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The accurate determination of the impedance of oxide films in metal/oxide/electrolyte systems is shown
to be possible through a modified procedure. The film impedance thus determined is found to be quite

different from the measured cell impedance for anodic aluminium oxide formed on pure aluminium. The
computed values of tan § and conductivity are found to be in agreement with the values reported earlier

for anodic and thermal oxides.

1. Introduction

Many electrochemical methods have been
employed to study the nature of metal/oxide/
electrolyte interfaces. In such systems, the oxide
layer plays an important role in both the uniform
and local corrosion of metals [1,2]. Among the
electrochemical techniques used in such studies,
potentiodynamic [1], impedance techniques based
on pulse-transients [3, 4] and a.c. signals [5-9], are
quite common. Of these, the low voltage a.c.
impedance methods (normally less than 5 mV) are
useful wherever any kind of modification of the
nature of the oxide is undesirable. The impedance
is analysed by taking electrical equivalent
analogues in terms of resistance, capacitance and
inductance in series and/or in parallel.

Figure ! shows a simple representation of a
metal/oxide/electrolyte system.

M FL EL

Lo e m— —— —

AONNNNNNNN

Fig. 1. A simple representation of the metal/oxide/electro-
lyte system: M, metal; FL, oxide film; EL, Electrolyte.
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Electrical impedance due to the oxide film, Zg,
and the oxide electrolyte interface, Z,, and the
resistance due to the electrolyte, R, can all be
taken to be in series with each other. Thus, the
impedance of the simplest reasonable model for
the metal/oxide/electrolyte system is a uniform
transmission line type as depicted in Fig. 2a. Its
net impedance, Z;, can be given as

Zy = Zpn+Z,+Rg. g}

The impedance, Z3;, can be represented in terms
of a simple equivalent circuit comprising of a
resistance, Ry, and a capacitance, Cy, taken in
series. In principle however this might be
expanded further into more complex analogues
in order to analyse the structure and properties
of the film. Similarly, the impedance, Z,, can be
represented in terms of an equivalent series
resistance, R,, and capacitance, C,. Together
they represent components of, for example,
double layer capacitance and various other
impedances due to faradaic reactions, non-faradaic
reactions and mass transfer.

Figure 2b represents Zy, Z, and R, in terms of
electrical equivalent circuits.

Experimental determination of the impedance
of a metal/oxide/electrolyte system normally
yields Z. Separating the individual values of Z,
Z, and R from the measured impedance is
apparently difficult, although, in principle, a separ-
ate calculation of the solution resistance, R, is
possible from a knowledge of its specific resistance
and electrode geometry.
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Fig. 2. (a) Transmission line analogue of the impedance of the system in Fig. 1. (b) Series equivalent circuit represen-
tation of the impedances Zg and Z, and the solution resistance R q; in Fig. 2a. (c) A simple series equivalent circuit

representation of Fig. 2b.

However, most of the earlier workers [5, 6, 10]
assumed that the solution resistance and the
oxide/electrolyte interfacial impedance was
negligible in relation to the oxide film impedance.
Such an assumption regarding R, may hold good
if the electrolyte is highly conducting and the
distance between the electrodes is kept very small.
As for Z,,, its relatively small value can not be
justified. On the other hand, it is well known that
the double layer capacitance of any electrode
depends upon its potential [11], and no knowledge
of this capacitance exists for oxide-covered metal
electrodes. Also, no adequate knowledge exists
about the faradaic and non-faradaic impedances
due to oxide/electrolyte interfaces.

To overcome these difficulties, Wood and
co-workers [7, 12, 13], and Libsch and Devereux
[14] have made use of a dummy platinum elec-
trode in place of oxidecovered (aluminium) elec-
trodes. They have taken the measured impedance
of such a cell as equal to the sum of Z, plus R,
of the cell with the aluminium electrode and
calculated Zg;, the impedance due to the oxide
film.

Again this is a questionable practice in that the
impedance due to double layer capacitance,
faradaic and non-faradaic reactions and due to
mass transfer are taken to be the same on the two
electrodes [15]. As a result, this kind of correction
can lead to erroneous conclusions with regard to
the properties of the oxide film.

In the present work, a modified approach is
proposed in order to determine the oxide film
impedance of metal/oxide/electrolyte systems
without having to resort to the assumptions dis-
cussed above. The validity of the proposed
approach is demonstrated for anodic aluminium

oxide formed using two different electrolytes,
namely, ammonium tartrate (known to form
barrier-type films) and sulphuric acid (known to
produce porous films at high anodizing voltages,
but barrier films at low voltages of formation

[10]).
2. Proposed modified approach

The circuit elements of the oxide electrode shown
in Fig. 2b may also be represented in terms of a
resistance and capacitance which are in series
(Rs—C), as seen in Fig. 2c.

It follows from circuit theory that the
impedance vector Z; for the equivalent circuit in
Fig. 2c is given by

7
wCq
where j = (—1)"?, w = 2nf and f is the frequency
in hertz.

Similarly the impedance vectors Zg and Z,

(Fig. 2a and b) are given by

Zy = Rs— (2

i
Zyg = Rpg—— 3
0 =Ra= ©
and )
J
Z. = R,— . 4
y v 4

It should be pointed out here that for the given
model (Fig. 1), the film impedance, Z;,, depends
upon the thickness, x and the geometric area,

A, of the oxide. In contrast the oxide/electrolyte
interfacial impedance, Z,, is independent of x and
A, but depends upon the true surface area, 4"
Thus Equations 3 and 4 should be modified
accordingly. Further, between Equations 1 and 2
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the real and imaginary terms can be separated to
give

X 1,
Rs = ZR0+ZR1:+RQ (5)
and : :
= (6)
wCy wAC, wAC,

where R; and C,, are the equivalent series resist-
ance and capacitance of the oxide film of unit
thickness and geometric area, and R, and C; are
the corresponding terms for the oxide/electrolyte
interface with unit true surface area.

Differentiating Equations 5 and 6 with respect
to x gives,

dRs) _ Rs
dx 4 ™
and
d(léwcs) 1 ®
X WAC,

From Equations 7 and 8, R; and C,; can be deter-
mined at any given value of w.

In practice, Rg and C, can be determined
experimentally at various oxide film thicknesses
in any electrolyte (preferably the one which reacts
least with the film) at any value of w. From
Equations 5 and 6, the slopes of plots of R versus
x and Cj versus x should give the values of
Equations 7 and 8, respectively. It can also be
seen that the intercepts of these plots should give
information about Z,. However, analysis of Z, by
itself is likely to be quite involved and, therefore,
is not included in the present study.

3. Experimental details
3.1. Test specimens

Zone refined 99.999% pure polycrystalline
aluminium rod was masked with a push-fit Teflon
holder, exposing a disc-like surface of geometric
area 1.96 x 107 m?. The other end of the rod was
plated with zinc followed by copper and used for
electrical contacts. (Such a procedure ensured

a perfect ohmic contact.) The test specimen was
then polished using an alumina suspension on a
rotating table. The surface was further treated
according to a procedure prescribed by Norman
[16], which leaves an initial oxide film of repro-
ducible thickness (30 A). It was anodized thus at

6V for 1 min in 0.5 mol dm™ ammonium tartrate
(pH = 6) at 25 + 1° C followed by etching in 48%
HF for 10 to 15s. This anodizing and etching
cycle was repeated three times. The electrode was
anodized further at different voltages prior to
impedance measurements, either in ammonium
tartrate or sulphuric acid (see Section 3.5).

3.2. Test solutions

The choice of the test electrolyte for impedance
measurements was made so that the ions were
compatible with those of the anodizing electro-
lyte. Thus, 1 moldm™ sodium sulphate was used
after anodizing in sulphuric acid. With anodizing
in ammonium tartrate the same solution was used
as the test solution. Both test solutions were
adjusted to pH 6 where the aluminium oxide is
known to be most stable [6, 7, 10].

All the solutions were prepared from reagent
grade salts recrystallized from double-distilled
water. Sulphuric acid used for anodizing was of
Analar grade and was redistilled under vacuum.

The solutions were saturated with nitrogen for
1 hin a separate 100 cm? glass cell and transferred
to the electrochemical cell under nitrogen for
impedance measurements. The temperature of
the solutions was maintained at 25 + 1° C.

3.3. Electrochemical cell

An all glass cell with a 100 cm® capacity was used
(Fig. 3). A platinized platinum electrode in the
form of a 5 mm diameter disc was held in a Teflon
holder and used as a counter electrode. The Teflon
holders of both the test and counter electrodes
were machined to match the glass joints, which
were fused diametrically opposite and concentric
to each other. This helped in keeping the distance
between the electrodes constant every time these
were mounted onto the cell.

34. Test circuit

The bridge adopted for the present work was
essentially of the Wein type with slight modifi-
cations (Fig. 4). The oscillator was connected to
the bridge through a shielded transformer, a high
leakage-resistance capacitor and a potentiostat,
Two non-inductive resistances were matched to
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give identical values and used as ratio arms. A
decade capacitance box and a decade resistance
box coupled in series were used in the balancing
arm. A vector lock-in amplifier with a simul-
taneous read-out of in-phase and quadrature com-
ponents was used as null detector. The balancing
points of the bridge were connected to it in the
floating mode. A constant 1 V output from the
oscillator, in phase with the signal applied across
the bridge, was fed to its reference. The braids of
the sheilded cables used as leads and the other
points of the bridge required to be earthed were
earthed through the lock-in amplifier earth.

The bridge circuit was first tested with
standard resistances and capacitances. Its accuracy
was within a 1% error limit at frequencies above
10® Hz. But at lower frequencies this limit gradu-
ally increased to a maximum of 10%, which was

Fig. 3. Electrochemical cell used
for impedance measurements.
WE, 99.999% pure aluminium
test electrode; CE, platinized
platinum counter electrode; RE,
reference electrode with a luggin
bridge; R,, R,, R,, reserviors
for nitrogen saturated anodizing
electrolyte, test electrolyte and
double-distilled water, respect-
ively.

possibly due to the resistance and capacitance in
the balancing arm being in series (which, however,
had to be adopted in order to avoid closed circuit
d.c. currents which might otherwise exist due to
the natural potential difference between the
aluminium and platinum electrodes).

3.5. Procedure

The anodizing medium (ammonium tartrate or
sulphuric acid) was deaerated and transferred to
the cell under nitrogen. The test electrode was
then anodized with a voltage pulse of desired mag-
nitude for 1 min.

In the case of ammonium tartrate anodizing,
impedance measurements were started within
5 min of the time of anodizing. However, in the
case of sulphuric acid anodizing, the solution was
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first removed from the cell soon after anodization
under nitrogen. Deaerated double-distilled water
was immediately flushed into the cell and allowed
to flow out in the same way. Deaerated sodium
sulphate solution was then pumped into the cell
and impedance measurements started within 5 min.

Impédance measurements were carried out in
the frequency range 10 to 10° Hz using an a.c.
potential of less than 1 mV rms across the cell.
The range of anodizing voltage covered was from
1 t0 40 V. Two experiments were carried out for
each anodizing voltage and the average impedance
value noted. Measured R and C, values were
reproducible within 5% at 2 x 102 Hz and above.
At lower frequencies this limit varied between 10
and 20%. It took about 30 min to cover the entire
frequency range. At certain voltages, selected at
random, the frequency range was covered once in
the forward direction (10 to 10° Hz) and then in
the reverse direction. Ry and C values thus
measured were stable within a 1% limit.

The thickness of aluminium oxide produced at
various voltages during the above study was calcu-
lated using the relationship:

x = 125V x1070 4 x, 9)

where x; is the initial thickness of the oxide
formed after etching in HF and V is the anodizing
voltage.®

Fig. 4. The a.c. impedance bridge: V,
oscillator; T, shielded transformer; Cb,
high leakage-restance 10 uF polystyrene
capacitor; P, potentiostat;R,, R,,
inductance free resistances of 99.97 Q

REF each; R, low-inductance decade resist-
ance box; range X 0.01 to X 1000 & with
LOCK (N a total resistance 11111.11 ; C,,

shielded decade capacitance box;range
X 0.0001 to X 0.1 uF with a total
capacity of 11.111 11 uF; C, electro-
chemical cell; WE, test electrode;

CE, counter electrode; LOCK IN, lock-in
amplifier (null-detector) (PAR Model
5204); A, B, input to LOCK IN from

the balancing points of the bridge;

REF, reference input to the LOCK IN
from V.

This relationship, when transferred to
Equations 5 and 6 and differentiated with respect

to V, gives
dRs _ 125R,

% y x 10710 10)
and 4(1jesC, )
1wCy) 12.5 1o
= 1 . 11
a wac, 10 an

Thus, it was sufficient to measure R and C; at
various anodizing voltages in order to determine
the R, and C; values of anodic oxide.

4. Results and discussion

Figure 5 represents the measured R values as a

function of anodizing voltage for the system:

aluminium/aluminium oxide/0.5 moldm™
ammonium tartrate. A similar plot is shown in
Fig. 6, for the same system, for the calculated
values of 1/wC; using experimentally measured
C; values.T

A reasonable linearity is observed in both cases
at all frequencies above 10® Hz. However, this is
not so below 10°Hz, especially at anodizing volt-
ages above 20V, This may be due to the decreased
sensitivity of the bridge at frequencies less than
10° Hz (see Section 3.4). Hence, at these fre-
quencies, only R, and C; values at 20 V and below
were considered for such plots.

* Sucha relationship for anodic oxides formed using ammonium tartrate on pure aluminium has been established by
Norman [16], using an ellipsometric technique. The same relationship is also known to hold good for sulphuric acid

anodizing at low voltages [10].

T R and 1/wCg behaviour with respect to anodizing voltages were similar in the case of 1 moldm™® sodium sulphate
electrolyte also and hence not separately shown. The frequency range covered with sodium salphate was from 80 to

10*Hz only.



492

R. SRINIVASAN ANDC. S. C. BOSE

5000

3000

1000

900

700

r 500

‘-_Jlaoo
~
" 100

70

50

30

10

I

Fig. 5. Dependence of the
measured series resistance (Rg)
on anodizing voltage (V) for the
system: aluminium/aluminium
oxide/0.5 mol dm™~? ammonium
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The slopes of the above plots were determined
by a least squares curve fitting method. Making
use of these data, the impedance values for a film
of 1 m? geometric area and 130 x 107*m thick-
ness were computed. These impedance plots are
shown in Fig. 7 for the two test electrolytes. The
experimentally measured cell impedances with the
electrode anodized at 8 V (corresponding to a
total film thickness of 130 A) are also shown in
the same figure in order to bring out their contrast
with the respective oxide film impedances (com-
puted as above).

Figures 8 and 9 represent the computed values
of tan § (tan 8§ = wR Cq) and a.c. conductivity,
o(0 = we"€g 2 weg tan &, where ¢, is the per-
mitivity in vacuum and €” is the imaginary part of
the complex dielectric constant) for the oxide
films over the range of frequencies employed.

The measured cell impedances (Fig. 7) are
linear upto 400 Hz and become curved at higher

I i
26 30 34 38
ANODIZING POTENTIAL/V —

tartrate. The numbers on the
curves represent the frequency
of measurements in kHz.

frequencies. Normally, this could have been
justified as the expected behaviour of cells with a
test electrode covered with a passive film [5, 17].
The computed impedance of the oxide film
shows an essentially similar behaviour. However,
there are important differences. Thus, the mag-
nitude of the impedance is significantly different
from the cell impedance at almost all frequencies.
Furthermore, although the impedance plot is
linear upto 400 Hz, which is the case with the cell
impedance, the curved behaviour begins-only at
frequencies above 3 x 103 Hz. The intermediate
frequency region is marked by a sharp change in
the imaginary component of the impedance.
Table 1 shows the values of the impedance
(taken as | Z]| = (|Z'|> + | Z"|%)Y? of the oxide
films, and those of the cell at various frequencies.
Also included are the values of the impedance due
to the oxide/electrolyte interface, computed from
the cell impedance after correcting for the oxide



ALTERNATING CURRENT IMPEDANCE STUDIES ON OXIDE FILMS

493

40000+ 0.01

1 | | I

o

Fig. 6. Dependence of the
measured 1/wCg on anodizing
voltage (V) for the system:
aluminium/aluminium oxide/
0.5 moldm™2 ammonium
tartrate. The numbers on the
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film impedance and electrolyte resistance
(obtained by extrapolating the cell impedance in
Fig. 7 to infinite frequency).

It may be noted from Table 1 that |Z] is
significantly larger than |Zg| for both the test
electrolytes. |Z,| values are found to be compar-
able with those of |Zg|. Thus, if the oxide film
impedance was to be determined from a single
measurement of cell impedance, then the correc-
tion required to be applied for oxide/electrolyte
impedance, as well as the electrolyte resistance,
are found to be quite large. Thus, any assumption
that |Z,] € |Zg|, or that | Z,| of any other oxide
free metal/electrolyte system is equal to that of
the oxide/electrolyte interfacial impedance, can
lead one to erroneous conclusions.

The behaviour of the oxide film impedance
observed is also in general agreement with the
behaviour of aluminium/aluminjum oxide systems

30 34 36 curves represent frequency of

measurements in KHz.

(measured in the absence of any electrolyte using
gold or copper as the counter electrode) reported
in literature [18, 19].

In the present study, tan § for aluminium oxide
formed by ammonium tartrate anodization shows
a maximum at about 2.5 x 10° Hz, and is found to
be frequency independent below 400 Hz (Fig. 8).

Three regions of conductivity are observed with
distinct changes occurring at 2.5 x 10° and 400 Hz,
respectively (denoted by Regions I, IT and I in
Fig. 9). Region 1 obeys a linear law (¢ « f), and
Region II a square law (o o f2). In Region III, the
law is 0 < 07,

Essentially similar behaviour is observed for
films formed in sulphuric acid.

The increase of conductivity with frequency
may be explained on the basis of a conduction
mechanism proposed by Smyth [20] and Pollak
[21]. Thus, in Region I, it is the hopping of elec-
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130
120
1200
1100
1000
800 Fig. 7. Impedance plots of
130 A thick aluminium oxide
800 films and electrochemical cells
with anodized (at 8 V)
aluminium electrodes. The num-
700 bers on the curves represent
frequency in kHz. Z' is the real
part (equal to R g for the oxide
600 films and R for the cells). Z” is
the imaginary part (equal to
500 1/wCyq for the oxide films and
1/wC for the cells). o~o Com-
puted values for the oxide film
400 in Al/oxide/0.5 moldm™3
ammonium tartrate system;
o—e calculated from the
300 measured R¢ and Cg values for
the cell of the same system;
200 1% a-a computed values for the
, oxide film in Aljoxide/1 mol
dm™* Na, S0, system; a—4 cal-
L I L | 100 : culated from the measured R
30 40 &50 60 0 100 200 300 and (g values for the celi of the
Z1X 10/ohm. E‘Z same system.
trons between pairs of sites (caused by vacancies tends to reach a saturation value at much higher
etc.) that aids conduction. The ability of electrons  frequencies (Region III and above). The contri-
to hop between site pairs with decreasing separ- bution to conduction by quantum mechanical
ation increases with frequency (Region IT) and tunnelling of electrons cannot be totally ruled out,

Table 1. Magnitudes of impedance velues, calculated as \Z| = (Z'* + Z"*Y'? for the oxide films, the electrochemical
cells and the oxide/electrolyte interfaces :

Frequency Computed values for 130 A thick  Measured values of the electro- Computed value for oxide/
(kHz) ALO, film (Zg) (X 10" Qm™) chemical cell (Z;) (X 10* Q electrolyte interface (Z;)
; m?) (X10*Qm™)
0.5 moldm ™ I'moldm™
ammonium Na SO, 0.5 moldm™* I'moldm™2 0.5moldm ™3 Imoldm™3
tartrate ammonium Na, S0, ammonium Na,SO,
tartrate tartrate
60 2.10 - 3.34 - 1.10 -
10 7.97 11.74 15.49 12.87 7.50 1.56
1 44.90 51.27 79.54 72.66 35.33 21.29
0.1 387.40 276.20 472.40 352.80 84.90 84.70

0.01 3159.90 - 4073.10 - 931.15 —
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Fig. 8. Dependence of tan § onlog of frequency as com-
puted for 130 A thick oxide film: o-o For Al/aluminium
axide/0.5 mol dm™* ammonium tartrate; 2—2 for Al/
aluminium oxide/1 moldm™2 sodium sulphate.

otherwise the properties of such films which are
known to sustain cathodic reduction reactions at
the oxide/electrolyte interface under d.c. polariz-
ation conditions could not be explained [22].

A thorough understanding of the exact mechan-
ism of conduction requires a more detailed study.
However, there is no need to invoke the possibility

0.8

0.2

0.1‘r
I 1 I

10 10 10 10 10
FREQUENCY/Hz—

Fig. 9. Dependence of conductivity, o, on frequency as
computed for 130 A thick oxide film: o-o For Alf
aluminium oxide/0.5 moldm 3 ammonium tartrate;

a-a for Al/aluminium oxide 1 moldm™2 sodium sulphate.

of porosity in the anodic film to explain the
impedance behaviour, The presence of pores
would have considerably reduced the chances of
linear behaviour for R, and 1/wC; with respect

to the anodizing voltage (see Figs. 5 and 6). In
addition, transmission electron microscopic studies
have shown that the films formed under analogous
conditions are either free from pores {14] or that
the pore diameter is very small (<200 A) with a
very small ratio of pore area to the total area of
the film [13](1072-1073). Such films are also
known to withstand an excess gas pressure of
0.14 atm without allowing the gas to diffuse
through them [23].

It should also be noted that the behaviour of
tan 6 and conductivity depends upon the type of
aluminium oxide used. Thermal oxides [18] are
known to behave very differently from anodic
oxides {19]. In addition, the history of specimen
preparation also seems to play a crucial role; thus,
anodic aluminium oxide films dried under vacuum
and exposed to controlled quantities of oxygen are
known to show changes in their tan § values [24].
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