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Abstract The present work was conducted to explore
the growth mechanism of anodic oxide films on pure
aluminium in aqueous acidic and alkaline solutions by
using a.c. impedance spectroscopy and a beam deflection
technique. From the analyses of a.c impedance data, it
was found that the reciprocal capacitance of anodic
oxide film on pure aluminium increased linearly with
increasing film formation potential in both acidic and
alkaline solutions, indicating a linear increase in the film
thickness with film formation potential. However, as the
film formation potential increased, the resistance of
anodic oxide film decreased in acidic solution, while it
increased in alkaline solution. From the measurements
of the deflection, the deflection was observed to move
towards only a compressive direction with time in acidic
solution, but it showed a transition in the direction of
movement from compressive to tensile in alkaline solu-
tion. Based upon the above experimental results, it is
suggested that the movement of oxygen vacancy through
the oxide film contributes to the growth of anodic oxide
film on pure aluminium in acidic solution, but the
movement of both aluminium vacancy and oxygen va-
cancy accounts for that oxide film growth in alkaline
solution.
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Introduction

When an anodic current density is applied to valve
metals, such as aluminium, tantalum, titanium and
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zirconium, in aqueous solutions, anodic oxide films are
developed on their surfaces which lead to improved re-
sistance to corrosion. The oxide films anodically formed
on valve metals have been of great interest in relation to
their industrial applications, and thus the growth
mechanism of anodic oxide films has been extensively
investigated by many authors [1-8].

The growth kinetics of anodic oxide films was first
described by the work of Cabrera and Mott [1], in which
the transport of ions through the oxide film is driven by
high electric field. The high-field ion conduction model
has been modified by Kirchheim [7] and developed by
others [4, 5]. On the other hand, the point defect model [6]
was suggested to account for the film growth kinetics, in
which the migrations of metal vacancy and oxygen va-
cancy through the oxide film result in dissolution of the
metal and formation of the oxide film, respectively. By
contrast, Pyun and Hong [8] showed that the migration
of cation vacancy could contribute not only to the metal
dissolution but also to the oxide film formation.

It is known that aluminium vacancy and oxygen va-
cancy are simultaneously present within anodic oxide
films on aluminium [9-11]. It was reported that alu-
minium vacancies are generated at the oxide filk/solu-
tion interface in acidic solutions as a consequence of
a field-assisted oxide dissolution which involves direct
ejection of aluminium ions from the oxide film into the
solution [12-14]. However, since aluminium ions are not
thermodynamically stable in alkaline solution [15], the
generation of aluminium vacancy due to direct ejection
of aluminium ions into the solution will hardly occur in
alkaline solution. So, aluminium vacancy within the
oxide film in alkaline solution is expected to be gener-
ated by another electrochemical reaction at the oxide
film/solution interface. Thus, the growth mechanism of
the anodic oxide film in acidic solution may be different
from that in alkaline solution.

The present work is aimed at elucidating the growth
mechanism of anodic oxide films on pure aluminium in
acidic and alkaline solutions. For this purpose, the



resistance and capacitance of anodic oxide film were
determined from the analyses of a.c. impedance data,
and the deflection and the corresponding potential of the
specimen were simultaneously measured with time at
various applied anodic current densities in acidic and
alkaline solutions.

Experimental

Two kinds of specimens were made from 99.999% purity alumin-
ium rod (Aldrich) of 6.35 mm diameter and from 99.99% purity
aluminium foil (Aldrich) of 0.13 mm thickness for a.c. impedance
measurements and for the deflection measurements, respectively.
The rod specimen was annealed at 350 °C for 2 h in a vacuum
furnace and then was set in a block of polyethylene. The upper
surface of the block was ground with successively finer silicon
carbide paper, ending with 2000 grit, to expose the cross section of
the electrode to the electrolytic solution.

The pure aluminium foil was cut into strips with dimensions of
2.5 mm x 100 mm. Each strip specimen was lightly rolled between
a clean ground glass stopper and a sheet of glass to smooth the
burrs produced by cutting, and then annealed at 350 °C for 2 h in
a vacuum furnace to remove residual stresses, followed by furnace
cooling. The annealed strip specimen was etched for 2 mm in
10~' M NaOH solution. After these treatments, the strip specimen
was coated on one side with a fast-drying lacquer to make that side
inert. After the lacquer had dried, a small mirror of silvered mica
was attached to the coated side about 1.3 cm away from the end of
the strip specimen. The mirror was used for the measurements of
the deflection of the strip specimen during anodic oxidation of pure
aluminium.

In all the electrochemical experiments, the annealed rod and
strip specimens were used as the working electrode. A platinum
gauze and a saturated calomel electrode (SCE) served as the
counter and reference electrodes, respectively. The electrolytes used
in this study were 5 x 107" M H,SO,4 and 10~ M NaOH solutions.

A.c. impedance measurements were made on the rod specimen
to determine the resistance and capacitance of the anodic oxide film
as a function of film formation potential in the acidic and alkaline
solutions. The measurements were performed with a Zahner IM5D
impedance analyser by superimposing an a.c. signal of 5 mV am-
plitude on the d.c. potential over 1 to 10° Hz. The impedance data
obtained were analysed by using the complex nonlinear least
squares (CNLS) fitting method first described by Macdonald [16]
and later modified in our laboratory [17].

A beam deflection technique was employed for the deflection
measurements, which was developed by Stoney [18] and later
modified by Nelson and Oriani [19]. The details of the beam de-
flection technique have been presented elsewhere [19, 20]. The de-
flection and the corresponding potential, which is just the film
formation potential, were simultaneously measured with time
during the anodic oxidation of the strip specimen at applied anodic
current densities of 2 mA cm > and 10 mA cm™2 in the acidic and
alkaline solutions. The applied current density was controlled by
a constant current source (Hewlett-Packard 6181C), and the de-
flection and the film formation potential were recorded on a strip
chart recorder (SOLTEC 1242). In addition, the film formation
potential was obtained with time at various applied current den-
sities (5-100 mA cm™>) during the anodic oxidation of the rod
specimen in the alkaline solution.

Results and discussion

Fig. 1a,b shows typical impedance spectra on the Ny-
quist plot obtained from the rod specimen at a film
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Fig. 1 a,b Typical Nyquist plots obtained from the pure aluminium
rod specimen at an applied anodic potential of 0 Vgcg ina 5x 107 M
H>SO,4 and b 107> M NaOH solutions

formation potential of 0 Vgcg in 5 x 107! M H,SO,4
solution and 10™* M NaOH solution, respectively. The
impedance spectrum in the acidic solution consists of
one capacitive semicircle in the high frequency region
and one inductive semicircle in the low frequency region.
The high-frequency capacitive semicircle represents the
properties of the anodic oxide film and the low-fre-
quency inductive semicircle is associated with an ionic
relaxation phenomenon within the oxide film, which is
due to time variations of O~ ion build-up at the alu-
minium/oxide film interface [21]. By contrast, the im-
pedance spectrum in the alkaline solution consists of two
capacitive semicircles in high and intermediate frequency
regions and one capacitive vertical line in the low fre-
quency region. Fernandes et al. [22] suggested that the
high and intermediate frequency capacitive semicircles
represented a charge transfer process at the oxide/solu-
tion interface and the properties of anodic oxide film,
respectively.

For the analyses of the measured impedance data in
5x 107" M H,SO4 solution and 107 M NaOH solu-
tion, the electric equivalent circuits suggested by several
authors [23, 24] and by Fernandes et al. [22], respec-
tively, were employed. The CNLS data fitting [16, 17]
was conducted on the basis of the equivalent circuits to
determine the capacitance and resistance of anodic oxide
films associated with the high-frequency semicircle in the
acidic solution and with the intermediate-frequency
semicircle in the alkaline solution.

The determined reciprocal capacitance and resistance
of anodic oxide films in 5 x 107! M H,SO, solution and
107> M NaOH solution are demonstrated as a function
of film formation potential in Figs. 2 and 3, respectively.
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Fig. 2 Changes in the reciprocal capacitance (O) and resistance (@) of
anodic oxide film on pure aluminium rod specimen with film
formation potential in 5 x 107" M H,SO, solution
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Fig. 3 Changes in the reciprocal capacitance (O) and resistance (@) of
anodic oxide film on pure aluminium rod specimen with film
formation potential in 10~ M NaOH solution

The reciprocal film capacitance increased linearly with
increasing film formation potential in both acidic and
alkaline solutions. As the film formation potential in-
creased, the film resistance decreased monotonically in
the acidic solution, but it increased linearly in the alka-
line solution.

The reciprocal film capacitance is generally accepted
to be proportional only to the film thickness /¢, ac-
cording to [25]

gox = 8ogoxA/Cox (1)

where &, is the vacuum permittivity (8.85x 107> Fm™"),
&ox 18 the relative permittivity of the oxide film, 4 is the
exposed area of the specimen and C, represents the film
capacitance. So, the increases in the reciprocal capaci-
tance with film formation potential in both acidic and
alkaline solutions (Figs. 2 and 3) are attributable to the
increases in the film thickness with film formation po-
tential. This is in good accordance with the fact that the
film thickness on aluminium is linearly proportional to
film formation potential [26].

The resistance of the anodic film on pure aluminium,
Rox, 1s related to 4o and the film resistivity p,, according
to Eq. 2:

Rox = poxlox/A (2)
The linear increase of the film resistance with film for-
mation potential in alkaline solution (Fig. 3) is ascribed
entirely to the growth of the oxide film, since the film
thickness increased linearly with film formation poten-
tial. The film resistivity p,, does not contribute to the
change in the film resistance Ro,x with film formation
potential in alkaline solution.

However, the decrease in R,y with film formation

potential in acidic solution (Fig. 2) means that p,, de-
creased significantly with increasing film formation po-
tential. The preceding paper [24] reported that the
decreased film resistivity arises from the increase in the
vacancy concentration within the oxide film, which
could be explained by a field-assisted dissolution of an-
odic oxide film at the oxide film/solution interface,
which causes the generation of aluminium vacancies
[14, 27]
Alai(ox) = Al (aq) + V3 (0x) (3)
where Alyj(ox) is the normal aluminium ion in the reg-
ular site of the oxide film, AI**(aq) is the aluminium ion
in aqueous solution and V/if (ox) represents the nega-
tively charged aluminium vacancy in the oxide film.

The transport number of cation in anodic oxide films
on aluminium in neutral and slightly alkaline solutions
was reported to be between 0.4 and 0.7, depending upon
the applied current density [10, 11]. This implies the si-
multaneous presence of both cation and anion vacancies
within the oxide film. In view of the fact that aluminium
ions are not thermodynamically stable in alkaline solu-
tion [15], it is readily inferred that the generation of al-
uminium vacancy via the reaction of Eq. 3 hardly occurs
in alkaline solution. Therefore, the generation of alu-
minium vacancy has been suggested by Pyun and Hong
[8] to arise from another electrochemical reaction which
is given by

H0(ad) = O, (0x) +3 7 (0x) + 2H* (aq) 4)

where H,O(ad) is the adsorbed water on the oxide film
surface, O,(0x) is the normal oxygen ion in the regular
site of the oxide film and H*(aq) represents the hydro-
gen ion in the aqueous solution. The adsorption of water
is scarcely influenced by the applied electric field, be-
cause water is an uncharged species, thus resulting in
little change in the concentration of aluminium vacancy
within the oxide film with film formation potential. This
is why the film resistivity was not changed with film
formation potential in alkaline solution (Fig. 3).

Chao et al. [6] suggested a point defect model in
which the generation of cation vacancy was considered
to result from the direct ejection of cations from the
oxide film into the solution via the reaction of Eq. 3. In
contrast, Pyun and Hong [8] showed that the adsorption
of water via the reaction of Eq. 4 could contribute to the
generation of cation vacancy. In this work, from the
comparison of the dependence of the film resistance on



the film formation potential in acidic solution with that
in alkaline solution, it is clearly shown that in acidic
solution, cation vacancies are generated according to the
model of Chao et al. [6], in which aluminium ions are
directly ejected into the solution, but, in alkaline solu-
tion, they are produced through the adsorption of water
on the oxide film surface according to Pyun and Hong’s
model [8], in which aluminate ions rather than alumin-
ium ions are viable as a result of the dissolution of the
oxide film.

Figure 4 presents the plots of the deflection and film
formation potential of the strip specimen against time at
an applied anodic current density of 2 mA cm™> 5 x 10~
M H,SOy, solution. The deflection moved monotonically
towards a compressive direction. The film formation
potential increased up to 50 s and then reached a steady-
state value of about 9.5 Vgcg.

Figure 5 gives the deflection and film formation po-
tential of the strip specimen as a function of time at an
applied anodic current density of 2 mA cm ™2 in 107> M
NaOH solution. The deflection moved towards a com-
pressive direction up to about 100s, after which it moved
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Fig. 4 Changes in the deflection (O) and film formation potential (@)
obtained from the pure aluminium strip specimen with time at an
applied anodic current density of 2 mA em ™2 in 5 x 107! M H,SO,
solution. The dotted line indicates the zero position of the deflection
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Fig. 5 Changes in the deflection (O) and film formation potential (@)
obtained from the pure aluminium strip specimen with time at an
applied anodic current density of 2 mA cm ™2 in 107 M NaOH
solution. The dotted line indicates the zero position of deflection
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Fig. 6 Changes in the deflection (O) and film formation potential (@)
obtained from the pure aluminium strip specimen with time at an
applied anodic current density of 10 mA cm™ in 107> M NaOH
solution. The dotted line indicates the zero position of the deflection

towards a tensile direction. The film formation potential
increased up to 100 s and then reached a steady-state
value of about 31 Vgcg.

Figure 6 depicts the time dependence of the deflection
and film formation potential of the strip specimen at an
applied anodic current density of 10 mA cm 2in 10-3 M
NaOH solution. The transition in the direction of
movement of the deflection from compressive to tensile
direction occurred at about 7s. It is noted that the
transition time, at which the deflection changes the di-
rection in its movement from compressive to tensile,
decreased with increasing applied anodic current den-
sity.

The mechanism for stress generation was suggested
by Nelson and Oriani [20] to be related to the Philling-
Bedworth Ratio (PBR) of the metal and the transport
number of the ions in the oxide film. On the other hand,
Kim et al. [28] introduced the point defect model of
Chao et al. [6] to explain the stress generation mecha-
nism. They attributed the generation of tensile stress
during the growth of anodic oxide film on tungsten to
the accumulation of oxygen vacancy at the metal/oxide
film interface. In the preceding paper [23], we supple-
mented the concept of Kim et al. [28] to suggest a new
model for stress generation during the growth of anodic
oxide films, in which the developments of compressive
and tensile stresses are attributed to the annihilation of
cation vacancy and the generation of oxygen vacancy at
the metal/oxide film interface, respectively.

Recognising that the generation rate of aluminium
vacancy at the oxide film/solution interface in alkaline
solution is much exceeded by that in acidic solution, as
already mentioned in Figs. 2 and 3, it is plausible that an
initial fast annihilation of aluminium vacancy occurs
and is immediately followed by a rapid generation of
oxygen vacancy at the aluminium/oxide film interface in
alkaline solution. This will cause the deflection to be
changed from a compressive to a tensile direction in its
movement with time in alkaline solution, as shown in
Figs. 5 and 6. However, since aluminium vacancies that
are generated at the oxide film/solution interface are
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supplied to the aluminium/oxide film interface in acidic
solution, the annihilation rate of aluminium vacancy at
the aluminium/oxide film interface would be low. This
would cause the slow movement of the deflection in
a compressive direction with time in acidic solution
(Fig. 4).

Figure 7 illustrates the changes in film formation
potential obtained from the rod specimen with time at
various applied anodic current densities in 107> M
NaOH solution. The film formation potential increased
linearly with time up to a certain time and then reached
a steady-state value of about 32 Vgcg, irrespective of the
applied anodic current density. It was reported that
gaseous oxygen is generated during anodising of alu-
minium above a film formation potential of 15 V [29]. In
this work, gaseous oxygen was observed with the naked
eye to evolve above a film formation potential of about
15 Vg in alkaline solution. Thus, the constant steady-
state value of film formation potential independent of
applied anodic current density in Fig. 7 is ascribed to
oxygen evolution, for which the total charge transferred
during the application of anodic current density is partly
consumed. The rest of the charge will be used for the
formation of anodic oxide film, and the rate of this
process is counterbalanced by the chemical dissolution
rate of the oxide film at the steady-state film formation
potential, so that no growth of anodic oxide film occurs.
This result does not give information about the distri-
bution of both amounts of oxygen evolution and oxide
film formation.

If the reaction of Eq. 4 is strongly retarded by the
oxygen evolution in alkaline solution

20H™ = %OQ + H>0 + 2e (5)

the time to transition of compressive to tensile deflection
is much shortened. However, since the reaction of Eq. 5
is not coupled with the reaction of Eq. 4, one cannot say
anything about what contribution of the oxygen evolu-
tion is made to the deflection developed during the
growth of the anodic oxide film.
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Fig. 7 Changes in film formation potential obtained from the pure
aluminium rod specimen with time in 10> M NaOH solution at
various applied anodic current densities of: O, 5 mA em™% [0, 10 mA
em™% A, 20 mA cm™% @, 50 mA cm?; M, 100 mA cm™>

In summary, in this work the deflection data were
qualitatively explained fairly well, based upon the model
of the aluminium vacancy annihilation and oxygen va-
cancy generation at the metal/oxide film interface sug-
gested in the preceding paper [24].

Conclusions

The growth mechanism of anodic oxide films on pure
aluminium was investigated in aqueous acidic and al-
kaline solutions by using a.c. impedance spectroscopy
and a beam deflection technique. The experimental re-
sults obtained in this work permit us to draw the fol-
lowing conclusions.

1. The reciprocal capacitance of an anodic oxide film on
pure aluminium increased linearly with increasing
film formation potential in both acidic and alkaline
solutions, indicating the linear increase in the film
thickness with film formation potential.

2. As the film formation potential increased, the resis-
tance of the anodic oxide film decreased in acidic
solution, while it increased in alkaline solution. This
reveals that the generation of aluminium vacancy at
the oxide film/solution interface is due to a field-
assisted oxide dissolution in acidic solution, which
involves direct ejection of aluminium ion from the
oxide film into the solution, but is associated with the
adsorption of water on the oxide film surface in al-
kaline solution, resulting in the formation of anodic
oxide film.

3. The deflection was observed to move only towards
a compressive direction with time in acidic solution.
On the other hand, it showed a transition in the di-
rection of movement from compressive to tensile
stress in alkaline solution. The deflections generated
during the growth of anodic oxide films were found
to be closely related to the generation mechanism of
aluminium vacancy at the oxide film/solution inter-
face in acidic and alkaline solutions.

4. The film formation potential showed a steady-state
value of about 32 Vg in 107> M NaOH solution,
irrespective of applied current density. This implies
that one portion of the total charge transferred dur-
ing the application of anodic current density con-
tributes to oxygen evolution, and the remainder
accounts for the oxide formation around 32 Vgck.
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