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The clectrochemical behavior of oxide layers on aluminium was studied using clectrochemical impedance
spectroscopy . Impedance specira were 1aken at a compact and a porous oxide laver of Al The anodic films on
Al have a variable stoichiometry with gradual reduction of oxygen deficiency towards the oxide-clectrolyvic in-
terface. Thus. the interpretation of impedance spectra for oxide layers is complicated. with the impedance of
surface layers differing from those of idcal capacitors. This laver behavior with conductance gradicnts was
caused by an inhomogencous diclectric. The [requency response cannot be described by a single RC clement.
The oxide layers of Al arc properly described by the Young model of diclectric constant with a vertical decay

of conductivily.

Introduction

Anodizing is an clectrochemical process in which alumin-
ium is converted nto aluminium oxide by the application ol
an anodic current in an anodic environment. When the oxi-
dation on alummium n aqucous solution produccs surface
oxide film. the composition and structurce ol oxide lavers
vary widelv. depending on the conditions of film formation.

In principle. the aluminium oxide formed in H-S8Oy solu-
tion has a complex lorm. It is partially hydrated and has a
twolayver structure. Al the surface of the metal. there is a thin,
compact boundary laver and then there is a porous overlaver,
The latler has a very open structure, [n anodizing for ammo-
nium adipatc (NH;OCO(CH2):COONH,) clectrolvie. the
oxide laver is a relatively thin compact barricr type'™ [ilm,
In humid air. (he pure alummum fonns cxtremcly thin but
densc natural oxide lavers. these (ilms arc gencrally accepted
1o consist of a thin amorphous Al-O; laver™ which is csti-
mated at about 20 A (o 100 A in thickness.

For the cvaluation of the propertics of oxide layers on alu-
minum. clectrochemical impedance spectroscopy (EIS) was
uscd as carly as 1962 by Hoar and Wood.® who studicd the
scaling process of the porous layer. In previous investiga-
tions™ the propertics of anodic oxide films were character-
ized with clectrical cquivalent circuits consisting of scrics
and parallcl combinations of resistances and capacitances for
an 1dcal parallcl platc capacitor. But for anodic oxide films
on Al. Ti. Nb and Ta. it 1s well known that the oxide layver
adjacent 1o the mclal-oxide interface is characterized by
variable stoichiometry with gradual reduction of oxygen
deficiency towards the oxide-clectrolyte interface."'* There-
forc. the impedance propertics of an oxide laver on alumi-
num 1 contact with an clectrolyte have not been fully
described with an cquivalent circuit of a simple RC clement
for an idcal capacitor,

The aim of this work 1s to imvestigate the impedance char-
acleristics and the clectrochemical behavior of various oxide
lavers on Al by using cquivalent circuit with Young imped-
ancc. which is allowed 1o appropriately interpret the inho-

mogencous diclectric of oxide laver. For an appropriate
mterpretation. the microstructure ol the barricr type anodic
film was comparcd with the anodic film thickness cvaluated
by impedance spectra.

Experimental Scction

Materials, A sheet of aluminum (99.9 wt%. Tokai Mctal
Co. Japan) was clectropolished in a perchloric acid/ metha-
nol mixture at 20V for 3 min. at 5 “C. then washed in dis-
tilled water and finally dricd in a cool air strcam. Aficr
clectropolishing. the three types of aluminum oxide film
were prepared:

1) The natural aluminum oxide passive film was prepared
from cxposurc in humid air for 10 days at ambicnt tempera-
turc (24-26 °C).

2) The barricr type oxide layer was treated at a constant
voltage of 130V in 130 g/L ammonium adipatc (NH;OCO
(CH=)sCOONHy,) ¢lectrolyie for 13 min. at 65 °C.

3) The porous oxide laycr was anodized at a constant voll-
age of 22V in 1 M sulfuric acid at 20 °C for 33 min,

Alter anodizing. the three types of oxide layers were
washed and rinsed in distilled water. The three types of
oxide lavers on aluminum were then preparcd for working
clectrode. The surface of these oxide layers was studied by
impedance speetra at 25 °C in 0.5 M K-8Qj in an unstirred
and acrated solution. All potentials were referenced Lo the
Hg/Hg-SO/0.53 M K80, solution in this paper. A platinum
plate was uscd for the counter ¢clectrode. The exposed Lotal
arca of the working clectrodes in the clectrolyic was lem”,

Impedance spectroscopy measurements.  [mpcdance
spectra were recorded with commercially available cquip-
ment (IM6. Zahner-cleciric. Germany). The computer sys-
tem intcgrated into this device was used lor mcasurement
and data cvaluation. All impedance spectra were plotied
agamst the frequency range. The mmpedance spectra were
mcaswred at open-circuit potential. imposing a low ampli-
tude AC vollage signal of 10 mV. Accordingly. the distur-
bance of the matenal clectrode system was low cnough to
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ensure a linear response in the form of an alternating current
signal with the same frequency but shifted by phase angle ¢
with respect to the applied AC voltage. The total complex
impedance of the material electrode system is recorded as a
function of the applied frequency.

The recorded impedance spectra are treated by

In{Z(w)} = In{| Z(@) | } + i @)
or log{Z{w)} =log{| Z{w}|} +igw) loge @))]

Since the real part of log Z according to Eq. (1) is the loga-
rithm of modulus |Z and the imaginary part is the phasce
angle @, it is obvious that Bode diagrams {log |Z vs. log £ @
vs. log £) should be used if frequency dependencies are 1o be
represented explicitly. The advantages of Bode plots and the
loss of information resulting [rom Nyquist plots were con-
vincingly demonstrated by Mansfeld."”

The measured impedance data were analyzed by a com-
puter simulation and fitting program.'*!*

And (or comparison with calculated layer thickness from
impedance spectra, the microstructure of the oxide layer was
cxamined by transmission clectron microscopy (TEM). For
the examination ol oxide film by TEM, a narrow strip of the
bartict Lype anodized specimen was encapsulated with a
mixture of Agar 100 and a hardener for ultramicrotomy.
Afier curing at 60 °C for 24 hours, the embedded specimen
was trimmed with a glass knife and then sliced into scctions
ol about 20-25 nm in thickness with a diamond knile. The
sectioned specimens were collected onto 400 mesh copper
grids and obscrved at 100 kV ol accelerating voltage using a
transmission clectron microscope (JEM 1210).

Results and Discussion

Capacitive parameter in equivalent circuit. The spec-
tra of natural ALO: [ilm produced in humid air were
recorded at open-circuit potential {(—1237 mV) in frequencies
from fum — 10 MUZ 10 fur — | MEz

The measured impedance spectrum can be analyzed by
using the simple equivalent circuit in Figure 1. [n the circuit
model. which consists of two impedance clements., Faradaic
impedance and clectrolyte resistance can be described in
terms of resistance and layer impedance in terms ol capaci-
tance. But for litting impedance spectra ol passive metal
clectrode with variable stoichiometry'® a model with Young
impedance (Figure | model B) instead ol pure capacitance
(Figure 1 model A) was used.

The physical meaning of Young impedance'®'® is based
on a oxide layer with behavior of nonideal capacitor. The
oxide layer is properly described by a diclectric layer of sur-
face arca 4. thickness «f and diclectric constant £ with a verti-
cal decay of conductivity

Grin = Oyiv-my [ | = exp{(=x/ du)] (2)

in an outer zone of effective thickness dy. Figure 2 shows the
impedance behavior results of Young impedance for the
oxide layer, which is dependent on gradient profile of an
exponentially decaying conductivity.
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Figure 1. Elcctrical cquivalent circuits with idcal capacitance
(Model A) and with Young impedance (Model B) for fit of oxide
layer,
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Figure 2, Schemalic representation of surlace layer with conduc-
tance gradicnts. An inhomogencous dielectric of thickness o with
cxponential decay of the conductivity o. penctration depth d.
relative penetration depth p - difd.

[ts impedance'®'® depends on three parameters: capaci-

tance (' relative penetration depth p and time constant 7,
according to the following expression,

. -1
__p | +iwexp(p )) .
Z ia)(”}-ln[ 1 +iot ) )
where () =g.8did, p=di'd, T = £.80)c(0) 4)

[n these equations C'y is the capacilance of the oxide layet,
€ is the dicleetric constant lor aluminium oxide, £, 1s the per-
mittivity of free space (£, — 8.85x10 ¥ Fim), 4 is the surface
area. d is the thickness ol the oxide. and ¢(0) is conductivity
at the metal-oxide interface.

[n the dielectric of the capacitor with a vertical gradient of
the conduction in the direction x. the local time constant o(x)
at a distance x from the surface depends on only the local
diclectric constant &(x) and the local conductivity o(x),
according to

)= £.80x) 0(x), (5)

which increases [rom outside to inside. At the border surlace
(x—0). according to Eq. {5). the time constant represent 7 —
£80Y0(0) in Eq. (4). [f p(—d/d) is the relative penctration
depth of the conduction in the layer of the total thickness o,
then ¢ at x —dy is decayed to oldy) — o{0)/e. According to
Eq. (3). Young impedance converges with decreasing lre-

quency asymptotically 1o a resistance'™'®:
limZ, - R, - Liexp(1/p) 1) (6)
@—=0 C %
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with increasing frequency to a capacitance.

- @)

limZ, —
m]—>[} ! i
The impedance characteristics of equivalent circuit model
A. B in Figure | can be described and the circuit model A
shows a frequency dependent impedance, Z.. by Eq. (8).

. R, | +2nf Rl - C,
Z.—! = R!:' + > 2
L+Q2af- R -C) 1+Q2rfR - O

&

However, the impedance of circuit model B can be deter-
mined by (requency range. At very low [requencies, the cir-
cuil impedance (rom Eq. (6) is given in Eq. (9).

I 1!
Z“U_ R.’-' ! (R) ' RI ) (9)

But in higher [requency ranges. the circuit impedance
from Eq. (7) can be described by the Eq. (10).

R, 2nfR; - Cy

Zh’ = R‘.l__' + 5 B}
o0 1+(2nf R, -Cy)” 1+(2nf R, - Cy)
(10)

The natural ALQ; film produced in humid air. The
clectrochemical behavior of this oxide layer can be described
by simple cquivalent circuit B with Young impedance.

Figure 3 shows [it results between the circuit model with
Young impedance and normal capacitance for experimental
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Figure 3. I'it results berween cireuit model with Young impedance
and normal capacitance for experimental impedance spectrum of
ALOs layer lormed in humid air
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Figure 4. Comparison of fitting quality of the two cquivalent
circuit for a spectra of Al:O; layer formed naturally in humid air on
pure AL Deviation plots [or fitting ol the spectrum with circuit A
( Yand with circuit B( @ ).

impedance spectra of natural passive on aluminium. The
deviations between the measured and fitted values of the
impedance modulus (in dZ'Z. (Znei—Zeate)i Zoax100%) and
phase angle (in dW{(grad). Wipe—W.u.) were plotted in Fig-
ure 4 for each of the experimental frequency values. The
large deviations for the impedance and the phase angle in the
fit results of circuit A, indicate that model A in Figure | does
not match the experimental data. Much better agreement is
observed when the same data are fitted to model B with
Young impedance. These results show that for fitting imped-
ance spectra of AlO: layer with the gradient profile of an
exponentially decaying conductivity the equivalent circuit
model with Young impedance {model B in Figure 1) instead
of capacitance (model A in Figure 1) is suitable. Table |
summarizes the evaluated impedance parameters for Al>O;
lavers by circuit model.

The simulated data in Table | indicate that the resistance
of the oxide layer is 35 k€2 and the capacitance of A0z is
2.2 pF/em’. From capacitance of oxide layer on Al the thick-
ness of the ALO: is caleulated by using the conventional
cquation, as given in

doy = EEAFCy (11)

where . is the thickness of the barrier AlOs layer, Cy is the
capacitance of the oxide layer, 4 is the surlace area r is the

Table 1. Lvaluated impedance parameter according to equivalent circuit AL B and C for a spectrum of various oxide layer on Al at open-

circuit potential in 0.5 M K-SO. at 25 °C

. I".}; { ‘/‘ /(’/ C '}' 2 T Rz (.‘: /('p
Condition of layer , . .
m¥  nliem” Q Ifem” % s Q nFiem* Q
I. natural passive laycr in humid air -1237 - 35k 2.2u 3.7 4.5 - - 82
2. anodized Al oxide layer (barricr type) -39 - 1.3G 388n 1.6 1.3 - - 6.9
formed in ammonium adipate solution
3. anodized porous Al oxide layer formed 184 713 47M 327n 33 Iin 30 108 89
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Figure 5. Impedance plot of fitted data point with model B on
experimental impedance data for a spectra of barrier and compact
oxide layer prepared in ammonium adipate (NH4OCO(CH:)
COONH,) solution.

geometrical surface area factor. Taking € — 8.5 for ALO;,'"”
we estimated the thickness of oxide layer 1o be 3.42 nm
(34.2 A).

Barrier type oxide layer prepared in ammonium adi-
pate. The impedance spectra were made at open-circuit
potential (-39 mV} in 0.5 M K,S0O, solution and the fre-
quency range from 10 mHz to 1 MHz. The impedance spec-
tra and fitted result of barrier oxide layer produced artificially
in ammonium adipate solution are shown in Figure 3.

The equivalent circuit used for the fit is given in model B
in Figure 6. The electrochemical properties of the layer cor-
responds to that of an equivalent circuit containing two
branches. One branch can be associated with the bulk resis-
tance of the oxide layer and the other with the capacitive
component of the passive layer, which behaves like an inho-
mogeneous dielectric as discussed above. By optimization of
the parameters it is possible to estimate the thickness of the
layer, the relative penetration depth and electric properties.
From Young capacitance in Table I, the thickness of the
AlQOs is caleulated using equation (L1). If the diclectric con-
stant is assumed 1o be £— 8.5,' the thickness ol oxide can be
determined to be 193 nm.

To obtain a reasonable interpretation of impedance spectra
the barrier type oxide layer was examined by transmission
clectron microscopy (TEM). Figure 7 shows the TEM
micrograph of a cross section ol the oxide lilm formed on Al
in 65 °C ammonium adipate solution (150 g/L) at 130V lor
15 min. From the figure. the bartier type oxide film ol dense
and uniform thickness was estimated 1o be ¢a. 190 nm. This
thickness is in agreement with the thickness (193 nm) of a
barrier type oxide layer determined by interpretation ol
impedance spectroscopy.

According to Kuznetsova,'? the natural Al oxide growth in
the humid air contrasts with the formation of oxide laycr in
ammonium adipate solution. [n air the oxygen atoms chemi-
sorbed on the aluminum surlace form islands as a result of
attractive force at island edges. With higher exposures the
surface becomes covered completely and the oxidation
mechanism, producing a thicker oxide lilm in a more com-
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Figure 6. Equivalent circuit models tor artilicially formed Al.Q;
layer, Circuit model B {or barrier oxide layer formed in ammonium
adipate and circuit model C tor porous oxide layer formed in
sulturic acid.

plicated process, controlled by the gradients in chemical and
electrical potentials. Furthermore, the growth of oxide layer
on Al in air may lead to a relatively nondense film structure
with defects and micropores.

The differences in the properties of oxide films account for
the greater resistance of the barrier type film formed in
ammonium adipate solution; 1.3 G€2 compared with the
resistance of oxide layer grown in air, 35 k€ (Table I).

Porous oxide layer formed in sulfuric acid. The alu-
minium oxide formed from anodizing in sulfuric acid has a
complex form.** [t is partially hydrated and has a two layer
structure. At the surface of the metal there is a thin. compact
boundary layer (barrier type layer) and then there is a porous
overlayer. The latter has a very open structure. For complex
oxide layer, a moditied circuit (Figure 6-b) was used for the
fit. The fitted results with equivalent circuit C in Figure 8
show the good agreement with the experimental impedance
spectrum for porous oxide layers of Al.

L e e —

Figure 7. Transmission clectron micrograph of the cross section
of the barrier type oxide film formed in ammonium adipate
electrolyte.
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Figure 8. Impcdance plot of fitted data point with modcl C on
experimental impedance data for a spectra ol porous oxide layer
anodized in 1M sulfuric acid.

The circuit for fit in Figure 6 (model C) consists of six
impedance elements with a total of eight parameters. The
three parallel branches for a porous layer in series to a capac-
ity (s which represents the capacitance of the inner bartier
layer, are connected in series to a resistor R;: that is corre-
lated with the resistance of the electrolyte. The parameters
R and Cy can be associated with the resistance for porous
structure layer. The parameters of R; and (> can be corre-
lated with the resistance of electrolyte inside the pores and
the double layer of the inner pore surfaces, respectively.

The evaluated impedance parameters for Al>Ox lavers by
circuit model are summarized in Table |. The capacitance C
of the inner barrier oxide layer is 713 nF/ecm’, which sug-
gests a barrier layer thickness of 0.01 um by Eq. (11). The
resistance R, of outer oxide layer, 47 M£Y represents low
conductivity property; the capacitance Cy is represented by
527 nFiem?. In this outer oxide layer, the pores are probably
filled only with the solution. Because of this open porous
outer structure, it is ditficult to calculate the thickness of the
outer layer from the Cy values.™ Since the outer ALOx layer
seems 1o be thick and the pores are filled with solution. the
contribution 1o electrochemical propertics and the imped-
ance responsc are largely {rom this porous layer.

Conclusion

The impedance charactetistics [or both artilicially pro-
duced Al:O; and naturally formed passive layer on pure Al
substrate have been studied by using clectrochemical imped-
ance speelroscopy.

To represent the impedance characteristics of the barrier
type Al oxide, a quite simple equivalent circuit was sulfi-
cient. It consisted of a paralle] circuit with Young impedance
Cy and the bulk resistance ol the oxide layer R, in scrics to a
resistance Ry representing the electrolyte. But for oxide
layer formed in sulfuric acid. a modified circuit based on a
complex twolayer oxide consisting of inner barricr layer and
outer porous layer was used for the fit.

fan-Jun Oh ef al.

The electrochemical parameters of AlLO; layers are corre-
lated with the properties and morphologies of the oxide
layer. The oxide layer formed in ammonium adipate solution
exhibits a relatively uniform and dense film structure, lead-
ing to the greater oxide layer resistance, compared with nat-
urally formed passive laver in air.

The electrochemical behavior of AlO; layers with vari-
able stoichiometry can be monitored by evaluating an equiv-
alent circuit with Young impedance., which converges with
increasing frequency asymptotically to an ideal capacitance
and can be described as an imperfect capacitance with the
gradient profile of an exponentially decaying conductivity
instead of ideal capacitance.
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