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ABSTRACT

In the present overview, the main types of conduction through barrier type oxides on valve metals are briefly

discussed. The main theoretical approaches towards ionic and electronic conduction in such systems are described and

the ways of comparing them to experimental data are oultined. In addition, the coupling between film growth and metal

dissolution through the film during anodic oxidation of valve metals in aggressive electrolytes is emphasised. A theoretical

model for this phenomenon is described and expressions for both steady-state and small amplitude ac response of the

system are derived and compared to experimental data for W in sulphate-fluoride solutions.

Keywords: valve metal, anodic oxide film, ionic conduction, electronic conduction, metal dissolution, kinetic

model.

INTRODUCTION

The anodic oxidation of valve metals is usually
carried out galvanostatically (J=const) and isothermically
(T = const). In such conditions, the growth rate of the
anodic oxide can be considered to be in a steady state
and its properties can be regarded as stationary. The
potential drop through the oxide, frequently labeled as
formation voltage (U,) increases linearly with time (¢),
or the quantity of charge passed (Q). During film for-
mation, the field strength (E) is essentially constant.
The increase of U, and the film thickness (D) of the
oxide film is limited by the occurrence of breakdown
phenomena.

On the other hand, the tensiostatic formation
of anodic films is carried out by applying a constant
voltage through the system (U, = const). Tensiostatic
anodisation is a non-steady state process since the cur-
rent causes a continuous increase of the film thickness

and simultaneoysly a decrease of . As a result, a de-
crease of the current density with time is observed, i.c.
the growth rate of the film decreases with time.

Generally speaking, the current measured in a
(+) metal / anodic film / electrolyte system consists of
three components: J=J + J + J, (Fig. 1). The ionic
current (J), which results from the migration of ions
(metal and oxygen) under the influence of the applied
electric field, initiates the growth of the anodic film.
The electronic current (J) through the oxide film does
not influence its thickness. The dissolution current (J,,)
can have significant values when the films are polarized
in electrolytes which are aggressive to the oxide film.
(Fig. 1). These three current components depend on the
field strength (E) and the temperature (7).

It is worth mentioning that two types of anodic
oxide films can grow on valve metals: barrier and po-
rous [1]. The barrier films are formed in electrolytes
which do not dissolve the oxide film appreciably, i.e.
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Fig. 1. lonic (J), electronic (J) and dissolution (J,) currents in
(+)valve metal/barrier oxide/electrolyte systems.

.— 0. They have a dense structure and follow the metal
surface profile (Fig. 2a). The porous films are formed
in electrolytes dissolving the oxide film (J, has a sig-
nificant value) and they have a double-layered struc-
ture [2]. The so-called “barrier sub-layer” grows at the
metal/oxide interface. Above it a significantly thicker
porous layer grows, whose pores are placed normally
to the electrode surface (Fig. 2b).

IONIC CONDUCTION

The ionic current (J), which results from the
migration of ions (metal and oxygen) under the influ-
ence of the electric field e.g. via a vacancy mechanism,
initiates the growth of the anodic film. Usually the ionic
conductivity is studied at high current densities (or
equivalently, high field strengths). Different equations
have been proposed for the J( E,T)- dependence. The
applicability of three of them (the equations of
Gunterschultze- Betz [3], Tafel-Frenkel and Young[4,5])
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holds good in anodization of various valve metals. These
three equations have been theoretically interpreted.

The dependency J( E ), to a first approximation,
obeys the Gunterschultze and Betz equation:

I = Agexp(B,E), (1)

where A and B, are constants depending on the metal
(oxide) nature and the temperature.

In turn, the Tafel-Frenkel equation, that has
been derived starting from basic kinetic considerations,
has the form:

J.= Aexp _? 2)

In this equation, A, B and ¢, are material-spe-
cific constants, k, being the Boltzmann constant. The
pre-exponential factor (A,) has a different physical
meaning depending on the theoretical model employed:
bulk, interface or mixed (bulk-interfacial) control of
ionic conduction.

Using more sophisticated experiments e.g. during
tantalum anodization it has been found [62] that the so-
called “Tafel slope”,i.e. the derivative (o InJ/ g E), # const.
The obtained InJ, (E )-dependence is not strictly linear,
but appears to be slightly convex, which has lead Young
[5] to propose another J(E,T)- dependence:

3)

(b)

Fig. 2. Schematic picture of anodic alumina films: (a) barrier type anodic oxide film; (b) porous type anodic oxide film.
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Here A, B,, o, and B, are positive constants,
the values of which depend only on the nature of the
metal that is anodically oxidised. This dependence has
been confirmed using experimental data for Al and Nb
as well. Equation (3) has been theoretically interpreted
by a range of investigators, such as Young [5], Dignam
[6], Christov and Ikonopisov [7], etc. Recently Li and
Young [8] have argued that since both the curvature of
the steady-state InJ( E )-dependence and the dependence
of the slope of the stepped InJ( E ) on initial steady state
field strength disappear during anodic oxidation of Ta
in chloride electrolyte (which has been demonstrated
not to incorporate anions into the oxide), then both ef-
fects are due to anion incorporation into the outer part
of the barrier film that supposedly grows via metal ion
transport.

In galvanostatic regime (J=const) the kinetics of
anodic oxidation is usually followed by tracing the ki-
netic curves [U, (9)],, and/or [U, (Q)],,. Correspond-
ingly, the electric field strength can be determined from
kinetic data using Faraday’s law:

_ zFpo (Y
E” amg | ot )

J,T

where z is the charge of the mobile ion/vacancy, F is
Faraday’s number, o is the roughness factor (the ratio
between real and geometrical surface area of the sample),
p is the density of the oxide, A is the current efficiency
(J/D), M is the molar weight of the anodic oxide and

(d Uf/a t),, is the slope of the kinetic curve U, (2).
In a tensiostatic regime (U, = const), the anodic

oxidation kinetics is studied by tracing the [J(£)] . .. curves.

wW,T
As at U= const the ionic current density (J)) leads to a
continuous increase of the thickness (D) of the oxide

and a simultaneous decrease of the electric field strength

(E=U/D):
= U
R ETr S (5)
D+ o [(3,4)
ZFpo q

where D, is the film thickness at the start of
tensiostatic oxidation, i.e. at t = 0.

An analytical expression of the decrease of the
current density (J) with time (£) can be sought by solving
simultaneously some of the equations for the ionic cur-
rent density (1)-(3) with equation (5). As a result, com-
plex integral and integro-differential equations are ob-
tained. Such equations are usually employed for nu-
merical calculation of the J(f)-dependence subject to
certain assumptions. This is why different forms [9-12]
of the equations for the kinetics of tensiostatic
anodisation have been proposed in the literature.

ELECTRONIC CONDUCTION

The electronic conduction is usually studied dur-
ing 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
found:

J. = o _exp(B,E'?), (6)

where o and B, are constants depending on the
nature of the metal, the contact electrolyte and the tem-
perature. Such a dependence has been experimentally
found for deferent metals: Al [13], Ta [14.15], Nb [16],
Bi [16]. Different models [18,19] have been proposed
explaining the mechanisms of the electronic currents
(Schottky emission, Poole- Frenkel effect). Only the
Christov model [20] explained dependence of J, on the
nature and concentration of the contact electrolyte. In
this model the electrolyte was considered as a semicon-
ductor and the redox couples in it were assumed to play
the role of electron donors. Based on this treatment an
equation for the electronic current density is derived:

J. = kAT >Ny exp(- X, /k, 1)
1/2 3/2
e-1 S E "]

ey 7
85 +1 gillszT ( )

exp[

in which A = 4mme k */h’® is the Richardson constant
(m, is the effective mass of the electron in the dielectric
oxide), N, is the donor concentration in the semicon-
ductor (the electrolyte), X is the work function at the

film/electrolyte interface at N,=1, k is a quantum cor-
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rection that is related to the tunneling probability of
the electron at the dielectric/semiconductor interface,
Tis the absolute temperature, k, is the Boltzmann con-
stant, h is the Planck constant, ¢, is the charge of the
electron, and € and ¢_are the dielectric constants of the
anodic oxide and the semiconductor (the contact elec-
trolyte).

On comparing equations (6) and (7) the em-
pirical constants o and 3, are assigned the following
theoretical expressions:

a, = kAT Ny exp( X/, T) (8)
. 85 _1 1/2 603/2 (9)
“ e+l &VKT

Equations (8) and (9) demonstrate that the elec-
tronic current depends not only on the nature of the
dielectric, but also on the nature and concentration of
the contact electrolyte (via the N, and & values). It is
worth mentioning that the model of Christov is so far
the only model that includes the field, temperature and
electrolyte concentration dependence of the electronic
conduction. It is possible to calculate the theoretical
values of the constant 8 which can then be compared to
the experimental estimates. As it has already been
pointed out [21] it is not completely clear which values
of the two dielectric constants (g and &) have to be
used. It has been proposed that both the optical (high-
frequency) and the static (zero-frequnecy) dielectric
constant are employed/ By representing the data in

. . 1y. . .
Arrhenius coordinates In%(?) is is possible to deter-

mine the work function (X,) of the electron. It is worth
noting that electronic conduction can be experimen-
tally investigated also during prolonged tensiostatic an-
odization, and also by photoelectrochemical measure-
ments.

COUPLING BETWEEN OXIDE GROWTH AND
METAL DISSOLUTION

To account for both the film growth and under-

lying valve metal dissolution under potentiostatic con-
ditions in aggressive electrolytes, such as sulphuric or
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oxalic acid for Al [22-24] and fluoride-containing elec-
trolytes for W, Nb, Ta, Ti, Zr, etc. [25-41], a quantita-
tive model approach has been recently proposed by one
of us [41,42]. It has been found to reproduce success-
fully both the steady-state current vs. potential curves
and impedance spectra in a range of potentials [41,42].
This approach, which treats the processes of film growth
and metal dissolution through the film as sequences of
generation, transport and annihilation of point defects
(cation and anion vacancies) and features a defect re-
combination reaction at the film/electrolyte interface,
is briefly described below using anodisation of W in
fluoride-containing electrolyte as a representative ex-
ample.

The oxide of tungsten that forms at open circuit
in an aqueous solution can be regarded as mixed—va-
lency oxide in which W(V) and W(VI) position coexist
the cation sublattice, together with a certain concentra-
tion of W(VI) cation vacancies [44]. A significant con-
centration of oxygen vacancies is assumed to exist in
the anion sublattice as. W(V) cation vacancies are ne-
glected for simplicity. The growth of the passive film
proceeds at the metal / film interface with oxidation of
the metal

m—W,' +3V" +6e, (10)

The oxygen vacancy is transported through the
barrier film by high-field assisted migration and reacts
with absorbed water at the film / solution interface
achieving film growth

3V +3H,0—% 530, +6H" (1)

In order the film thickness to be invariant with
time in the steady state, the film dissolution reaction
must be included

WO, , +2(3—x)H " —2—>W® +(3- x)H,0 (12)

In fluoride containing electrolytes, oxyfluo-
rocomplexes of W(VI) are probably formed, which is ex-
pected to increase the solubility of the film and thus the steady-
state current density governed by chemical dissolution of



A. Girginov, M. Bgjinov

the oxide. On the other hand, W(V) at the F/S interface
undergoes either oxidative dissolution as Wa? or trans-
forms into a passivating W(VI)" species that dissolves

isovalently:

W), —e— W;j; +e+V,

(13)
W WY e
VI * kp }Wa(?;— +V\/S (14)

Cation vacancies, generated by the above pro-
cesses, are transported through the film via high—field
assisted migration or recombine with oxygen vacancies
according to the reaction

Vo™ +Ve — null (15)

The high-field migration equations for the trans-
port of cation and anion vacancies are

2FaE, xFaE,

D D
J =——Cc.(L)e R ,J,=c,(0)—* e R (16
o= ooG(Le T L3, =6, (2 e T (i6)

The total defect transport current density is
| =—2FJ, +6FJ,_

The electric field strength in the metal /oxide/
electrolyte system Eo is given by the sum of all the
potential drops in the system divided by the oxide film
thickness [41]

By = (Bwie +EL+0¢,s)/ L )

where ¢ s = (1-0)E — EL ¢ os = Ao Lys / €8,
is the polarisability of the film/solution interface, q, is
the negative surface charge due to accumulation of cat-
ion vacancies at the film/solution interface, E the field
strength in the film bulk and L, is the width of the
cation vacancy accumulation zone [41]. Further, accord-
ing to the Mixed-Conduction Model for oxide films [43],
the potential drop at the metal/film interface does not
depend on the applied potential. In other words, the
reactions at this interface are not considered to be rate
limiting, rather, their rate is adjusted by the transport
processes of point defects in the passive film. The ex-
pressions of the instantaneous partial currents due to

the transport of oxygen and cation vacancies acquire

the form:
 _FD; {ZFa[(l o)E+ ks F,SH
a RTL g,
18
L =50 ) exp{GFa[(l_ )E+anF,s}} (18)
2a g,

At the film/solution interface, cation vacancies are

(i) generated with a current density I (ii) transproted

MF/S?
via high-field migration with a current density I, and
(iii) react with the oxygen vacancies according to the
recombination reaction at a rate of I ,Sq , where S is the

cross-section of recombination. Then,
| -1
%, _IO&Jn:IOS(’\/LFIISS’\A_qn}(l9)
(o)

dt =lurs—Iu
According to the dissolution scheme described

by reactions and , the current density due to cation
vacancies at the film/solution interface is given by:
I .

o = w =kaYs thar s (20)
Y, and y,* being the fractions of the F/S interface occu-
pied by W(V) and W(VI)*, referred to the cation
sublattice only. It is assumed that the surface concen-
tration of W(V) cation vacancies is considered as negli-
gible with respect to y, and y,*. The material balances
in the outermost cation layer are correspondingly:

dy. |

ﬁdtn =%—kzy5—k3m; @1)
d

P % =Ka Vs — KV * (22)

Steady state solution and total current density
In the steady state, equations and become

ImMris +— —

. K2y, —kays =0 (23)
Ky, Vs —Kays =0 (24)

and obviously

Vot 7o =1 @
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Yo being the surface fraction occupied by WO,, i..
regular W(VI) sites, at which the isovalent dissolution
of the oxide (reaction ) proceeds. Eqns. (20), (24), and
(25) can be used to calculate | m,F/s:

_M,Flszw(l—'}_/e)ZEM (1—5/6) (26)

|'w is proposed to be proportional to the surface (1— 776)

E31 + Esz

not occupied by regular W(VI), whereas | o is assumed
to flow only on the fraction y,.

1o =2Fk,Cl. 75 = 2FK, Vs = Ky, Ve @7)

where n is the reaction order of the chemical dissolu-
tion reaction, Eq. (12) with respect to H™.

If we define ¥, as a function of the reaction
rates for the formation of W(V) and W(VI) centers

o Ko,

Ve = m (28)
then
—2
TM =T Ku (29)
Km + k\/\/oz
—2
TO = k s (30)

Small amplitude ac solution

From the assumption that currents transported
by oxygen and cation vacancies are additive, and taking
into account the electronic properties of the oxide, the
impedance of the system can be defined as the parallel
combination of the impedance due to generation and
transport of cation vacancies (Z,,), the impedance due
to transport and consumption pf oxygen vacancies (Z)
and the impedance due to the dielectric properties of
the oxide film, i.e. its capacitance.

-1
. 1 1

z:Fg+[ch++] 31)

Zy 2y
where R is the electrolyte resistance and C'is the film
capacitance
2 (Q-a)=
C 1 — ( _») E (32)
eg,E

34

Impedance due to transport and consumption of
oxygen vacancies

For a small amplitude sinewave perturbation
around a steady-state equation transforms into:

10SoE €€

:_—LF/S (33)
jo+1,S

where ¥ indicates the complex amplitude of a variable

n

x. The migration current of oxygen vacancies in such
conditions is given by

- 2I.B ~ ~L 2Fa
IO = B 1—Ot E+ F/S ’Bzi
L [( JE+ 0, eg, ] RT (34)

Solving (33) and (34) simultaneously, we ob-
tain for the impedance of transport of oxygen vacancies
1 Al, 21,B 1,So
Z, =" 0="0 1)+ 0 | 39)
’ AE L jo+1,S
In order to account for the capacitive behaviour
observed in the impedance spectra at low frequencies,
the ac modulation of the film thickness has to be taken
into account. The expression for the ac current density
due to that phenomenon has the form
Ql-a)V, . =
= = . JoE (36)
AE 6F

-

which corresponds to a pseudo-capacitance in series with

te impedance due to transport of oxygen vacancies,
|

A= T : T being the current efficiency for film forma-
o M
tion:
- —\(l-o)V
C,=(l,+1 (_ —-—
o=(lo*1u) ILE 6F (37)

The total impedance due to oxygen vacancies is
then expressed as

1
jC,y G

Z,= Zo'f +

Impedance due to generation and transport of cat-
ion vacancies

The faradaic impedance due to the the genera-
tion of cation vacancies at the F/S interface is derived
from Egs. (20), (21) and (22).
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Zl\_/Il,F/S =6F [RZ;/S + lz2775 + kaza/ejl (39)
-1

joPys =—"E2 — Koy —Koys —Kays —Kas
e L - (40)
joBys =Kays —Kays—KyYe
77* _ R31775+R31775

= o 41
6 ﬁjw+k32 ( )
s Zl\_Al.F/S _ ?_/5(R2+R31)
ys_ﬁF(ﬂjw+Ez+R31) (ﬁjw+R2+R31) (42)

(43)

Zyy rrs =6Fbkays| 1+

+

b31E31 (Rz - R31)
wBkeb,

[1+ i[z]](bzkzkgz ke Kaike (0, b))
b2k32 ko + b31 ka1

The impedance of the transport of cation vacan-
cies is written in complete analogy to equation (35) as

. _Al, 6l,B l,So
= =—|(1l-a)+—
T aE T L | M s @

The total impedance due to generation and trans-
port of cation vacancies, Z,, is then given by:

Zy=Zyi+Zygss (45)

The total impedance is then calculated using
equations (31), (32), (38) and (45). It is worth mention-
ing that the predictions of this model have been suc-
cessfully compared to both steady-state current vs. po-
tential curves and electrochemical impedance spectra
at a range of potentials for W in sulphate-fluoride elec-
trolytes, and the main kinetic and transport parameters
have been estimated as depending on the pH and fluo-
ride concentration [46].

CONCLUSIONS

In this brief overview of conduction mechanisms
in valve metal/oxide/electrolyte systems, the main com-
ponents of the current flowing through such systems
have been described in some detail. The main theoreti-
cal equations that govern both electronic and ionic con-
duction have been given and discussed, and the meth-
ods of their comparison to experimental data in order
to estimate the main kinetic, transport and structural
parameters that characterise the different conduction
types have been outlined.

In addition, a quantitative kinetic model involv-
ing processes at the film/solution interface and in the
film bulk and also dissolution of metal through the ox-
ide and oxide growth/dissolution as parallel reaction
paths has been found to reproduce quantitatively the
steady-state current vs. potential curves and the imped-
ance spectra in a wide range of potentials and solution
compositions. The pseudo-inductive feature at interme-
diate frequencies is explained by the interaction between
two current carriers of opposite sign which accelerates
the transport of the major current carrier in the tran-
sient regime. The main effect of electrolyte composi-
tion is on the cross-section of recombination of current
carriers at the film/solution interface, which can be ten-
tatively ascribed to the influence of adsorbed fluoride
ions on the defect structure of the outermost layer of
the anodic film.
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