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Impedance Characteristics of Oxide Layers on Aluminium
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The electrochemical behavior of oxide layers on aluminium was studied using electrochemical impedance
spectroscopy. Impedance spectra were taken at a compact and a porous oxide layer of Al. The anodic films on
Al have a variable stoichiometry with gradual reduction of oxygen deficiency towards the oxide-electrolyte in-
terface. Thus, the interpretation of impedance spectra for oxide layers is complicated, with the impedance of
surface layers differing from those of ideal capacitors. This layer behavior with conductance gradients was
caused by an inhomogeneous dielectric. The frequency response cannot be described by a single RC element.
The oxide layers of Al are properly described by the Young model of dielectric constant with a vertical decay

of conductivity.

Introduction mogeneous dielectric of oxide layer. For an appropriate
interpretation, the microstructure of the barrier type anodic
Anodizing is an electrochemical process in which alumin-film was compared with the anodic film thickness evaluated
ium is converted into aluminium oxide by the application of by impedance spectra.
an anodic current in an anodic environment. When the oxi-
dation on aluminium in aqueous solution produces surface Experimental Section
oxide film, the composition and structure of oxide layers
vary widely, depending on the conditions of film formation.  Materials. A sheet of aluminum (99.9 wt%, Tokai Metal
In principle, the aluminium oxide formed i, solu-  Co, Japan) was electropolished in a perchloric acid/ metha-
tion has a complex form. It is partially hydrated and has aol mixture at 20V for 5 min. at %, then washed in dis-
twolayer structure. At the surface of the metal, there is a thirtjlled water and finally dried in a cool air stream. After
compact boundary layer and then there is a porous overlayalectropolishing, the three types of aluminum oxide film
The latter has a very open structure. In anodizing for ammowere prepared:
nium adipate (NHOCO(CH)4sCOONH,) electrolyte, the 1) The natural aluminum oxide passive film was prepared
oxide layer is a relatively thin compact barrier typéim. from exposure in humid air for 10 days at ambient tempera-
In humid air, the pure aluminum forms extremely thin butture (24-26°C).
dense natural oxide layers, these films are generally accepted?) The barrier type oxide layer was treated at a constant
to consist of a thin amorphous @k layer?® which is esti-  voltage of 130V in 150 g/L ammonium adipate Q€O
mated at about 20 A to 100 A in thickness. (CH,)sCOONH,) electrolyte for 15 min. at 6%.
For the evaluation of the properties of oxide layers on alu- 3) The porous oxide layer was anodized at a constant volt-
minium, electrochemical impedance spectroscopy (EIS) waage of 22V in 1 M sulfuric acid at 2C for 33 min.
used as early as 1962 by Hoar and Woatho studied the After anodizing, the three types of oxide layers were
sealing process of the porous layer. In previous investigavashed and rinsed in distilled water. The three types of
tions’® the properties of anodic oxide films were character-oxide layers on aluminum were then prepared for working
ized with electrical equivalent circuits consisting of serieselectrode. The surface of these oxide layers was studied by
and parallel combinations of resistances and capacitances finpedance spectra at 26 in 0.5 M K.SQ in an unstirred
an ideal parallel plate capacitor. But for anodic oxide filmsand aerated solution. All potentials were referenced to the
on Al, Ti, Nb and Ta, it is well known that the oxide layer Hg/HgSQO/0.5 M K>SOy solution in this paper. A platinum
adjacent to the metal-oxide interface is characterized bplate was used for the counter electrode. The exposed total
variable stoichiometry with gradual reduction of oxygen area of the working electrodes in the electrolyte was’1cm
deficiency towards the oxide-electrolyte interf&:¥. There- Impedance spectroscopy measurementsImpedance
fore, the impedance properties of an oxide layer on alumispectra were recorded with commercially available equip-
num in contact with an electrolyte have not been fullyment (IM6, Zahner-electric, Germany). The computer sys-
described with an equivalent circuit of a simple RC elementem integrated into this device was used for measurement
for an ideal capacitor. and data evaluation. All impedance spectra were plotted
The aim of this work is to investigate the impedance charagainst the frequency range. The impedance spectra were
acteristics and the electrochemical behavior of various oxideneasured at open-circuit potential, imposing a low ampli-
layers on Al by using equivalent circuit with Young imped- tude AC voltage signal of 10 mV. Accordingly, the distur-
ance, which is allowed to appropriately interpret the inho-bance of the material electrode system was low enough to
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ensure a linear response in the form of an alternating curre R1 R1
signal with the same frequency but shifted by phase gngle ] RE ] RE
with respect to the applied AC voltage. The total complex I ' - ‘ } -
impedance of the material electrode system is recorded as I G
function of the applied frequency.

The recorded impedance spectra are treated by Cr Cv

Model A Model B
In{Z(c)} = In{] Z(c) |} +i¢(c) Figure 1. Electrical equivalent circuits with ideal capacite
or log{Z(w)} =log{| Z(w) |} +id(w) loge () (Model A) and with Young impedance (Model B) for fit of ox

layer.
Since the real part of Iagaccording to Eqg. (1) is the loga- Y

rithm of modulus 4| and the imaginary part is the phase
angleg, it is obvious that Bode diagrams (I@j\s logf, ¢
vs logf) should be used if frequency dependencies are to b
represented explicitly. The advantages of Bode plots and tr
loss of information resulting from Nyquist plots were con-
vincingly demonstrated by Mansfefd!.

The measured impedance data were analyzed by a cor
puter simulation and fitting prograth®®

And for comparison with calculated layer thickness from

<«— oxide layer —— >

o(0)

Conductivity 0 —>

O(do) = G(0)/e

impedance spectra, the microstructure of the oxide layer we Ofx)
examined by transmission electron microscopy (TEM). Fol 0
the examination of oxide film by TEM, a narrow strip of the 0 do X—> d

barrier type anodized specimen was encapsulated with Figure 2. Schematic representation of surface layer with col
mixture of Agar 100 and a hardener for ultramicrotomy.tance gradients. An inhomogeneous dielectric of thickdesih

After curing at 60°C for 24 hours, the embedded specimenexponential decay of the conductivity, penetration deptit,
was trimmed with a glass knife and then sliced into section"elative penetration depfh= do/d.

of about 20-25 nm in thickness with a diamond knife. The

sectioned specimens were collected onto 400 mesh copperts impedanct'® depends on three parameters: capaci-
grids and observed at 100 kV of accelerating voltage using tanceCy, relative penetration depihand time constart,

transmission electron microscope (JEM 1210). according to the following expression,
. -1
- - __b  fl+iwexpp )Q
Results and Discussion Zy = : :YInD Ttior O 3

Capacitive parameter in equivalent circuit The spec- _ _ _
tra of natural AlOs film produced in humid air were where  Cy = &eA/d, p=dd/d, T = &£(0)/o(0) )
recorded at open-circuit potentiall@37 mV) in frequencies In these equatiorBy is the capacitance of the oxide layer,
from fmin = 10 MHz tdfnax= 1 MHz. € is the dielectric constant for aluminium oxidegis the per-

The measured impedance spectrum can be analyzed byittivity of free spaceg, = 8.85<10*2 F/m), A is the surface
using the simple equivalent circuit in Figure 1. In the circuitaread is the thickness of the oxide, ao() is conductivity
model, which consists of two impedance elements, Faradag@t the metal-oxide interface.
impedance and electrolyte resistance can be described inin the dielectric of the capacitor with a vertical gradient of
terms of resistance and layer impedance in terms of capadhe conduction in the directioq the local time constamtx)
tance. But for fitting impedance spectra of passive metaht a distancex from the surface depends on only the local
electrode with variable stoichiometfya model with Young dielectric constants(x) and the local conductivityo(x),
impedance (Figure 1 model B) instead of pure capacitancaccording to
(Figure 1 model A) was used. _

The physical meaning of Young impedaiidé is based () = £08(x)/ (), ()
on a oxide layer with behavior of nonideal capacitor. Thewhich increases from outside to inside. At the border surface
oxide layer is properly described by a dielectric layer of sur{x=0), according to Eg. (5), the time constant represent
face ared\, thicknessl and dielectric constagtwith a verti-  £&(0)/0(0) in Eq. (4). Ifp(=do/d) is the relative penetration
cal decay of conductivity depth of the conduction in the layer of the total thickikss

_ then g atx =dp is decayed t@(dy) = a(0)/e. According to
Ov9 = O [1 ~ €XP( o] @) Eq. (3), Young impedance converges with decreasing fre-
in an outer zone of effective thickneksFigure 2 shows the quency asymptotically to a resistatfcé
impedance behavior results of Young impedance for the
oxide layer, which is dependent on gradient profile of an limZ,=Ry = Bg(exp( Vp)-1) (6)
exponentially decaying conductivity. w-0 Cy
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with increasing frequency to a capacitance. 10
lim z, = = 7 = s
»o0 Y Ia)c a OOOCOO oo oooooogﬂ
: O — Il--.- ----- e 2 -...
The impedance characteristics of equivalent circuit mode & °, .
A, B in Figure 1 can be described and the circuit model A~ } Poe00000 7"
shows a frequency dependent impedadgehy Eq. (8). [
-10
O R, 1+2nf (R, T, O ° CRCS
Zy=Re + 0 >~ 50 ° o
L+ (2f (R, OC;)" 1+ (2rf (R, )0 9 ° °.
(8) 2 0 2202_ ___--l‘ll-iﬂa saEEE R
< [}
However, the impedance of circuit model B can be deter T I o fit to circuit A "o,
mined by frequency range. At very low frequencies, the cir- £ m : fit to circuit B Coo00
cuit impedance from Eq. (6) is given in Eq. (9). 10 il vl il vl il el
1072 107 10° 10 107 10° 10¢ 10° 108
_1 1.1 Frequency (Hz)
wzsoz Re + (Ry +Ry) 9)

Figure 4. Comparison of fitting quality of the two equival
circuit for a spectra of ADs layer formed naturally in humid air

But in higher frequency ranges, the circuit Imp(':‘d"’mcepure Al. Deviation plots for fitting of the spectrum with circul

from Eq. (7) can be described by the Eq. (10). (O) and with circuit B @ ).
7 =R+ R, i2nf (R} (Cy, O
A = [+ (2nf R, ECY)Z 1+ (2rf (R, [CY)ZD impedance spectra of natural passive on aluminium. The

deviations between the measured and fitted values of the
(10) impedance modulus (idZ'Z, (ZmesZcaid)/Zcaicx100%) and
The natural Al,Os film produced in humid air. The  phase angle (idWgrad), Wies\Weai) were plotted in Fig-
electrochemical behavior of this oxide layer can be describetire 4 for each of the experimental frequency values. The
by simple equivalent circuit B with Young impedance. large deviations for the impedance and the phase angle in the
Figure 3 shows fit results between the circuit model withfit results of circuit A, indicate that model A in Figure 1 does

Young impedance and normal capacitance for experimentdlot match the experimental data. Much better agreement is
observed when the same data are fitted to model B with

________ 90 Young impedance. These results show that for fitting imped-
ance spectra of AD; layer with the gradient profile of an
S 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 1
summarizes the evaluated impedance parameters 40g Al
layers by circuit model.
The simulated data in Table 1 indicate that the resistance
of the oxide layer is 35(k and the capacitance of 8k is
2.2 uF/cn?. From capacitance of oxide layer on Al the thick-
oo Ll Eff..,f,:‘.fpf."ﬂﬂ?eﬂt.ﬂ',u O,Olt.f.m s ness _of the A_Dg is_ calculated by using the conventional
1072 10-' 10° 10" 10%® 10® 10° 10° 10Q° equation, as given in

F /H
requency/Hz Oox = EATI/Cy, (11)
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o
2
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Figure 3. Fit results between circuit model with Young impedance ) _ _ )
and normal capacitance for experimental impedance specfrum avhered,y is the thickness of the barrier.8% layer,Cy is the

Al20s layer formed in humid air capacitance of the oxide layérjs the surface areajs the

Table 1. Evaluated impedance parameter according to equivalent circuit A, B and C for a spectrum of various oxide layer on Al at open-
circuit potential in 0.5 M KSQ, at 25°C

Condition of layer Fo G Ri Cr P ! Re < Re
Y mVv  nFlecnt Q Flent % s Q nF/cnt Q

1. natural passive layer in humid air -1237 - 35k p22 37 4.5 - - 8.2

2. anodized Al oxide layer (barrier type) -39 - 1.3G  38.8n 16 p13 - - 6.9

formed in ammonium adipate solution
3. anodized porous Al oxide layer formed 184 713 47M 527n 33 11n 30 108 8.9
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Figure 5. Impedance plot of fitted data point with model B on ngodelB Model C

experimental impedance data for a spectra of barrier and compa

oxide layer prepared in ammonium adipate §(RBO(CH), Figure 6. Equivalent circuit models for artificially formed ADs
COONH;) solution. layer. Circuit model B for barrier oxide layer formed in ammot

adipate and circuit model C for porous oxide layer forme
sulfuric acid.

geometrical surface area factor. Taking 8.5 for AbOs,*
we estimated the thickness of oxide layer to be 3.42 nnplicated process, controlled by the gradients in chemical and

(34.2 A). electrical potentials. Furthermore, the growth of oxide layer
Barrier type oxide layer prepared in ammonium adi-  on Al in air may lead to a relatively nondense film structure

pate. The impedance spectra were made at open-circuitith defects and micropores.

potential (-39 mV) in 0.5 M ESQO, solution and the fre- The differences in the properties of oxide films account for

guency range from 10 mHz to 1 MHz. The impedance specdhe greater resistance of the barrier type film formed in
tra and fitted result of barrier oxide layer produced artificiallyammonium adipate solution; 1.3XGcompared with the
in ammonium adipate solution are shown in Figure 5. resistance of oxide layer grown in air, 33 KTable 1).

The equivalent circuit used for the fit is given in model B Porous oxide layer formed in sulfuric acid The alu-
in Figure 6. The electrochemical properties of the layer corminium oxide formed from anodizing in sulfuric acid has a
responds to that of an equivalent circuit containing twocomplex forn?®23|t is partially hydrated and has a two layer
branches. One branch can be associated with the bulk resisfucture. At the surface of the metal there is a thin, compact
tance of the oxide layer and the other with the capacitivdboundary layer (barrier type layer) and then there is a porous
component of the passive layer, which behaves like an inhaverlayer. The latter has a very open structure. For complex
mogeneous dielectric as discussed above. By optimization axide layer, a modified circuit (Figure 6-b) was used for the
the parameters it is possible to estimate the thickness of thie. The fitted results with equivalent circuit C in Figure 8
layer, the relative penetration depth and electric propertieshow the good agreement with the experimental impedance
From Young capacitance in Table 1, the thickness of thepectrum for porous oxide layers of Al.

Al O3 is calculated using equation (11). If the dielectric con-
stant is assumed to e 8.5 the thickness of oxide can be
determined to be 193 nm.

To obtain a reasonable interpretation of impedance spect
the barrier type oxide layer was examined by transmissiol
electron microscopy (TEM). Figure 7 shows the TEM
micrograph of a cross section of the oxide film formed on Al
in 65°C ammonium adipate solution (150 g/L) at 130V for
15 min. From the figure, the barrier type oxide film of dense
and uniform thickness was estimated taael90 nm. This
thickness is in agreement with the thickness (193 nm) of
barrier type oxide layer determined by interpretation of
impedance spectroscopy.

According to Kuznetsov&,the natural Al oxide growth in
the humid air contrasts with the formation of oxide layer in
ammonium adipate solution. In air the oxygen atoms chemi
sorbed on the aluminum surface form islands as a result ¢ ,
attractive force at island edges. With higher exposures theigyre 7. Transmission electron mlcrograph of the cross s¢
surface becomes covered completely and the oxidatioof the barrier type oxide fim formed in ammonium adi
mechanism, producing a thicker oxide film in a more com-electrolyte.
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The electrochemical parameters of@J 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 layer in air.

The electrochemical behavior of 8 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
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Figure 8. Impedance plot of fitted data point with model C on
experimental impedance data for a spectra of porous oxide laye
anodized in 1M sulfuric acid.

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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