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Impedance Characterization of Anodic Barrier Al Oxide Film
Beneath Porous Oxide Layer
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Electrochemical impedance spectroscopy �EIS� is a common technique used in the assessment of the thickness of anodic oxide
films formed on Al and its alloys. However, it is shown here that the resistance �R� values obtained from EIS data are highly
dependent on the solution in which the measurements are made, while the capacitance �C� values are independent of the solution
conditions and are therefore a much more reliable means of determining oxide film thickness and other properties. We also show
that the experimental EIS data for unsealed porous anodic oxides formed on top of a barrier Al oxide film in acidic solutions
exhibit only a single time constant, with very little influence seen from the overlying porous oxide layer on the apparent R and C
values. The reason for this is demonstrated by utilizing the Laplace equation to calculate the electric field induced in the oxide,
which confirms that the EIS response of these films can generally be assumed to reflect the properties and coverage of the
underlying barrier oxide film.
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The formation of anodic oxide films is a common means of
achieving corrosion protection of Al and its alloys. For example, the
formation of porous oxides, with an underlying compact oxide film,
is normally achieved in acidic media, while compact films alone are
typically deposited in neutral buffer solutions. Porous oxides are
generally preferred vs compact films because they can be formed to
high thickness, yield excellent abrasion protection, and, after chemi-
cal sealing of the pores, provide improved corrosion resistance.
Various techniques, such as eddy current measurements,1,2

ellipsometry,3,4 interferometry,5 X-ray photoelectron spectroscopy
�XPS�,6 optical scattering,7 neutron scattering,8 and transmission
electron microscopy �TEM� imaging9-11 have been used to study the
properties of both compact and porous oxide films formed on Al and
its alloys. However, these methods are variously limited by being
slow, costly, ex situ, or lacking a means of discriminating between
the underlying compact �or barrier� and overlying porous oxide
layers.

In contrast, electrochemical impedance spectroscopy �EIS� has
been established as a simple, nondestructive in situ technique for
determining oxide film thickness,12-14 as well as for studying the
sealing13,15-18 and dissolution15,19 processes associated with porous
anodic oxide film. In prior studies, it was found that the resulting
EIS spectra usually contain a single time constant,9,20-22 typical of a
barrier oxide film,12 or multiple time constants,15,16 consistent with
either the presence of more than one oxide layer or surface rough-
ness effects.23 While the literature agrees that one or two time con-
stants may be obtained for porous Al oxide films containing un-
sealed pores, and that three or more time constants can be seen for
sealed or corroded oxide layers, the plethora of equivalent circuits
used shows the need for a fundamental understanding of the prop-
erties of Al oxide films studied using EIS.

As opposed to sophisticated models, such as the point defect
model, which aim to elucidate the conduction processes occurring in
oxide films, our research was motivated partly by the observation
that the resistance �R� and capacitance �C� values obtained from EIS
measurements do not change whether or not an overlying unsealed
porous oxide film is present on top of a barrier Al oxide film. Thus,
the EIS data do not provide a good measure of total oxide film
thickness.12,13 A similar independence of the impedance response on
the pore length �film thickness� has been described for porous metal
electrodes,23 but a good explanation for this has not yet been pro-
vided. We show here why the common approach of basing an
equivalent circuit on the structure/morphology of the oxide, as done
by others previously,18 may lead to an incorrect interpretation of EIS
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data. We also show that the barrier oxide film thickness, determined
from measured C values, as suggested by Hitzig et al.,13 should
generally be regarded as more reliable than thickness determination
from the more commonly used R values.

Experimental

Disk samples of pure Al were prepared from Al rod
�3/8 in. diam, 99.99%, AlfaAesar� and the exposed faces were lathe-
prepared at 1000 rpm using Relton A9 cutting fluid. Samples were
washed with distilled water and sonicated in acetone for 10 min
before use to ensure no machining residues were retained on the
samples. The samples were then mounted in a Teflon sample holder
and sealed with black-rubber O-rings with 0.436 cm2 of the sample
surface exposed to solution �Fig. 1�. Sample and sample holder were
mounted together as the working electrode �WE�, exposed face up,
in a glass cell also containing a Pt gauze �99.9%, Aldrich� counter
electrode �CE� and a Pt wire �99.99%, Aldrich� electrode used for
high-frequency EIS measurements.24 A platinized Pt gauze electrode
was used as a reversible hydrogen electrode �RHE� reference elec-
trode �RE� and was mounted in a separate compartment, connected
to the WE compartment by means of a Luggin capillary.

Electrochemical experiments were performed using a Solartron
1287 electrochemical interface and a Solartron 1255 frequency re-
sponse analyzer, and data acquisition was controlled using
CorrWare and Zplot software by Scribner Associates. EIS data fit-
ting was performed using Zview software by Scribner Associates,
while additional data modeling was performed with custom-written
Perl software. Visualization of electric fields was achieved using
AVS Express.

Samples were anodized using a 5 min potential hold at potentials
ranging from 2 to 14 V vs RHE. Anodization and impedance mea-
surements were performed at 20°C in unstirred pH 7 borate buffer
solution �0.025 M Na2B4O7;0.5 M HBO3�, pH 7 phosphate buffer
�0.05 M KH2PO4;0.291 M NaOH�, 1 M H2SO4, or 0.4 M H3PO4,
all without deaeration. All solutions were prepared from analytical
grade reagents and ultrapure water �ca. 2 M� cm� generated using a
Corning MegaPure MP-6A distillation apparatus. Impedance mea-
surements were performed after anodic treatment using 10 mV ac
excitation at 100 mV vs RHE dc bias and by scanning from
100 kHz to 50 mHz. Unless otherwise specified, EIS measurements
were performed in the same solution as was used for sample
anodization.

Results and Discussion

Impact of measurement solution on EIS-determined capacitance
�C� and resistance �R� values.— R values derived from EIS mea-
surements have been commonly employed as a measure of oxide
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film thickness and of the corrosion resistance of metals,13,25,26 while
impedance-determined12,13,27 and eddy current-based1,2 C values
have also sometimes been used for oxide film thickness evaluation.
Indeed, Eq. 1 shows that both R and 1/C should be proportional to
the barrier oxide thickness, d. Here, A is the geometric area of the
electrode, �el is the film resistivity, �0 is the permittivity of the
vacuum, and �r is the permittivity of the oxide film

R = �el
d

A
and C = �0�r

A

d
�1�

Experimental EIS data, collected at oxide-coated metal elec-
trodes, often show the presence of a constant phase element �CPE,
or Q�.28,29 A CPE behaves like a capacitor �C� but has a phase shift
of less than 90°, which can also be expressed by an exponent, n,
with a value of �1.13,30,31 Notably, the mathematical simplification
of equivalent circuits discussed below applies equally to circuits
based on either C or CPE elements, as long as the exponents of all
of the CPEs within a particular circuit are equal. Also, the C values
resulting from fitting to a CPE are commonly considered compa-
rable for n values greater than approximately 0.8. As the n values in
the present work were typically greater than 0.87, capacitors are
used in the mathematical representations, even though the discus-
sion applies equally well to CPEs.

In order to confirm the predicted relationships between R, C, and
d, oxide films of increasing thickness were formed on pure Al by a
series of 5 min applications of a constant anodic potential, incre-
mented in each step by 2 V, followed by the collection of EIS data
at 0.1 V in the same solution. For barrier oxide films formed in
neutral borate �Fig. 2� and phosphate �not shown� buffer solutions,
both R and 1/C show the expected linear dependence of film thick-
ness on the anodization potential.25

For porous oxide films formed in 0.4 M H3PO4 �Fig. 2� and
1 M H2SO4 �not shown�, a linear correlation of both R and 1/C with
anodization potential is also seen �Fig. 2�. Significantly, the C values
are very similar to those obtained for just the barrier oxide films
formed at the same potential in neutral solutions, while a large dis-
crepancy is observed between the R values. To explain this, an Al
sample was anodized in pH 7 borate buffer at 14 V, conditions
under which only a barrier oxide film should form. EIS measure-
ments were then made in this neutral solution, followed by a transfer
to 1 M H2SO4 for EIS measurements, and then back to neutral bo-
rate buffer again. It is seen that the capacitive response �Fig. 3,
region 2� remains essentially unchanged, independent of the mea-

Figure 1. Side view of Teflon sample
holder employed to hold disk-shaped Al
specimens. The dotted lines indicate loca-
tions of screws.

Figure 2. R and 1/C values obtained by fitting of EIS data to the equivalent
circuit of Fig. 4c. Data were collected at 0.1 V dc bias for pure, emery-paper-
polished Al in pH 7 borate buffer and 0.4 M H3PO4, with data for each
solution collected on a single sample.
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surement solution, while R �Fig. 3, region 1� is significantly lower
when measured in H2SO4 vs in the neutral buffer solution.

These results indicate that, for a constant anodizing potential,
neither the pH nor the composition of the solution used for anodiz-
ing and EIS measurements will significantly affect the measured
film capacitance, C, and hence the barrier oxide thickness. However,
the R values determined under identical conditions may not be a
reliable measure of barrier oxide thickness, especially when EIS
data are collected in an aggressive acidic solution. While the resis-
tance values are determined primarily from the low-frequency data,
conditions under which measurement noise can be severe and
changes in sample properties with time can significantly impact the
data, this cannot explain the results shown in Fig. 2. The more likely
reason for the dependence of R, but not C, on the pH of the mea-
surement solution lies in the higher number of point defects32,33

introduced into the oxide film at low pH, thus leading to increased
conductivity of the oxide, while leaving the capacitive response es-
sentially unaffected. Therefore, rather than using the R values, the
measured CPE values are taken as the indicator of Al oxide film
thickness in the present work.

Theoretical derivation of EIS response from porous Al oxide mor-
phology.— While the discussion above demonstrates that C, rather
than R, is a better a measure of barrier oxide thickness, we attempt
here to provide an explanation as to why the overlying porous Al
oxide has no apparent influence on the R or C values determined
from EIS measurements.
Simple model: equivalent circuit derived from assumed oxide mor-
phology.— The equivalent circuits presented in the literature are
based on the observation that Al oxide is a dielectric material, as
indicated by its thickness-dependent capacitive response, and that it
has sufficient ionic conductivity to allow the formation of additional
oxide under an applied potential. These dual capacitive/conductive
�leaky� properties are expressed by the parallel �RC� element.c This

cFor the remainder of this paper, equivalent circuits are presented in the notation intro-
duced by A. Boukamp for his EQUIVCRT software,34 where a single letter is used to
describe a circuit element and consecutive letters denote elements in series or in paral-
lel. Pairs of parentheses change the arrangement from series to parallel and back.

Figure 3. �a� EIS absolute impedance and �b� phase angle spectra of Al
sample, anodized for 5 min at 14 V in pH 7 buffer solution, collected at
100 mV dc bias in pH 7 borate ��� before and ��� after exposure to
1 M H2SO4. The �1� low, �2� medium, and �3� high-frequency regions are
circled in �a�.
approach works well for barrier oxide films with a homogeneous
thickness, leading to the Rs�RbCb� circuit �Fig. 4c�, where Rs is the
solution resistance, Rb is the barrier oxide resistance, and Cb is the
barrier oxide capacitance, generally agreeing with experimental
observations.35

In the presence of an unsealed porous oxide film on top of the
barrier oxide �Fig. 4a�, we assume that the barrier film exposed to
the pore solution, and the barrier film plus overlying porous Al oxide
walls, represent two parallel and isolated conduction pathways ex-
tending from the metal/metal-oxide �m/o� interface out to the metal-
oxide/solution �o/s� interface �Fig. 4a, dashed lines�. Thus, the
Rs��Rsp�RbCb����RwCw��� circuit �Fig. 4a� is an obvious extension
of the barrier oxide equivalent circuit �Fig. 4c�. Here, Rsp is the
solution resistance in the film pores, Rw and Cw are the resistance
and capacitance of the porous oxide columns �walls�, and Rb and Cb
refer to the barrier oxide film.15,16 Examining the

Rs��Rsp�RbCb����RwCw���

circuit �Fig. 4a� suggests that Rsp can be ignored when Rsp � Rs,
thus simplifying the circuit to Rs���RbCb����RwCw��� �Fig. 4b�. Us-
ing Kirchhoff’s rules, this simplified circuit can be further reduced
to Rs�RcCc��Fig. 4c�, with the composite parameters, Rc and Cc,
defined by Eq. 2

1

Rc
=

1

Rb
+

1

Rw
or Rc =

RbRw

Rb + Rw
and Cc = Cb + Cw �2�

Following Eq. 2, it is apparent that the composite Rc and Cc
values should contain a contribution from both the barrier oxide and

Figure 4. Anodic Al oxide film morphologies showing appropriate equiva-
lent circuit in each case. �a� Porous oxide film and underlying barrier
film.15,16 �b� Same as �a�, but circuit simplified by the assumption that Rsp
� Rs. �c� Barrier oxide film only,35 as well as equivalent circuit which ap-
plies to composite film EIS response �see text�. Subscripts stand for:
s-solution, sp-solution in pore, b-barrier, w-pore wall, and c-composite of
barrier and wall.
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the pore walls, and should display a dependence on the fraction of
the surface, �, which is covered by the porous oxide film walls

1

Rc
=

�1 − ��
Rb,all

+
�

Rw,all
and Cc = �1 − ��Cb,all + �Cw,all �3�

where Rb,all and Cb,all are the R and C values for a barrier film where
� = 0, and Rw,all and Cw,all are the values for a porous film when
� = 1.

The expressions for Rc and Cc, given by Eq. 3, explain the single
time constant �Fig. 5� observed experimentally for Al anodized in
H2SO4 under conditions known to form porous oxide films on top of
the compact oxide layer.17,25,36-47 Equation 3 also suggests that the
individual contribution of the porous film �the pore walls� and of the
underlying barrier oxide cannot be extracted from the experimental
Rc and Cc values without knowledge of �. Thus, the experimental
EIS data would simply suggest the presence of a barrier oxide film
of significantly greater thickness and/or resistivity than is actually
the case.

It is instructive, however, to examine how the thickness and cov-
erage of a porous Al oxide film should influence the measured Rc
and Cc values, using this simple approach. Assuming a typical an-
odizing ratio of 1.4 nm/V,25 an anodizing voltage �sulfuric acid� of
20 V,25,40,42 and an Al oxide resistivity of 3 � 1011 � cm, a barrier
oxide thickness of 28 nm and a corresponding Rb,all of
0.84 M�/cm2 are obtained. Varying the thickness of the porous ox-
ide pathway �Fig. 4� from 28 nm to 280 �m yields Rw values rang-
ing from 0.84 M�/cm2 to 8.4 G�/cm2. Using Eq. 3, Fig. 6 shows a
plotd of Rc as a function of �. From the plot �Fig. 6�, it is apparent
that for all values of �, any further growth of porous oxide film
beyond a certain thickness will no longer influence Rc. Based on
typical Al oxide pore dimensions reported in the literature,25 � after
anodization in H2SO4 or H3PO4 should be 	0.90. Thus, the Rc and
Cc values, determined from EIS measurements, should yield signifi-
cantly higher apparent barrier oxide thicknesses for �porous
+ barrier� films formed in acidic vs neutral solutions, and we should
also observe an increase in apparent oxide thickness with formation
time in acidic solutions. However, the experimental data do not
show either of these effects. As shown below, this is not due to an
improper choice of equivalent circuit or incorrect assumptions re-

dUsing the idealized model presented here, there is no difference in the findings from
either Rc or 1/Cc, as both depend linearly on the oxide thickness �Eq. 1�.13 Thus, only Rc
data are presented.

Figure 5. Bode plot of EIS data collected at 0.1 V in 1 M H2SO4 at pure Al,
anodized in 1 M H2SO4 at 14 V for 5 min: ��� Experimental data. �−� Line
fitting the data using simple equivalent circuit shown in Fig. 4.
garding the conducting pathways of the porous and barrier oxide
components as being parallel or in series, but is rather an inherent
problem of directly converting oxide geometry to equivalent circuit
parameters.

Improved model: determining Rc and Cc from rigorous electric field
calculations.— One possible explanation for the minor influence of
the porous oxide layer on the impedance response is that indepen-
dent parallel pathways through the film �barrier film and pores vs
walls of porous oxide�, as generally postulated in the derivation of
equivalent circuits from oxide geometry, cannot legitimately be as-
sumed, considering the relative dimensions of the Al oxide compo-
nents. For example, the use of parallel plate capacitors is only ap-
propriate if the plate size is significantly larger than the plate
separation and if the inhomogeneity in the electric field at the plate
edges can be ignored. Considering that the typical pore radius in an
Al oxide film is ca. 0.4 nm/V, the cell radius is ca. 1.2 nm/V, and
the growth rate is ca. 3–6 nm/s,25 it is apparent that even at an
anodization potential of 20 V, the thickness of the porous oxide film
will exceed the width of a pore wall in ca. 24 s, i.e., in a time period
significantly shorter than the ca. 1800 s commonly used in commer-
cial anodizing or the 90–300 s used in our experiments. Further, the
assumption of independent parallel conduction pathways should be
questioned, as the two conduction pathways �Fig. 4a� are in intimate
contact, an observation that has led other researchers to use the
transmission line model for porous electrodes.48-50

To overcome the described failings of deriving equivalent cir-
cuits from oxide geometry, we instead propose a more general ap-
proach that can be used equally well for data fitting using equivalent
circuits and for chemical models, such as the point defect model.32,33

Based on the single time constant observed, the oxide film is mod-
eled as an �RC� element. However, instead of deriving R and C by
simplifying an equivalent circuit, we assume that both the barrier
and porous oxide films �Fig. 4� have identical properties and derive
the R and C values from electric field calculations based on the
oxide geometry. Thus, it is necessary to determine the electric field
throughout the Al oxide film, normally by solving the Poisson equa-
tion. However, solving this equation in more than two dimensions is
very computationally intensive. Therefore, a simplified set of solu-
tions was calculated by solving the Laplace equation51 using a finite
element approach, similar to that described by Fleig and Maier.23,52

While this approach ignores the presence of the space-charge region
in the oxide, and thus strictly only applies to a completely noncon-
ductive dielectric material, the amount of current passing through
the Al oxide is very small, so that neglecting the space charge
throughout the oxide will not significantly affect the result of the
calculations. Also, the Laplace equation scales well to three dimen-
sions, suggesting that this approach could be used for data fitting.

Figure 6. Influence of Al oxide pore wall thickness �
film thickness�, dox,w,
on Rc values, obtained assuming parallel conduction pathways �Fig. 4b� and
a range of porous oxide film coverages �0–90%� of the Al surface.
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For the numerical calculations in the present work, we chose a
simplified 2D grid representation of the oxide geometry �Fig. 7�, as
it is conceptually straightforward to extend the 2D approach to 3D
and as it can be run on a fast PC without major optimization. The
grid was wrapped in the x-direction, effectively creating an infinite
surface and avoiding edge effects. The electrical potential at the m/o
interface was set to 0 V and the potential at the o/s interface to an
arbitrary value of 9 V, consistent with many of our anodization
experiments. While fixing the latter interface potential at a constant
value at all points ignores the contribution of the pore solution re-
sistance, this approximation appears reasonable, considering that the
resistivity of the Al oxide pore walls �ca. 1011–1014 � cm� will sig-
nificantly exceed the resistivity of the pore solution �ca.
10–100 � cm�. Using the electric potential, �el, and electric field,
E, resulting from solving the Laplace equation, it is then possible to
derive the R and C values for an individual grid cell by rearranging
Eq. 4 for d and substituting into Eq. 1

�E� = �el/d �4�

This yields Eq. 5

Figure 7. 2D grid representation of porous Al oxide film for the purpose of
solving the Laplace equation for the electric field. The grid is wrapped in the
x-direction to simulate an infinitely repeating surface.
R = �el
�el

A�enE�
and C = �0�r

A

�el
�enE� �5�

Here, en is the unit vector surfacing a direction of interest. To deter-
mine the R and C values, it is necessary to integrate along an iso-
potential line.52 For convenience, we have chosen the isopotential
line at the m/o interface, because the electric field vector is perpen-
dicular to the surface at all grid points and the enE term simplifies to
�E�, yielding

R = �el
�el

A�E�
and C = �0�r

A

�el
�E� �6�

Finally, integration of the resulting R and C values along the
selected surface yields the total Rc and Cc values for the oxide
geometry studied, i.e., the barrier oxide plus its overlying porous
oxide film.52

Examining the distribution of the electric field �Fig. 8� shows
that the majority of the potential drop �densely spaced isopotential
lines� occurs over a distance comparable to the thickness of the
barrier oxide at the pore base �Fig. 4a, dashed line at pore base�,
while the pore walls far away from the m/o interface are essentially
nonconductive. Figure 8 also implies that the pore walls near the
base of the pore exhibit a reactivity similar to that of the exposed
barrier oxide. This explains why coverage of most of the Al surface
by a porous oxide film does not have as significant an effect on the
total measured resistance as predicted �Fig. 6�, using equivalent cir-
cuits such as those shown in Fig. 4a.

In order to compare the experimentally determined Rc values
with those obtained using the Laplace equation, several porous film
geometries were examined, with 0 � � � 0.9 and 1 � dox,w/dox,b
� 100, where dox,b is the oxide thickness corresponding to Rb and
dox,w is the oxide thickness corresponding to Rw. Figure 9 reveals
that only a small increase in resistance should be observed as porous
films are formed, even for � values as large as 0.9. Consistent with
experiments, and according to the solution of the Laplace equation,
the point at which any further increase in porous film thickness will
no longer influence Rc is predicted by this model to be about 0.1 �m
�Fig. 9�, as opposed to about 60 �m, predicted by the simple
equivalent circuit model �Fig. 4c and 6�. Assuming an oxide growth
rate of 3–6 nm/s,25 this thickness should be reached in under 35 s,
a time much shorter than that employed in most anodization
experiments.

The negligible influence of the porous oxide on the R and C
values predicted using these more rigorous electric field calculations
are now fully consistent with the experimental observations. Over-
all, these calculations suggest that unsealed porous oxide overlayers

Figure 8. Isopotential lines in cross sec-
tion of porous Al oxide film, deposited on
a compact oxide film, determined by solv-
ing the Laplace equation for various 2D
oxide layer geometries. The respective ge-
ometries correspond to: �a, d� � = 0.5, �b,
e� � = 0.8, and �c, f� � = 0.9. Two differ-
ent pore wall thicknesses �a–c �thicker� vs
d–f �thinner�� are shown to demonstrate
that the electric potential distribution
within the oxide, and thus the calculated R
and C values are only marginally affected
by the pore wall thickness.
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can generally not be detected or characterized using EIS. However,
EIS �particularly the capacitance values� remains a very good
method of characterizing barrier oxide films formed anodically on
Al electrodes, even in the presence of an overlying porous oxide
film of widely varying thickness.

In addition to explaining the lack of any significant influence of
an overlying porous Al oxide film on the observed EIS response, the
approach presented here shows promise for modeling the EIS re-
sponse of porous oxides when the pore diameter changes signifi-
cantly during an experiment or for the detailed modeling of pore
growth. Also, the determination of Rc by solving the Laplace equa-
tion is equally possible when using more detailed models, such as
the point defect model.32,33 However, the exact geometry of the
porous oxide allows for a limited number of degrees of freedom,
such that the use of this model for fitting EIS data will only be
possible with well-defined geometries.

EIS determination of other physical properties of barrier Al ox-
ide films.— While independent measurements of Al oxide thickness
were not performed in the present work, the data shown in Fig. 2
indicate that a linear correlation between barrier oxide thickness and
applied potential can be assumed for films formed in either neutral
or acidic solutions, in agreement with past literature.12,25 By using
an anodizing ratio of 1.4 nm/V from the literature16,25 and the geo-
metric area of the exposed Al surfaces, it is possible to estimate the
barrier oxide resistivity, �el, and dielectric constant, �r, using Eq. 1.
The resulting �r values range from 13 to 31 �Table I�, which is
consistent with reported values for hydrated oxide films, e.g., for
Zr.53 However, these values are noticeably higher than the �r
= 4.5–8.4, reported for dry Al oxide.54 This suggests that anodically
formed oxide films, when examined in situ, are likely highly
hydrated.

Figure 9. Influence of the relative pore wall thickness on the Rc values for a
porous oxide layer. Rc and Cc were determined by solving the Laplace equa-
tion for the electric field and calculating R and C at the metal–oxide inter-
face.

Table I. Dielectric constant and resistivity of Al oxide barrier
film, determined from oxide C and R values obtained using EIS
(Fig. 2), and using calculated oxide film thickness (see text).

Anodizing solution/potential �r �el � 1012 � cm

pH 7 borate 16.8 ± 0.8 2.6 ± 1
pH 7 phosphate 31.1 ± 3.9 2.1 ± 0.8
1 M H2SO4 �all� 28 ± 18 0.8 ± 1.2

�	8 V� 13.41 ± 2.1 2.2 �single point�
0.4 M H3PO4 �all� 27 ± 11 0.2 ± 0.1

�	8 V� 18.5 ± 2.1 0.3 ± 0.1
The �el values determined from our data, 2 � 1011 to 3
� 1012 � cm, are within the range of �el = 1011–1014 � cm re-
ported in the literature for dry and hydrated Al oxide.54,55 Because
our measured resistivity values lie at the lower end of this range, this
suggests that barrier Al oxide films formed anodically in aqueous
solutions are partially hydrated and thus possibly more conductive
than dry Al oxide films evaluated by techniques such as eddy current
measurements.

Conclusion

The primary focus of this work has been on understanding and
improving the interpretation of impedance �EIS� data collected in
aqueous solutions at oxide-coated metals such as Al and its alloys.
Here, both barrier and porous oxide films were formed on pure Al
by stepping to anodization potentials from 2 to 14 V, typically in
2 V increments, and then holding at this value, typically for 5 min,
prior to stepping back to 0.1 V, at which the EIS data were normally
collected. To form barrier oxide films only, neutral borate or phos-
phate buffer solutions were used at room temperature, while porous
films, with an underlying barrier film, were formed in sulfuric or
phosphoric acid media. The porous oxide films were not sealed in
this research, being examined immediately after anodic formation,
and their thicknesses were estimated to be in the range of
1.5–10.5 �m.

An important finding from this work is that the R values obtained
from EIS data are highly dependent on the solution in which the
measurements are made, while the C values are independent of the
solution conditions. We speculate that this may be due to the pres-
ence of a higher number of point defects32 in the film in acidic
media than in the neutral buffer solutions and a resulting increase in
film conductivity, while the oxide thickness remains unchanged.
Therefore, the C values are shown to be a much more reliable means
of determining the Al oxide film thickness, under our experimental
conditions.

We have also demonstrated that the experimental EIS data for
unsealed porous anodic oxides formed on Al in sulfuric and phos-
phoric acid solutions exhibit only a single time constant, as expected
for barrier oxide films, with very little influence seen of the porous
oxide layer on the apparent R and C values. By utilizing the Laplace
equation, we have calculated the electric field induced in the oxide
and shown that the straightforward conversion of the geometrical
representation of a porous oxide to an equivalent circuit containing
parallel �RC� components may not sufficiently take into account all
of the conductive pathways present within a porous oxide film. In
fact, calculation of the electric field across the oxide film leads to R
and C values more consistent with experimental impedance obser-
vations, explaining both the single time constant sometimes ob-
served for unsealed porous oxides and the low impact of porous
oxide on the EIS response. While electric field calculations cannot
be considered as a convenient approach for interpreting EIS data at
this point, our electric field modeling shows that the presence of an
unsealed porous oxide has almost no impact on the thickness of the
barrier oxide determined by EIS, validating EIS as a technique for
studying barrier oxide films on Al. In particular, our work shows that
the EIS response of unsealed porous oxides, formed on top of the
barrier oxide, can generally be assumed to reflect the properties of
the underlying barrier oxide film and is thus a suitable technique for
studying barrier oxide films, even in the presence of overlying po-
rous oxide layers.
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