impregnation resulting from an
increase in the global resistance of the electrochemical
interface.
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