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Abstract: A self-ordered porous film was fabricated on aluminum alloy in a ternary boric—sulfuric—oxalic acid electrolyte system.
By means of voltage—time response, the oxidation process as well as the growth efficiency was studied. Field emission scanning
electron microscopy (FE-SEM) was adopted to reveal the morphological and microstructural features of as-fabricated oxide layers.
The corrosion protection properties of the films were investigated by electrochemical impedance spectroscopy and potentiodynamic
polarization measurements. The results showed that increasing the concentration of the double ionic layer located at the oxide
interface could accelerate the film growth rate. The anodic oxidative layer with thickness of 8—9 um and pore diameter of 10—14 nm
maintains the pattern and topography of workpieces, compared with the overall closed film with hierarchical structure. Both samples
exhibited much lower corrosion current density after boil water sealing. Meanwhile, a superior stability could be achieved through

raising the ambient temperature.
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1 Introduction

Compact alumina oxide layer formed by anodizing
processes, with a self-ordered porous structure on
aluminum improve the optimized
characteristics of the surface and enhance the corrosion
resistance of workpiece [1]. The formation of anodic
aluminum oxide (AA) film includes two parts. For one
part, several acids and mixtures [2] are practically
applied for traditional anodizing processes, such as
sulfuric acid, phosphoric acid and chromic acid. For
another part, various factors have also been taken into
account in preparing porous film on aluminum alloy
parts, such as temperature of electrolyte [3], shape of
workpieces [4], anodizing step process [5], technical
parameters [6,7] and sealing methods [8,9]. The growth
of the oxide film on matrix is affected by both of these
two parts leading to a decreased anti-corrosion behavior
of appliance [10,11].

The boric—sulfuric acid anodizing process (BSA)
has drawn more and more attention in surface
morphology and corrosion resistance as it is an
alternative to traditional chromic acid anodizing [12].
Examination of oxide films formed by BSA process has

alloys, can

generally revealed that the fatigue resistance of the
anodized specimens is satisfactory to practical
applications and these properties are not significantly
different from those of chromic acid anodizing [13].
However, porous layer always results in variations in the
protective performance in chloride-containing medium
[14]. Consequently, the durability of AA films could be
destroyed by penetration of aggressive agents, especially
when working in an atrocious surrounding with
uncertainty temperatures [15].

In this work, three boric—sulfuric—(oxalic) acid
electrolytes were applied to preparing anodic alumina
film on 5083 aluminum alloy. The aim of two
thermal/hydration methods for AA films using hot air
and boiling water is to investigate possible mechanism of
pore growth, morphology of oxide layer, and
electrochemical behaviour in temperature-controlled
corrosion medium of 10—60 °C.

2 Experimental

Specimens prepared from the middle of an extruded
T-shaped beam of aluminum alloy 5083 with following
composition (mass fraction): 0.08% Cu, 0.13% Cr,
0.03% Ti, 4.9% Mg, 0.5% Mn, 0.3% Fe, and balance Al,
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were mechanically ground with 800, 1200 and 4000 grit
silicon carbide paper. For cleaning the surface, the
electrodes were etched with a 5% solution of NaOH at
room temperature and rinsed in a 50% (volume fraction)
HNOj; solution, and then immersed in a brightening
solution (85% H3PO,, 16% H,SO,4, 3% HNO;, volume
fraction) at 20—25 °C for 1-3 min, and rinsed with
distilled water.

The anodisation of these specimens was carried out
in a two-electrode cell with instruments: a regulated DC
power supply, an electrolyte bath and a cooling device.
The anodising process was immersed in boric—sulfuric—
oxalic acid (BS: H,SO, 0.51 mol/L, H;BO; 0.097 mol/L;
BSO-1: H,SO,4 0.51 mol/L, H;BO; 0.097 mol/L, C¢HgO;
0.067 mol/L; BSO-2: H,SO, 0.51 mol/L, H;BO; 0.097
mol/L, C¢HgO; 0.111 mol/L) and held for 40 min
(20 °C). After the anodizing process, the formed alumina
layer was then divided into three parallel plates without
any cracks on the surface. The first sample was dried at
40 °C in air (IAA); the second sample was heat treated in
hot air (100 °C) for 30 min (AAA); the third sample was
rinsed with boiling water for 30 min and then dried in hot
air (BAA). Three plates showed a perceptible distinction
from light grey to fuzzy white.

The microstructure of AA film was examined by a
field emission scanning electron microscope (FESEM,
Hitachi S—4800, Tokyo) in high vacuum, with an
acceleration voltage of 10.0 kV. The thickness of
resulting AA film was measured using a Minitest
thickness detector supported by a 600 F/N probe
(Elektrophysik, Model FN2, Hamburg) and revised 10
times. All electrochemical tests were recorded by using
an electrochemical workstation (CHI 750C, Shanghai)
connected to a conventional three-electrode cell system
with a saturated calomel electrode (SCE) as reference
electrode and a platinum plate as auxiliary electrode, and
the working electrode prepared by edge-banding anodic
sheet with effective surface of 10 mmx10 mm. Prior to
electrochemical impedance spectroscopy (EIS) and
potentiodynamic polarization measurements, immersion
for 1500 s was given to the aforementioned solution to
reach a stable state during open-circuit potential
measurements. For EIS measurements, a sinusoidal AC
perturbation of 5 mV amplitude was applied to the
electrode at its open circuit potential over the frequency
range of 10 mHz to 100 kHz. Polarization experiment
was performed with a scan rate of 5 mV/s, and all
samples were tested at least three times within 300 mV
based on the steady open circuit potential.

3 Results and discussion

3.1 Film formation efficiency for boric-sulfuric-oxalic
acid anodization
For porous film growth, the outward transport of

AP cations that form the new film material at the
metal/oxide interface accounts for about 60% of the ionic
current through the porous layer with the inward
migration of 0> ions. About 40% cations located at the
metal/oxide interface migrate further under the electric
field with eventual ejection into the electrolyte. So the
formation efficiency is commonly known as about 60%.

In order to estimate the formation efficiency (1) of
the AAO film formed in BSO acid electrolyte, anodizing
operations were performed in three BSO acid solutions
with different current densities. The calculated formula
for 7 could be expressed as [16]

_my —my +[1t4/(3en)]
=" 1B (6en)]

where m; and m, are the specimen mass before and after
anodization, respectively; / is the applied current; ¢
stands for anodizing time; e is the electric quality of
electron (1.6x10°"° C); n is Avogadro’s constant
(6.02x10%); 4 is the relative atomic mass of Al and B is
the relative molecular mass of AL,O;.
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Fig. 1 Film formation efficiency against current density in three
acid electrolytes

The results represent that the evolutions of the
formation efficiency against current density in three BSO
acid electrolytes all follow a schematic quadratic
equation. In the range of 0.5-3 A/dm? the formation
efficiency decreases with increasing electrolyte
concentration, and almost remains constant when the
current density does not exceed 1.5 A/dm’. It can be seen
that the calculated value in BSO-1 acid solution at
1.5 A/dm’ takes up about 70.1%. Organic additive may
induce notable viscosity at film/electrolyte interface.
Therefore, the gradual increase of formation efficiency in
BSO-1 electrolyte may be related with the resultant
increase of the interface concentration. This is because
that the dispersion of those produced ions may be more
difficult for the rise of electrolyte viscosity.
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3.2 Conditions for porous film growth

The classical voltage and current curves against
time are recorded in Fig. 2. Sequential anodizing
treatments are carried out at 1.5 A/dm” with a calculated
rate of 2.5 V/min. Multiple-step stage procedures are
used: 1) voltage of 2.5 V firstly raised in 30 s from
marked minutes, followed by holding for later 30 s;
2) the corresponding current firstly represents a rapid
jump due to the gradual increase of anodising voltage,
followed by a recovery with the stable voltage, and
finally a little increase of the current. From a schematic
view of the stages during voltage increase (AV=2.5 V), at
the first stage, the pre-formed Al,O; produced in a mixed
electrolyte is present. The rise of voltage could promote
electric field above the critical electric field which
enhances the dissolution rate of the oxide and leads to
disordered pores with relatively small spacings [7]. The
single rise-descend-rise vibration of the current transient
reveals furthermore a new ionic equilibrium, which is
formed between film/electrolyte corresponding to
voltage. From the reappearance of this step, it can be
concluded that the stability of the oxide formed during
voltage increase with the increasing concentration of
ionic in film/electrolyte. The final voltage can be about
25 V and then kept for 0.5 h. The instantaneous
temperature of electrolyte during the growth of the
anodic films tends to increase at 20—31 °C. Such an
increase of temperature on the sample surface and the
electrolyte results in a downwards of the anodizing
voltage at the end (23.5 V).
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Fig. 2 Anodizing procedure at 1.5 A/dm’ in BSO-1 electrolyte
and schematic view of stages during voltage increase (AV=
2.5V)

It should be noted that with the linear increase of
voltage, the current follows a non-linear curving
trajectory. The anodic film/alloy interface is located from
the first 6 min below 15 V, which coincides with the
growth of the high density pore-free barrier (Fig. 3(a))
and increase of resistance; however, the signal for linear

increase was superimposed at about 20 V during the
anodising process, and then expanded to porous Al,Os
film (Fig. 3(b)). The flat film/electrolyte interface is
unstable in response to local perturbations of electron
and mass transfer. The sites of the initial pores depend
upon the topography of the original aluminum surface,
while the size of the resulting pore depends upon the
electrolyte and voltage during the anodizing process
(Fig. 3(c)). Some incipient pores stop growing and form
the innermost layer, while others develop into the major
structure of the porous film. The pore diameter, up to a
few nanometers, depends on and increases with the
limited temperature and H' activity at pore bases.

Fig. 3 FESEM images of extended pores in AA layer
after anodization at selected voltage: (a) 15 V; (b) 20 V;
(c)235V
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An eddy current thickness test formed in different
procedures resulted in an invisible increase of thickness,
equivalent to 8—9 pum for porous film and 9.5 um for
BAA film.

3.3 Morphology of oxide layer

As shown in Fig. 3(c), for BSO acid electrolyte in
this work, both the pores of IAA and AAA films are
usually well ordered and uniform with diameter ranging
from 10 to 14 nm which are made by measuring pores of
top layer (Fig. 4(a)). The anodic alumina surface sealed
in hot air (Fig. 4(b)), on which universal and well
schemed pores spread, shows relatively flat and only
several grain boundaries visible. For films dried at 40 °C
in air (IAA), the configuration of surface in the films is
similar, corresponding to diameter of 10—14 nm;
however, disparity between bright regions and dark
regions indicates the presence of residual hydrates in the
film (Fig. 4(a)). After blocking process in boiling water
(Figs. 4(c) and (d)), the entire surface consists of thin
curved platelets with orientations nearly perpendicular to
the substrate.

The surface of IAA and AAA film means a possible
evaluation for mechanism of this structure transition,
whereas that of BAA film has a distinct change
(Fig. 4(c)). In hot air sealing procedure, only a little

Fig. 4 SEM images of porous structure of IAA (a) and AAA (b)
(d) on 5083 aluminium alloy

change is caused by the escape of water during the
air-sealing process. As comparison, the sealing
measurement in boiling water will close most of the
opening pores through partial conversion of anhydrous
ALO; into Al,O3'H,0O, in which water is an important
participant of the reaction. For the direct cell wall
between two neighbor pores, the oxide could be
dissolved and transferred into sealed media under the
driving effect of the cavitation. As a result, pore size of
the film tends to be constringent, and then the top layer
of the AA film is eventually plugged. The overall process
involves a complex mechanism which consists of a series
of stages (Fig. 4(d)) that lead to forming total layers with
different strata: an outer layer of boehmite crystals, an
intermediate and thicker layer which keeps a porous cell
structure, and an innermost layer. The innermost layer,
approach to matrix, is extremely thin and pore-free. The
special surface structure of BAA sample promotes more
areas for conglutination between the AA film and
functional coating than the IAA and AAA films.
Lengthwise pores open towards the surface due to
the chemical and electro-assisted dissolution of oxides
during anodizing process. However, sealing process
leads to a flake-like oxide structure due to random
dissolution of pore walls by the boiling water. It should
be noted that the length of thin curved platelets is quite

Im, total sealed surface of BAA film (c), cross-section of BAA film
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larger than cell wall among neighbored pores. This
originated dissolving behavior indicates that well
structured framework encapsulated parallel pores have
been formed, which could ensure good dispersion of
pores and structural support of membrane on matrix. The
sealed morphology observed in the absence or presence

of pore is roughly similar to a hexagonal matrix.

3.4 EIS spectra and EC models

The typical impedance diagrams of samples with
IAA, AAA or BAA film are shown in Fig. 5(a). It can be
seen that the impedance for AAA sample represents little
higher than that for [AA in all frequencies, whereas, the
impedance for BAA sample differs in a wide frequency
range, by 2—3 orders of magnitude higher than that of
AAA and AAA samples. The increase of impedance
exhibits an improvement of the protective oxide film
after sealing process. The maximum experimental phase
angles for the samples with IAA or AAA film were 90°
associated with intermediate frequencies between 1 Hz
and 10° Hz, which indicates the nature of the electric
double layer formation. At intermediate and lower
frequencies, the Bode magnitude displayed a linear slope
of about —1, indicating a typical capacitive behavior.

The electrochemical behaviors of samples with IAA,
AAA and BAA films are different and the difference can
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Fig. 5 Nyquist (a) and Bode (b) curves of workpieces with TAA,
AAA or BAA film in 3.5% NaCl solution

be clearly seen on the Nyquist curves (Fig. 5(b)). The
diameters of the plots of the samples with porous layer
increase with the sealing measurement, indicating an
increase in the oxide film resistance. Samples with IAA
or AAA films represent only one semicircle. In contrast,
for the films sealed in boiling water, small depressed
semicircles were observed at high frequency, followed
by the second larger semicircles at lower frequency. The
first semicircle corresponds to the frequency range where
the impedance depends on charge transfer, indicative of
infiltration of the film.

To rebuild the existing possible mechanism of
multiple anodic films, several optional simulations were
analyzed. Further studies on hierarchical structure are
also summarized in Fig. 6 and Table 1. The equivalent
circuit for the samples with unsealed and air-sealed AA
film (Fig. 6(a)) fitted to the experimental data contains
the solution resistance R,, the porous film resistance R;
and the constant-phase element CPEy for the porous
film. Charge transfer resistance is caused by the redox
reaction barrier on electrode when it is in contact with
the electrolyte. An effectively protective AA film should
bring up a value of this resistance. The more significant
performance of the sample that is evident as corrosion
resistance in the alumina film is probably due to an
increasing charge transfer resistance, which has been
shown by high impedance value of AAA film obtained
and confirmed the function of a hot air-seal process.

. CPE

AA5083

Fig. 6 Equivalent circuits for impedance spectra of IAA or
AAA (a) and BAA (b) samples

As shown in Fig. 6(b), the laterally complex
hierarchical structure has a mixture of amorphous
alumina and voids. For sample with BAA film, the
diffusion process may become a control procedure in
Faradaic processes. The behavior of Nyquist plot could
be explained by a serial combination of diffusion CPE
with a Warburg resistance (W). The compact
intermediate layer has been demonstrated to replace the
porous external surface and exhibits higher resistance.
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Table 1 Equivalent circuits for impedance spectra of samples with IAA, AAA or BAA film

Sarmnl R/ R/ CPEy R CPE e Warburg

ample (Q-cm?) (MQ-cm?) 7/ S " (kQ-cm?) 7/ S " R/ ) 7/ s "
(nF-cm °) (nF-cm ©) (kQ-cm?) (nF-cm ©)

IAA 9.4 13.91 0.419 0.98 - - - — - _

AAA 10.5 21.62 0.324 0.97 - - - - _ _

BAA 11.1 65.49 0.341 0.86 25.51 1.969 0.957 10.43 0.688 0.12

3.5 Corrosion behaviors at medium temperature

As shown in Fig. 7, the BAA sample presents a
rather positive potential (—130 mV) with no sign of
negative shift during 1500 s exposure, while the
potentials of IAA film and AAA films were first started
at =470 mV and —570 mV, respectively, and shifted
rapidly to a rather negative potential (=750 mV) in 30 s.
Similarly to IAA, the porous AAA film structure is
dehydrated and the cell potential time transient has a
comparable evolution, suggesting a similar oxide
formation mechanism. It confirms with mechanism that
the alternative accumulation through oxide film will
affect the electric field of the surface and finally lead to a
negative shift of the open circuit potential. Usually
amorphous film layers are stable while the oxide on the
film surface has a higher formation ratio than the inner
oxide, which make it possible to reach a more positive
surface.
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Fig. 7 Open circuit potential of IAA, AAA and BAA samples in

3.5% NaCl solution

Corrosion current densities (Jo,) of samples were
calculated by means of the Tafel (Figs. 8(a), (b) and (c))
extrapolation method and the results are listed in Table 1.
In addition, the results of the corrosion potentials (@cor),
anodic and cathodic Tafel slopes (f,, B,) are presented in
Table 2. The measured curves of samples are repeated
three times and the results are accurate to 5%.

As observed in the polarization profiles, the
increase of the testing temperature was accompanied by
an increase in the corrosion current density associated
with the active infiltration of chloride ions through the

outer surface of the film. The J,,, of the samples in 50
°C medium was limited about the quarter of that at 40 °C,
while the ¢, was affected significantly by a positive
shift. The discrepancy for J,,,, between unsealed sample
and AAA sample may be explained by composition in
porous structure which was dependent upon the sealing
technique. Results of ¢, for all samples, shift positively
with the same order of @corBAA>PcomAAA>PeomIAA-
Specifically, for all results in the range of 20—50 °C, the
corrosion protection ability seemed to be effective with
the lowest J.or at 20 °C, while the noblest ¢, was
observed at 30 °C. The discrepancy for J,,,, among [AA,
AAA and BAA samples with the order of J.opaa<
Jeomana<Jeomiaa may be explained by composition in
porous structure which was dependent upon the sealing
technique.

The rising temperature may accelerate the electron
transfer and chloride ions transmission. Meanwhile, the
specific adsorption of chloride ions will have an impact
on autocatalytic generation of cation/oxygen pairs across
the anodic graded layer. As a result, the anodic processes
were accelerated and J.,, was increased hundredfold.
However, the current density decreased at 50 °C, which
may be a consequence of blocking in the top layer of the
IAA and AAA films, and the following process was
considered the validity of fractional motion.

4 Conclusions

1) The ionic equilibrium in micropores, accelerated
by applied voltage and vibrating current during
anodizing in boric—sulfuric—oxalic acid electrolyte, may
boost the growth rate of porous structure. Around 70.1%
formation efficiency of the resultant film was achieved.

2) Exterior pores are first dilated to 10—14 nm by
voltage, and then longitudinally oriented to the thickness
of ~9 um. The positive influence of barrier type layer on
corrosion behavior was proved by thermal sealing

measurement, but at the same time the porous
characteristic of the film was changed.
3) Pore layer after hydration, which performed

hierarchical layer with tiny flakes, was found to restrict
corrosion behavior at a rather low rate. All samples with
AAO film exhibited stable protection at ambient
temperature.
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Fig. 8 Potentiodynamic curves (a, b, ¢) and self-corrosion behavior (d) of three experimental samples in 3.5% NaCl solution

(10-60 °C)

Table 2 Potentiodynamic data of anodic film in 3.5% NaCl
solution at different temperatures

Ambient Oeorr (VS Jeor! b/ By
Sample -2 -1 -1
temperature/°C SCE)/V (pA-cm %) (V-dec ') (V-dec )
10 —1.050 0.001742 0.276  0.176
20 -0.960 0.001101 0.270 0.154
IAA 30 -0.612 0.00261 0.308  0.211
40 -0.847 0.01174 0.247 0.16
50 —1.095 0.05885 0.444  0.149
60 -1.220 0.3706 0.149  0.207
10 —0.942 0.001344 0.202 0.216
20 -0.929 0.000826 0.300 0.197
AAA 30 -0.662 0.001399 0.218 0.213
40 —0.847 0.006741 0.262  0.153
50 —1.032  0.04023 0.461 0.154
60 -1.200  0.301 0219  0.121
10 -0.915 0.00086 0.284  0.181
20 —0.906 0.000441 0.267 0.183
BAA 30 —0.795 0.000538 0.244  0.221
40 -0.926 0.002658 0.221  0.208
50 -1.010 0.02159 0.481 0.118
60 —1.180 0.1995 0.513  0.183
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