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ABSTRACT

In the present work, the electronic current density flowing through anodic oxide films is estimated from the total
current vs. time dependence in tensiostatic anodization experiment using a numerical procedure. The parameters,
characterising its field dependence, are compared to previously obtained values for galvanostatically formed films,
measured at low field strengths in the oxide. The good correspondence between the two sets of electronic current values
gives credibility to the proposed procedure and demonstrates a new possibility to account for the electronic conduction

in anodic films during their formation.
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INTRODUCTION

The total current density (j), measured in sys-
tems metal/anodic oxide film/electrolyte consists of three
components: j = j + j + j.. The ionic current density
(), which results from the migration of ionic point de-
fects under the influence of the electric field, leads to
the growth of the anodic film. The electronic current
(j.) through the oxide film does not influence its thick-
ness and is due to the occurrence of reactions of elec-
tron transfer at the film/solution interface, such as oxy-
gen evolution. The dissolution current (j, ) can attain
significant values when the films are produced in elec-
trolytes which are aggressive to the oxide film. Usually
the formation of anodic oxide films and their subse-
quent polarisation are carried out in non-dissolving elec-
trolytes. In this case, j, = 0, so that: j=j + j.These
two components of the current depend on the field
strength (E) and the temperature (7).

Theoretical background

Ionic current

Tonic conduction through anodic oxides is usu-
ally studied at high current densities (i.e. at high field
strength). Under these conditions the electronic com-
ponent of the total current can be neglected (j = j).
Different equations have been proposed for the J(E, T)-
dependence. The applicability of three of them (the equa-
tions of Gunterschultze-Betz [1], Tafel-Frenkel and
Young [2]) has been verified for anodization of various
valve metals. These three equations have been theoreti-
cally interpreted [3].

The dependence j(E),, according to the Tafel-
Frenkel equation is:

ji=Aexp(—B'|:$‘E} )

where A, B, and o, are constants depending on the na-
ture of the metal and oxide, as well as the temperature.
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Electronic current

The electronic conductivity is studied usually
during anodic polarization of already formed oxide films
at potentials lower than the formation voltage, i.e. at
comparatively low field strengths. In these cases an
empirical equation for the j (E), dependence has been
reported:

Je =0t exp(ﬂeE%) 2)

where o and [, are constants depending on the nature
of the metal, the contact electrolyte and the tempera-
ture. Such a dependence has been experimentally found
for deferent metals: Al [4], Ta [5,6], Nb [7,8], Bi [9].
Different models [10] have been proposed explaining
the mechanisms of the electronic currents (Schottky
emission, Poole- Frenkel effect). Only the model of
Christov [11] explained dependence of j, on the nature
and concentration of the contact electrolyte. In this
model the electrolyte was considered as a semiconduc-
tor and the redox couples in it were assumed to play the
role of electron donors.

Galvanostatic anodization

The anodic oxidation of valve metals is usually
carried out in galvanostatic (j = const) and isothermic
(T = const) conditions. The anodic oxidation in this
regime is characterised with a constant rate of oxide
growth, and the specific properties of the film do not
change during growth. It is usually assumed that the
potential difference is consumed as a drop in the film
bulk, called formation voltage (U), which grows quasi-
linearly with time, i.e. with the charge density passed
through the system (Q = j.t). The increase of U, is lim-
ited by the occurrence of electrical breakdown of the
oxide. During anodic film growth the electric field
E = U, | D, where D is the
film thickness, remains constant (E = const).

strength defined as

Tensiostatic anodization

Tensiostatic anodization is carried out by apply-
ing a constant voltage U, in the electrolytic cell. This
voltage is usually reached by a prior galvanostatic stage
(with a comparatively high current density), during
which an anodic film with a thickness D, is formed.
The process of tensiostatic anodization is a non-station-
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ary process, because the flowing ionic current causes
the increase of the thickness of the oxide:

pA(E) L
D(t)= Dﬁﬁiji(f)df 3)

where mis the molar mass of the oxide, zis the number
of transferred electrons per oxide molecule, Fis Faraday’s
number, ris the oxide density, s is the roughness factor
of the surface, I(¢) is the current efficiency of film for-
mation and t is an integration variable. As a result of
the increase of thickness the field strength, defined in
this case as E=U, / D, as well as the ionic and electronic
current densities continuously decrease with time. In
the initial stages, the current is predominantly ionic
(j — Jj) but the relative importance of the electronic cur-
rent increases gradually. It can be assumed that in the
final stage the current will be practically electronic
(j ~J.), thus its values will depend on the nature and
concentration of the electrolyte. Such a dependence has
been theoretically predicted [11] and experimentally
proven for the (+)Bi /Bi/Bi,O,/electrolyte system [9].
Thus the prolonged tensiostatic anodization offers an-
other possibility to estimate the electronic currents in
the (+)metal/anodic oxide /electrolyte systems.

Numerical calculations

In order to estimate the electronic current from
equations (1) to (3), in accordance with the above theo-
retical considerations, it is assumed that for times of
anodization up to 1 ks,
t, =10°s, as je << ji .

l(t)=1, te [to'tl],

Using the substitution

t

y(t):J.ji(‘L')dT, te [t t] 4)
to
it follows that

dy(®) _ i) tet,t,] y(t,)=0.

By combining (3) and (4), we obtain

D)=l )+ 4 v()

te [tO’tl],
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and using (1), it follows that

dy(t) _ [ B J oy 1
——L=Aexp| - exp _—
dt keT keT D(t0)+7ZF’L:) Y 5)
te [tovt1]
E(t)= Uu , te t,.t]
Dt t
)+ o v0)
When t=t,
dy D(to JosU - B
Zt,)=Ae
ot (ta)=A Xp( k,TD(t,) ©)

The constant A in equation (1) is determined
so that the value of the ionic current density is equal to

the measured value att=t , A =5.73x 10° Acm 2. By

introducing

r=ex _B
P keT |
o, zF poU
a=exp| —— |,
uk;T

D(t,)ZF po
fy=————
u

()

an initial problem for ordinary differential equa-
tions is obtained from equations (5) and (7):

1
dy(t) _ Ar.ar0+y(t)

o te (t,t]
y(t)=0

®)

which allows only for a numerical solution.

For the times of anodization, longer than 1 ks
we calculated the values of the electronic current den-
sity as the difference between the measured values of
the total current density and the calculated values of
the ionic current density, assuming once more that.

In analogy to the treatment above

yO)=[i@dr,  teltt]

D(t,)zZFpo
1=
u
the following initial problem for ordinary differential
equations is obtained:
1
dy(t)

= Ar .ar1+y(t) ’
dt A

y(t)=0

te (t,t,]
, ©)

Using the condition of continuity of the first de-
rivative of the solutions of (8) and (9), for

A =1.33x 10° Acm 2, which agrees by order of mag-

nitude with the value estimated above.
RESULTSAND DISCUSSION

Fig. 1 depicts the measured and calculated total
current densities during tensiostatic anodization of Bi
in glycol-borate electrolyte (GBE) at U, =36 V,
T = 293 K. The very good agreement between the two
sets of values demonstrates the validity of the proposed

calculation procedure.
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Fig. 1. Experimental (points) and calculated (solid lines) total

current densities during the tensiostatic anodization of Bi in GBE
a U,=36V, T=293K.
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Fig. 2. Dependence of the electronic current on field strength

according to equation (2): full symbols — this work, open symbols
— ex-situ measurements [9], line — NLLS fit.

Fig. 2 compares the dependence of the electronic
current density on the field strength, as obtained from
the present numerical treatment of the tensiostatic anod-
ization data, with previous measurements for
galvanostatically formed films at low field strength [9]. It
is evident that despite the quite different conditions of
the measurements, the two sets of data can be interpreted
to a first approximation by equation (2), shown as a solid
line. The parameters of the electronic current, determined
by the approximation of the data obtained in this work
by using the non-linear least squares method, o, =
4.68x10° A cm™ and B, = 3.64x10° V'2cm'?, agree
within order of magnitude with the results obtained
in [9].

CONCLUSIONS

In this work, a numerical procedure for estima-
tion of the contribution of the electronic current to the
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total current during tensiostatic anodization of Bi in
GBE has been advanced. The validity of the procedure
has been demonstrated by comparing the numerical
calculations with a set of experimental data. The pa-
rameters characterising the field dependence of the elec-
tronic current, calculated from these experiments, have
been found to be in fair agreement with previous inde-
pendent estimates stemming from measurements of
galvanostatically obtained films at low field strengths.
As a next step in this investigation, the effect of film
formation parameters, as well as electrolyte nature, on
the parameters characterising the field dependence of
the electronic current will be assessed.
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