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Electrochemical method for the investigation 
of transport properties of alumina scales formed 
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Part l Theory 
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An electrochemical method is applied to the study of the transport properties of s-alumina scales 
developed by oxidation of alumina-forming alloys. This technique consists in plotting the 
characteristic curves Vversus /o f  the scale. In this paper, relationships between the transport 
properties (or i, cr e, ti . . . .  ) of the scale and the variations of Vwith / are analysed and discussed. 
Information about the conductivity variation in the oxygen chemical potential gradient of the scale 
can be obtained from the slopes of V-I curves and from the evolution of such curves for different 
outer Po= imposed to the oxide. This method will be applied to s-alumina developed by oxidation 
of a 13-NiAI alloy in part I1. 

1, Introduct ion 
Alumina scales developed by oxidation are a protect- 
ive coating for numerous refractory materials used in 
aggressive atmospheres. However, the growth mech- 
anisms and the nature of diffusing species in alumina 
are still discussed. The transport properties, respons- 
ible at least for an important part of the protective 
characteristics of the oxide, are not yet well known 
[1]. 

Study of the transport properties of alumina scales 
is difficult, on the one hand, because of the extrinsic 
character of the transport properties of alumina (es- 
sentially linked to the presence of various impurities), 
and on the other hand, because of the physico-chem- 
ical specificity of corrosion scales: an oxide scale is 
subjected to chemical potential and electrical gradi- 
ents, and possible impurity concentration gradients. 

Because of this particularity of oxide scales, it ap- 
peared necessary to study the transport properties of 
corrosion scales at high temperature, in the real condi- 
tions of oxidation. An electrochemical method was 
chosen to study transport in thermal alumina scales. 
This method is based on the plot of the characteristic 
current-potential curves obtained in the oxide. 

2. S t a t e m e n t  of  the  problem 
The use of electrical measurements in studying the 
transport properties of oxide scales is not new: the first 
experiments on the effect of an external electrical field 
on oxidation were performed in 1955 [2]. The applica- 
tion of such a method, especially to alumina, is more 
recent (1974-1978), with the work of Sheasby and 
co-workers [3, 4] and Dils and Follansbee [5]. More 
recently, Ben Abderrazik and co-workers used a sim- 
ilar method to study the transport properties of 

alumina scales developed by oxidation of commercial 
and laboratory FeCrA1 alloys [6, 7]. 

The principle of the electrochemical experiments 
consists in imposing a potential difference, V, between 
the outer and the inner interfaces of the oxide scale, 
and then, in measuring the stationary electrical cur- 
rent I that crosses the scale. Then, from the V - I  curves 
so determined, some information was obtained by the 
previously mentioned authors. 

The potential difference, Vo, existing between the 
two interfaces of the growing scale (for I = 0), can be 
related to the ionic transport number q, with the 
generalized Nernst-Einstein equation: 

1 qd~t (1) Vo = 4--ff 

where Pout and I-ti. are the oxygen chemical potentials 
at the outer and inner interfaces, respectively, and 
ti = crl/cy, the ratio of the ionic conductivity, ~i, and of 
the total electric conductivity, or. 

An example of a characteristic curve obtained with 
alumina is represented in Fig. 1 (from Ben Abderrazik 
et al. [6]). The linear part of the V - I  curve was 
attributed to an ohmic behaviour of the alumina scale, 
and  so the slope gave the average resistance of the 
scale. From the average ionic transport number ob- 
tained with Equation 1, and from the average total 
conductivity, the average ionic conductivity was 
deduced : 6~ = q 6. 

Using such an analysis, Sheasby and Jory [3] 
showed that alumina formed on a Pt-AI alloy behaves 
as a mixed conductor (q ~ 0.5). Ben Abderrazik et al. 
[71 obtained a similar result with alumina scales 
grown on an FeCrA1 alloy. In contrast, Dils and 
Follansbee [5] showed that for alumina developed by 
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Figure 1 V-I curve obtained with an alumina scale formed on 
a laboratory FeCrA1 alloy oxidized for 20h at 1080~ in pure 
oxygen [6]. 

an FeCrA1Y alloy, the scale behaves like an electronic 
conductor (t i '~ 10-2). 

However, it must be remarked that values so deter- 
mined only represent the average transport properties 
in the scale. It would certainly be interesting to know 
more about the variation of conduction properties 
inside the scale, particularly versus the oxygen chem- 
ical pOtential. From a knowledge of the functions 
oi =f(Po2)  or oe =f(Po2),  a model of defect trans- 
port could be imagined (eYe is the electronic conductiv- 
ity). And so it could be possible to identify the nature 
of the species that mainly ensure the transport during 
oxidation. To that end, the relationships between the 
transport properties of the scale and the variations of 
V and I have to be precisely determined. 

The previous authors [3, 5, 6, 7] were not very 
interested by the shape of the curves, in spite of the fact 
that they all observed an asymmetry of the V-I  curves 
determined for alumina. However, they proposed ex- 
planations for the deviation from ohmic behaviour 
observed for positive values of V and I: 

(i) Dils and Follansbee [5] suggested a diode effect 
attributed to the Pt-A1203-substrate junction. 

(ii) Ben Abderrazik et al. [7] proposed a diode 
effect inside the alumina scale. Referring to the numer- 
ous studies on synthetic alumina showing that it be- 
haves as an n-type conductor for low oxygen partial 
pressures and as a p-type conductor for the high ones, 
they made the assumption of an n-p junction in the 
scale, leading to a diode effect. Ben Abderrazik pre- 
viously showed that the phenomenon studied has to 
be attributed to the volume of alumina scale: the 
apparent measured resistance is proportional to the 
thickness of the scale. This indicates that the polariza- 
tion of interfaces is negligible [8-16]. 

This diode effecf does not seem satisfactory, for two 
reasons: 

(i) it supposes the existence, inside the scale, of an 
area where local equilibrium is not realised; and 
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(ii) the high value determined for Vo (between 0.5 
and 1 V), necessary for the appearance of the devi- 
ation from ohmic behaviour, excludes an electronic 
effect (of diode type) explaining the shape of the curve. 

A more attractive explanation is given by Sheasby and 
Jory [3], who suggest that the deviation from linearity 
of the curve is linked to the oxygen chemical potential 
gradient inside the scale that compensates the applied 
electrical potential difference. 

But as neither a satisfactory interpretation nor real 
study of the shape of the V-I  curves existed for such 
corrosion scales, it appeared necessary to make a the- 
oretical approach to the physical information con- 
tained in the shape of such curves. It must be noted 
that theoretical approaches to current-potential rela- 
tionships have been made for solid electrolytes sub- 
jected to oxygen potential gradients [-17-20], cases 
comparable to that of alumina scales. 

3. Theoretical approach to the shape 
of V- I  curves obtained on alumina 

The details of the formalism allowing one to establish 
the expressions for V, I and d V/dl ,  are more familiar 
to electrochemists than to metallurgists, but they will 
not be fully described here. 

3.1. Description of the system and principle of 
measurements 

The system studied is a pure alumina scale, of thick- 
ness Zox, formed by the oxidation of an alloy (in order 
to impose fixed aluminium and oxygen chemical po- 
tential at the inner interface). The scale is subjected to 
oxygen and aluminium chemical potential gradients 
and to an electrical potential gradient. Under the 
influence of these forces, transport phenomena occur. 

A platinum electrode, of surface S, is in contact with 
the upper side of the oxide. The other electrode is in 
contact with substrate whose resistance is neglected. 
These electrodes are connected to the external elec- 
trical circuit by platinum wires. The external circuit 
allows one to impose an electrical current on the 
alumina Scale (Fig. 2). 

~ - /  R [  t V ~  Platinum electrode 
- o  - / -  

~ ~ Substrote 

] 
Figure 2 Equivalent electrical circuit used to determine V-I curves. 



3.2. A s s u m p t i o n s  
(i) Only charged species contribute to transport 

(AI 3+, O 2-, n, p); 
(ii) electrodes are reversible both to electrons and 

ions (i.e. equilibrium is realised at each interface); 
(iii) applied forces are small compared to interionic 

forces; 
(iv) local equilibrium is assumed and local thermo- 

dynamic quantities are defined; 
(v) geometry is unidimensional and temperature is 

uniform. 

It can be remarked here that the assumption of inter- 
face equilibrium is realistic in our case, as Ben Abder- 
razik previously showed that interface polarization 
could be neglected [8-16]. 

3.3. Basic equations 
The potential difference between the two opposite 
faces (1 and 2) of the scale is related to the electro- 
chemical potential gradient of the electrons Vrh: 

lj.2 
- d q .  (2) V F 

The gradient of partial pressures of oxygen is related 
to the gradient of oxygen chemical potential: 

3.4. Current-voltage relations 
From Equations 2 and 9-11 it has been possible to 
establish expressions for V, I and d V/dI  for a station- 
ary state of electromigration [21, 22], using ~ = Ji/Je 
as a parameter: 

;1( ) - -  1 2 (3. e 

V -=- 4F- a - - -  1 dg (12) 
(Yi 

I -  4FZoxS (~ + 1) fie ~i dg (13) 

Equations 12 and 13 constitute the parametric repres- 
entation of the current-voltage relation where 
can take all possible values except ]min(~i/%), 
max(oh/%)[. 

From Equations 12 and 13, d V / d I  is calculated: 

d V Zox 
dI S 

2 ti(1 - -  ti) 2 
f l  [ ~ ( t - - t i )  ti-pdv'/f, O't i ( l - - t i )  -- [~(i -~ t~ -- ti] i d "  

(14) 

It has been shown from Equation 14 that the V-I 
curve approaches asymptotes whose slopes are equal 
to Zo,,/S(cr* + cry*), with cr* and cry* the values of cri 
and % for Min Or Max(crd~r respectively, according 
to the asymptote considered [21, 22]. 

Vpo~ = RTV( lnPo2)  (3) 

For any mobile species k, we shall write the following 
relation between the flux Jk and the electrochemical 
gradient Vqk: 

(Yk 
Jk -- Z2 F2 gqk (4) 

where ~k and Zk are the conductivity and the charge of 
k, respectively. F is the Faraday number. 

It must be noted that, in such an experiment, the 
electronic (n or p) species cannot be distinguished 
between themselves. It is the same for ionic species 
(AP + and O z - ). So electronic and ionic quantities are 
defined: 

J i - =  3 J A p + -  2Jo  2 (ionic flux) (5) 

Je = Jv - Jn (electronic flux) (6) 

(Yi = O'A]3 + -}- (}'0 2- (ionic conductivity) (7) 

~ = % + crp (electronic conductivity) (8) 

From the assumption of local equilibrium, and of 
virtual equilibrium, the following equations can be 
established: 

% V _ ~ i  V g o :  + 4 - ~  qn  (9) Ji 4F 2 

I[Y e 
Je - F2 Vrln (10) 

I = -- SF(J i  + Je) (11) 

In order to write more easily the following equations, 
go2 and qn will now be noted g and r~, respectively. 

4. Relations between the shape of 
V-!  curves and transport  property 
variat ions in the oxygen chemical  
potential  gradient  inside the scale 

An example of a V-I  curve is plotted in Fig. 3 with the 
variations of the parameter ~. As ~ goes from 
]Max(cyi/cy~), + oc[ , ]  - oe, Min(cri/cYe[ , Vand I go 
from negative to positive values. Table I collects the 
values of V, I, and d V/dI  for a few particular points. 

Some known results are found: if no current is im- 
posed on the alumina scale by the external electrical 
circuit, the potential difference, Vo, between the inner 
and the outer interfaces is given by the generalized 
Nernst-Einstein relation (Equation 1): 

Vo = ~ tidl.t (15) 
l 

From the determination of Vo for different oxygen 
partial pressures, g(2), imposed on the oxide, it is 
possible to determine ~(la(2)), a function whose differ- 
entiation gives ti(g). 

Overall, Table I shows the close relationships be- 
tween the shape of current-potential curves and the 
conductivity variations with the oxygen chemical po- 
tential gradient inside the scale. The slope d V/dI  is 
inversely proportional to a conductivity weighted by 
a function of ti and ~. Considering the particular 
points of the V-I  curves, the weighting function 
strongly promotes conductivity corresponding to 
high, medium or low tl values: 

(i) The slope of asymptotes is inversely propor- 
tional to the value of the conductivity for Min or 
Max(~i/o'e). 
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Figure 3 Shape of a V-I  curve with the variation of the slopes 
versus parameters ~(~ = Ji/Je). 

T A B L E  I Characteristic properties of some particular points of 
V-I curves 

I V Z o x d V  

S dI 

0 ~  Max(O ' i )  
\~ ' e /  

--1 

\~J 

1 
- - 0 ( 3  - - 0 0  

o(Max ti) 
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4F--ox -- cridp 0 1 - q dp 

f 2 ~ tl  dl.t 

1 1 - t i 

0 Vo = (-22' dP ti(1 -- ti)dp 
1 
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4FZox31 4 F  31 ti 

f 20.1 -- t idg 

1 t i  
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(ii) From the domain of V and I negative values to 
the domain of V and I positive values, the slope of 
a V-I  curve is successively inversely proportional to 
the conductivity for Max(t0, then to the average con- 
ductivity for high q, and medium ti, and low ti, and 
then to the conductivity for Min(ti) (see Fig. 3). 

(iii) It can be observed that negative values of V and 
I are associated with slopes inversely proportional to 
the average conductivity for high q values. So, this 
branch of the V-I  curve was called the "ionic branch". 
By analogy the branch where V and I are positive was 
called the "electronic branch". 

Then, it is possible to link the variation of the slope of 
a characteristic curve to the variations of the total 
conductivity, o, of the ionic conductivity, oi, and of 
the electronic conductivity, oe, in the oxygen chemical 
potential gradient existing in alumina. 

Let us consider the example of the characteristic 
curve of Fig. 3: slopes for V and I negative values are 
higher than slopes for V and I positive values: the 
average total conductivity 6 for high tl is lower than 
the average total conductivity for low q. Moreover, 
between the two particular points V = 0 and I = 0, 
the slope increase is about twice. So, the conductivity 
does not vary largely between the electronic and the 
ionic domains. A diagram as shown in Fig. 4 can be 
proposed to explain the shape of the V-I  curve of 
Fig. 3. 

A consequence of the relations between the shape of 
the V-I  curves and conductivity variations, is that 
various V-I  curves can be obtained according to the 
cri and ere variations versus IX, the oxygen chemical 
potential in the scale. Two examples are shown in 
Figs 5 and 6. 

However, it should be remarked from Fig. 7 that 
inverse variations of % and rye versus Ix lead to the 
same V-I  curve, and consequently that it is not pos- 
sible to assess from a V-I  curve a unique representa- 
tion of conductivity variations. A tentative means to 
do so may consist of comparing various V-I .curves 
obtained on changing IX(2) values (i.e. by changing the 
outer oxygen partial pressure imposed on the oxide). 

Fig. 8 shows inverse variations of oi and oe that can 
be associated with curve I of Fig. 9. Curves II of 
Fig. 9a and b illustrate the different evolutions of the 
characteristic curve when Ix(z) decreases for each of 
the inverse conductivity variations of Fig. 8a and b, 
respectively. 

In case (a), as IX(2) decreases the domain of dominant 
electronic conductivity is affected. Thus, o[Min(oi/oe)] 
decreases, and so does the slope of the asymptote for 
V and I positive values. As the domain of dominant 
ionic conductivity is not affected, the "ionic branch" is 
not modified. 

b 
t - -  

Nax!ti ~ Meaium t i 10W t i  Hin.tl 
Hiqh t i 

Figure 4 Possible variation of conductivity that can be related to 
the V-I curve of Fig. 3. 
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Figure 5 Example of associated (a) VI and (b) conductivity variation curves. 
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Figure 6 Another example of associated (a) V-I and (b) conductivity variation curves. 

In case (b), as p(2) decreases the domain of dom- 
inant ionic conductivity is affected. But the variation 
of Max(ch/cyo) is slight, and so there is little change of 
the slope of the "ionic branch". However, Vo de- 
creases, moving the V - I  curve down. 

These simplified examples show that a comparison 
of the evolution of the V - I  curves obtained for differ- 
ent oxygen chemical potentials imposed on the scale 
can give access to the conductivity variation in the 
oxygen chemical potential gradient existing inside the 
alumina scale. 

These conclusions can be applied to doped alumina 
or doped alumina in equilibrium with a second phase, 
provided that the dopant is in low concentration and 
is not involved in transport. Such a technique and its 
formalism will be applied in the second part of this 
paper to alumina scales developed by oxidation of 
a J3-NiA1 alloy at l l 00~  [21-23]. 

5. Conclusion 
This work showed the interest of an electrochemical 
method for studying transport properties of alumina 
scales developed by oxidation of an alloy. 

It appeared that from the analysis and a compari- 
son of the characteristic V - I  curves, obtained for dif- 
ferent outer oxygen partial pressures imposed on an 
alumina scale, diagrams for the variation of the con- 
ductivity inside of the scale can be proposed. This goes 
far beyond the average descriptions previously ob- 
tained with electrical measurements on oxide scales. 

Another practical advantage of electrical measure- 
ments is that they can be made on the oxide scale itself, 
and in the real conditions of oxidation. 

This electrochemical method has been used in the 
study of transport properties of alumina formed by 
oxidation of a J3-NiA1 alloy at l l00~ in oxygen 
[21-23]. 
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Figure 7 (a, b) Inverse variations of conductivity that may be asso- 
ciated with the same V-!  curve (c). 
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