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Abstract

The growth of porous anodic Al2O3 films, formed potentiostatically in continuously stirred 15 wt.% H2SO4

electrolyte was studied as a function of the anodization voltage (14–18 V), bath temperature (15–25 �C) and
anodization time (15–35 min). The variation of the anodic surface overpotential with the current density was
measured experimentally. The film thickness at the more accessible portions of the anode was observed to increase
with the anodization voltage and the bath temperature. However, the film thickness on the less accessible portions
of the anode did not significantly change with the voltage or the bath temperature. This indicates that the
anodization process at the more accessible regions is more strongly influenced by the surface processes than by the
electric migration within the electrolyte. Furthermore, analysis confirms that the major portion of the film resistivity
resides within a thin sub-layer that does not vary with the anodization time, and the growing anodic layer
contributes only marginally to the overall film resistance. Computer aided design software was employed to simulate
the current density distribution. For the range of process parameters studied, the electrochemical CAD software
predicts accurately the measured thickness distribution along the anode.

List of symbols

A Mott Cabrera parameter (A cm)2)
B Mott Cabrera parameter (V)1)
E0 Standard electrode potential (V)
F Faraday’s constant (96487 C mol)1)
h Anodic oxide thickness (lm)
I Total current (A)
i Anodization current density (A cm)2)
l Characteristic length (cm)
Mox Molecular weight of Aluminum oxide (g)
n Numberof electrons transferredduringanodization
p Porosity of Aluminum oxide
R�
a Specific surface resistance (W cm2)

R�
X Specific ohmic resistance (W cm2)

S Anodic surface area (cm2)
T Anodization temperature (�C)
V Anodization voltage (V)
w Weight of anode specimen (g)
x, y Coordinates of position on the anode surface

Greek
e Current efficiency during anodization
j Electrolyte conductivity (S cm)1)

ga Anodization surface overpotential (V)
gW Ohmic overpotential (V)
u Potential (V)

1. Introduction

Aluminum anodization is widely used in industry to
impart abrasion resistance and corrosion protection to
structural components. Anodization in H2SO4 electro-
lyte results in the growth of a porous oxide layer with a
close-packed columnar hexagonal structure. The struc-
tural features of these porous anodic oxide coatings
were investigated by Keller and co-workers [1]. These
investigators examined the oxide structure using elec-
tron microscopy and established the dependence of pore
density, pore diameter and volume on the forming
voltage and the type of the electrolyte. Recent studies
[2–4] have focused on analyzing the structural features
of the porous anodic oxide and modeling its growth
kinetics. In another related study [5], Patermarakis and
Tzouvelekis developed a kinetic model for the oxide
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growth on aluminum and derived a relationship between
the oxide structural features, e.g. porosity, and the
electrolyte concentration. In a recent article [6], Ono and
Masuko reported measurements of the pore diameter
and oxide porosity by pore-filling techniques. They
observed that the oxide porosity decreases whereas the
pore diameter increases marginally with the forming
voltage for anodization in sulfuric acid. Other studies [7,
8] have focused on modeling current transients during
constant voltage anodization.
The thickness of the oxide layer is often considered to

be uniform across the anodized part due to the relatively
high resistivity of the anodic barrier film, and conse-
quently, the thickness distribution of the oxide film has
not been the subject of much analysis. However, as
shown here, anodized parts with complex or non-
accessible features may experience large variations in
the anodized layer thickness, often in critical regions
such as grooves and cracks. We focus here on modeling
the current density and the anodic oxide thickness
distribution in the aluminum anodization process.
Characterizing the current density distribution is

important for identifying regions on the anodized part
where low currents result in formation of thinner anodic
oxide films that are not sufficiently strong and lack
corrosion resistance. Effects of operating parameters
including voltage, bath temperature, and anodization
time on the thickness distribution are analyzed.

2. Experimental procedure

Porous anodic Al2O3 films were prepared by anodizing
potentiostatically, AA 6111 specimens at voltages of 14,
16 and 18 V in a continuously stirred 15 wt.% H2SO4

electrolyte at bath temperatures of 15, 20 and 25 �C for
anodization periods of 15, 25 and 35 min. Continuous
agitation was maintained in the anodization cell to
ensure a uniform temperature throughout the bath. The
electrochemical cell [9] consisted of aluminum cathodes
where hydrogen gas evolved. The cathodes were placed
sufficiently far (15 cm) from the anodes to ensure that
hydrogen bubbles do not reach the anode. The anode
assembly, shown in Figure 1, consisted of two
48 cm · 10 cm aluminum specimens, each 0.1 cm thick,
held at 0.8 cm spacing by two rubber side strips. The
anode was immersed in the electrolyte to a depth of
43 cm The portion of the anode, which remained above
the solution, was used to make electrical connections.
This geometry was chosen to simulate an anodized part
where certain portions thereof are highly accessible to
current (e.g. the outer surface of the anode plates) while
other portions are highly inaccessible to current (e.g. the
interior surfaces of the two parallel anodes). The anode
assembly could be easily disassembled and the oxide
thickness distribution could be conveniently measured.
This configuration also provides a uniform horizontal
thickness distribution thus eliminating three-dimen-
sional effects.

3. Results and discussion

3.1. Anodization kinetics

In order to measure the anodization kinetics, only a
single Al sheet was used as the anode. The potential
difference between this Al sheet and a saturated calomel
reference electrode, placed in close proximity (2–3 cm)
to the sheet surface, was measured using a Hewlett
Packard 34401A potentiometer. This potential corre-
sponds primarily to the anodic overpotential for charge
transfer across the oxide film. The contribution of the
ohmic overpotential within the electrolyte is negligible
(�100 mV), as compared to the surface overpotential
(�10 V), owing to the sufficiently high electrolyte
conductivity (0.55 S cm)1) vs the high anodic film
resistance. Mass transport overpotential was minimized
by maintaining high agitation in the electrolyte. The
anodic overpotential was measured at different current
densities to generate the polarization curve. The exper-
imental anodic polarization curves at different temper-
atures are shown in Figure 2. The dependence of the
current density (i) on the anodic overpotential (ga) can
be represented by the Mott Cabrera [10] equation for
high field ionic transport:

i ¼ A expðB � gaÞ ð1Þ

where A and B are temperature dependent parameters.
Fitting the polarization data at 20 �C in Figure 2, we
obtain A ¼ 9.9 · 10)4 A cm)2 and B ¼ 0.201 V)1.

Fig. 1. (a) The electrochemical anodization cell. (b) Vertical cross-

section of the cell, which was used for simulating the anodization

current distribution. (c) Top view of the cell. All dimensions are in cm.

Drawing not to scale.
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The specific resistance for the anodic surface processes
can be represented as

R�
a � @ga

@i
¼ 1

B � i ½X cm2� ð2Þ

The specific ohmic resistance is

R�
X � @gX

@i
¼ l

j
½X cm2� ð3Þ

In analogy to the Wagner number [11] we represent the
ratio of the anodic surface resistance to the ohmic
resistance as

Waanod ¼ j
B � i � l ð4Þ

This dimensionless parameter is expected to be a
measure of the thickness uniformity of the anodic film.
Waanod > 1 is indicative of dominance of the resistance
associated with the oxide layer, which tends to level the
layer, over the ohmic electrolyte resistance which is
typically non-uniform. Considering the outer accessible
surfaces of the anodes in the cell configuration shown in
Figure 1, we take for the characteristic length l �15 cm.
Assuming typical anodization current density (i ¼
20 mA cm)2), we find that Waanod ¼ 9. This indicates
that the anodic film resistance is about nine times higher
than the ohmic resistance on the accessible anode
surfaces facing the cathodes and therefore is controlling
the distribution and growth of the oxide layer on those
surfaces.

3.2. Modeling of the current distribution

The potential within a well mixed electrolyte follows
Laplace’s equation [12]:

r2/ ¼ 0 ð5Þ

Laplace’s equation was solved numerically for the
configuration shown in Figure 1, using a commercial

computer-aided design software (CELL DESIGN�)
[13], specifically designed for modeling electrochemical
cells. The boundary condition applied at the anode was

/ ¼ V � E0 � gaðiÞ ð6Þ

where V is the anode voltage, E 0, is the standard
electrode potential (~0.1 V) and ga is the anodic
overpotential measured experimentally as a function of
the current density (Figure 2). These measured overpo-
tentials at various current densities were entered into the
CAD software to account for the electrode polarization.
The software performs a least squares fit of the
polarization data to the Butler–Volmer equation to
provide optimized anodization kinetic parameters (A
and B in Equation 1). These kinetic parameters are then
used to compute the surface overpotentials during the
numerical solution. Figure 3 shows a typical potential
and current density distribution simulated for 25 min
anodization at 16 V and 20 �C. In order to determine
the current efficiency during anodization and the poros-
ity of the resulting oxide film, 15 cm · 6.4 cm AA 6111
samples were anodized in a square cell configuration
that provided uniform anodized layer thickness over the
part. The samples were weighed before anodization (w1)
and after anodization (w2). The oxide layer was subse-
quently dissolved by immersing the anodized samples in
a well-stirred solution of chromic oxide and orthophos-
phoric acid at 90 �C for 20 min. This solution attacks
only the oxide layer leaving the Al metal intact. The
samples were weighed intermittently to verify complete
oxide dissolution and their final weight (w3) was
recorded. The current I during anodization was also
recorded. The current efficiency (e) was calculated from
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Fig. 2. Polarization data for aluminum anodization at different bath

temperatures.

Fig. 3. (a) Potential distribution indicating significant potential drop

in the region between the two anodized plates. (b) A current density

map along the anodes indicating the oxide thickness distribution. The

cross-hatched region is proportional to the current density. (c)

Magnified view of the bottom of the anode assembly indicating the

uniformity of the oxide on the more accessible external surfaces and

the non-uniform distribution in the interior. Graphics were generated

by CELL DESIGN� software. Parameters: V ¼ 16 V, j ¼ 0.55 S cm)1

and polarization data of Figure 2.
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e ¼ ðw2 � w3ÞFn
MoxIt

ð7Þ

where Mox is the molecular weight of aluminum oxide, t
the anodization time, n the number of electrons trans-
ferred (=6) and F Faraday’s constant. The current
efficiency was observed to be about 68–72% depending
on the operating conditions (V¼14–18 V; T¼15–25 �C).
The low efficiency is due to the oxygen co-evolution at
the anode coupled with the dissolution of the formed
oxide. The porosity (p) of the oxide layer was estimated
using the following equation:

p ¼ 1� eMoxIt
SFnqoxh

ð8Þ

where S is the surface area of the sample (193 cm2), qox
the density of the compact oxide (3.97 g cm)3) and h the
measured oxide layer thickness. The anodized film
thickness was measured using a Fischerscope multi
measuring system. The observed porosity ranged
between 28 and 33%, the lower limit corresponding to
a lower anodization temperature of 15 �C and the upper
limit corresponding to a higher anodization temperature
of 25 �C. As indicated above, the current efficiency and
the anodic oxide porosity do not change significantly in
the range of operating conditions considered (V ¼ 14–
18 V; T ¼ 15–25 �C). In an earlier study [3], it was
reported that the anodic oxide growth rate varies
linearly with the anodization current density, i.e. the
constant of proportionality between the growth rate and
the current density, which accounts for the current
efficiency and the oxide structural properties, is inde-
pendent of the current density and the anodization
temperature and can be assumed to be constant. This
indicates that the structural properties of the oxide film,
e.g. the oxide porosity, are relatively unaffected by
the current density. In the experiments discussed and the
analysis presented below, we have also observed oxide
growth rates varying linearly with the local current
density, being relatively independent of the anodization
time or the oxide thickness. Taking the average current
efficiency as 70% (calculated from Equation 7) and the
average porosity as 30% (calculated from Equation 8),
and the current density distribution as provided by
the solution of Equation 5, the oxide thickness distri-
bution along the anode can be determined using
Faraday’s law

hðx; yÞ ¼ eMoxiðx; yÞt
F qoxð1� pÞn ð9Þ

where h(x,y) is the oxide thickness as a function of
position on the anode surface and i(x,y) is the current
distribution. All other parameters in Equation 9 are as
defined above.
For measuring purpose, the distance along the anode

was measured starting at the outer top position of the

anode plate, following along the anode and ending at
the top interior point of the anode between the two
plates as indicated in Figure 4. Thickness measurements
were taken at an interval of 5 cm. along the anode. At
each position, five readings were taken and the average
and standard deviation were calculated. The simulated
oxide thickness distribution was compared to the
experimental results. Figure 5 provides a comparison
between experimental and modeling results for anodic
oxide films formed at 16 V for 25 min. in H2SO4

electrolyte at 20 �C. As noted, the experimental results
are in good agreement with the simulations.

3.3. Effect of the anodization time

Anodic oxide films on aluminum were formed at 16 V in
a 15 wt.% H2SO4 electrolyte at 20 �C for different
anodization periods. The experimental thickness distri-
bution was compared to the simulated thickness distri-
bution (Figure 6). Good agreement between
experimental and CELL DESIGN’s modeling results
was observed. The oxide thickness was observed to
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increase with time uniformly all along the part, indicating
that the current efficiency and porosity do not signif-
icantly vary with time or with the anodic layer thickness.
Furthermore, the linear increase in thickness with time
indicates that the current density does not vary with time
or with the oxide thickness. Since anodization was
carried under potentiostatic conditions, this indicates
that the film resistance, which dominates the process,
does not vary, although the film thickness almost
doubled. This is an indirect but compelling proof that
almost the entire film resistance resides in a compact
sublayer that does not change its resistance as the porous
oxide grows. A thickness distribution was simulated
using CELL DESIGN for the same conditions as above
but assuming a resistive film growth with a resistivity of
1 · 106 W cm. The simulated distribution is shown in
Figure 6 as a dotted curve.We observe that, in the case of
a resistive film, not only does the film grow to a lower
thickness under potentiostatic anodization but also, as
expected, the thickness does not increase linearly with
time. Simulations indicate that assuming a film resistance
distributed across its entire thickness and therefore
varying with anodization time, the oxide thickness on
the outer, more accessible anode surface increased by a
factor of only 1.75 when the anodization time was
increased from 15 to 35 min, i.e. by a factor of 2.33.

3.4. Effect of the anodization voltage

Aluminum anodization was performed for 25 min at
different DC anodization voltages and the oxide thick-
ness was measured. The experimental thickness distri-
butions were in good agreement (Figure 7) with the
distributions simulated by CELL DESIGN.
The current density in anodization can be approxi-

mated as the ratio of the voltage driving force to the
total resistance:

i ¼ DV � E0

R�
X þ R�

a

¼ DV � E0

l
j þ 1

B � i
ð10Þ

Recognizing that DV >> E0, we can conclude that if
the anodization process is controlled by the ohmic
resistance (R�

a is negligible in comparison to R�
X), the

current density (i) should be directly proportional to the
applied voltage DV at all positions along the anode, since
l and k are both independent of the current and voltage.
However, from Figure 7, it is evident that an increase in
the anodization voltage significantly affects the current
density on the more accessible surfaces, i.e. increasing
the anodization voltage from 14 to 18 V increases the
anodic oxide thickness by about 70%. However, the
current density on the less accessible interior surfaces
remains essentially unaffected by the increase in voltage.
This difference in the response of the current density to
an increase in voltage is suggestive of a process in which
the surface resistance, R�

a, is significant. The dependence
of i on DV when the kinetic resistance cannot be
neglected is given by Equation 10.
Let V1 and V2 denote high and low anodization

voltages, respectively,

V1 ¼ ga1ði1Þ þ gX1ði1Þ ð11Þ

V2 ¼ ga2ði2Þ þ gX2ði2Þ ð12Þ

As stated above, the standard potential is much smaller
than either V1 or V2 and therefore assumed negligible.
On the more accessible outer surfaces of the anode
plates, we may assume that gW is negligible in compar-
ison to ga. This assumption is supported by the
simulations depicted in Figure 3(b); showing that most
of the voltage drop in the electrolyte occurs within the
narrow gap between the anodes. We can then
approximate for the accessible outer surfaces the voltage
ratio:
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V1
V2

¼ ga1ði1Þ
ga2ði2Þ

¼ lnði1=AÞ
lnði2=AÞ

ð13Þ

Therefore, an increase in voltage leads to a logarithmic
increase in the current density. For V1 ¼ 18 V and V2 ¼
14 V, V1/V2 ¼ 1.28. From the thickness measurements,
we determine a current density of about 26 mA cm)2 on
the outer surface at 18 V and 14.4 mA cm)2 at 14 V.
The right hand side of Equation 13 was computed to be
1.22, well in agreement with the voltage ratio.

3.5. Effect of bath temperature

Temperature affects the kinetics of ionic transport
across the barrier layer. An increase in temperature
enhances the ionic migration through the barrier film,
increasing the current density and the deposit thickness.
This effect was observed in the measured polarization
curves (Figure 2) as well as in the deposit thickness
profile (Figure 8). Anodic oxide films on aluminum were
formed at 16 V for 25 min at different bath tempera-
tures. The experimental thickness distribution was in
good agreement with the simulated thickness
distribution (Figure 8). From Figure 8, it is evident that
an increase in the bath temperature significantly affects
the current density on the more accessible surfaces, i.e.
increasing the bath temperature from 15 to 25 �C
doubles the anodic oxide thickness (10 lm for 15 �C
and 20 lm for 25 �C). However, the current density on
the less accessible interior remains essentially unaf-
fected. This behavior is also suggestive of a process in
which the surface resistance R�

a, on the accessible
surfaces is significant. The increase in temperature
affects the kinetic parameter B in Equation 10. Let V1

and V2 denote high and low bath temperatures, respec-
tively,

V1 ¼ ga1ði1; T1Þ þ gX1ði1; T1Þ ð14Þ

V2 ¼ ga2ði2; T2Þ þ gX2ði2; T2Þ ð15Þ

On the more accessible outer surfaces of the anode
plates, gW is negligible,

V1
V2

¼ ga1ði1; T1Þ
ga2ði2; T2Þ

¼
1
B1
ln i1

A1

� �

1
B2
ln i2

A2

� � ð16Þ

For same anodization voltage, V1¼V2¼ 16 V, and
V1/V2¼ 1. From the thickness measurements, we deter-
mine a current density on the outer surfaces of about
15.1 mA cm)2 at 15 �C and 30.6 mA cm)2 at 25 �C.
From the temperature dependent parameters of the
polarization curve (A1¼ 7.54 · 10)4 A cm)2, A2¼
1.09 � 10)3 A cm)2, B1¼ 0.1965 V)1, B2¼
0.2270 V)1), the right hand side of Equation 16 was
computed to be 1.04 well in agreement with the voltage
ratio.

4. Conclusions

The current distribution in aluminum anodization and
the oxide layer thickness distribution were characterized
using scaling analysis, numerical simulations and exper-
iments in a test fixture that was specifically designed to
incorporate highly accessible surfaces, and recessed, less
accessible regions thus providing a highly non-uniform
oxide distribution. A range of operating parameters
including the voltage, anodization time and bath tem-
perature was analyzed. The oxide layer thickness was
observed to increase linearly with the anodization time at
all locations along the anode indicating that the oxide
layer is porous and the entire oxide resistance resides
within a compact sublayer which does not growwith time
or oxide thickness. It was also observed that the oxide
thickness on the more accessible outer surface of the
anode assembly increased significantly with the voltage
and the bath temperature whereas the oxide on the less
accessible regions did not increase appreciably with
voltage and temperature. This suggests that the oxide
growth on the more accessible regions was primarily
controlled by the oxide film resistance whereas the
anodization process on the less accessible portions of
the anode was under a mixed control of ohmic transport
within the electrolyte and the surface film resistance. A
commercial electrochemical computer aided design soft-
ware (CELL DESIGN) was used to simulate the anod-
ization process. Close agreement was noted between the
simulations and the experimental measurements.
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