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Abstract

Two Zircaloy-4 type alloys with di�erent tin contents (0.5 and 1.2 wt%) have been oxidized in autoclave (400°C in

steam) for several durations (1±140 days). The ®lm has been characterized by electrochemical impedance spectroscopy

(EIS). Several soaking times have been investigated (up to 40 days). The Cole±Cole representation has been used to

display and study the data. A simple electrical model has been derived from the observed spectra: the electrical circuit

includes two RC loops in series, whose capacitances are frequency dispersed. It is thoroughly related to the layer

structure. It has been shown that even before the kinetic transition, the ®lm is constituted of three parts: an inner layer

which is compact, an outer layer subdivided in an external region immediately soaked by the electrolyte, and an internal

one in which electrolyte di�usion processes can take place. The kinetic transition is interpreted in terms of an abrupt

`compacity' change, both layers degrading at this point. The alloy with high tin content exhibits higher dispersive

properties of the oxide layer formed on it, in correlation with its faster oxidation kinetics. Ó 1999 Elsevier Science B.V.

All rights reserved.

1. Introduction

The corrosion kinetics of Zircaloy-4 in high temper-

ature high pressure steam or water can be schematically

described [1] by a ®rst parabolic-type regime, up to the

so-called transition point, followed by a series of para-

bolic curves often approximated by a linear law. After

longer times in the corroding environment, the kinetics

increase sharply leading to the destruction of the sample

(break away). The parabolic type laws are interpreted as

a di�usion limiting transport of oxygen ions across a

dense oxide layer [2], the deviation from the parabola

being due either to stresses (Ref. [1], p. 46) or to grain

size evolution [3]. At the transition point, the oxide layer

looses its protective character, resulting in a more direct

access of the steam to the metal surface, and an increase

in corrosion rate. The linear corrosion rate can then be

interpreted as the di�usion limited transport through a

dense layer with an average constant thickness of about

2±3 lm [2].

Despite numerous works, little evidence has been ob-

tained concerning the degradation of the oxide layer mi-

crostructure at the transition point. If cracks (generally

parallel to the metal/oxide surface) appear around the

transition, no pores going from the oxide surface to the

metal have been detected by transmission electron mi-

croscopy. The morphology of the oxide crystallites does

not evolve at the transition. Recent investigations by

X-ray di�raction or Raman spectroscopy do not evidence

any abrupt change in the crystallography of the oxide

®lm, particularly the tetragonal to monoclinic ratio [4,5].

On another hand, electrochemical impedance spec-

troscopy (EIS) has been used since more than 30 years to

characterize the oxide layer [6±17], particularly to de-

termine the compact/porous nature of the ®lm and the

thickness of the compact layer [18±23]. In some cases, in

situ measurements were performed during the corrosion

[24,25].

However, no consensus is obtained on the results due

of course to the wide variety of materials and corrosion
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conditions studied by the di�erent authors, but also to

some di�culties speci®c to the EIS technique, that are

summarized below:

· The measurements are made on a limited frequency

range, in some cases at only one frequency, which

is not su�cient to choose a model.

· The oxide ®lm is essentially capacitive when it is thin

(a few microns) and the impedance modulus reaches

several MX or even GX at low frequencies (1 mHz),

values di�cult to measure.

· As a consequence of this capacitive behavior, Bode

or Nyquist plots, generally used by authors do not

display properly the characteristics of the spectra.

· The dielectric constant of the oxide ®lm is not known

accurately, and is assumed or computed between 13

and 22 or even more; this prevents any reliable deter-

mination of the overall oxide thickness.

· The impedance spectra are generally interpreted

through `equivalent electrical circuit', from the more

simple (a capacity and a resistance in series [6]) to

the more complex (see Ref. [13]), whose physical

signi®cance is unclear. In addition several ®tting

procedures can be used and leads to di�erent

results.

· Last, the capacitances used in the equivalent circuits

have been recognized not to be ideal capacitances,

but they exhibit a frequency dispersion. They are

then modeled by constant phase elements (CPE) or

Jonscher capacitance. The frequency dispersion pa-

rameters have no undoubtful physical meaning, and

specially the CPE, if not associated in parallel with

an ideal capacitance, leads to an impedance which

equals zero at in®nite frequency and in®nite at zero

frequency, which is troublesome.

In this work, we investigated two Zircaloy type ma-

terials with di�erent tin contents, oxidized in autoclave.

Impedance spectra were obtained after several soaking

times of the sample in the electrolyte to investigate the

porosity of the ®lms. A careful analysis and ®tting of the

spectra, displayed in some convenient way, allowed us to

propose a simple electrical equivalent circuit, and to

study the transition point.

2. Experimental

2.1. Materials

Two Zircaloy-4 type alloys have been elaborated at a

laboratory scale as 1 mm thick sheets. Their chemical

compositions (Sn, Fe 0.2 wt%, Cr 0.1 wt%, O 0.12 wt%)

were di�ering only by the tin content: 1.2 and 0.5 wt%.

They will be called below Zy4-1.2% and Zy4-0.5%. They

were in the recrystallized state, the last annealing being

1.5 h at 730°C, and the cumulative annealing parameter

2.10ÿ17 h (see Ref. [4]).

Samples from the same Zy4-1.2% sheet were used in

other corrosion related studies [4,5]. Samples of 20 ´ 30

mm were cut, degreased (alcohol/acetone) and etched

(HF/HNO3/water) prior to oxidation in a static auto-

clave in steam at 400°C, 10.5 MPa for up to 140 J.

2.2. Impedance measurements

Each sample was submitted to impedance measure-

ments in H2SO4 0.1M at room temperature, the soaking

by the electrolyte reaching about 40 days. The area in-

vestigated was 1 cm2, delimited by a Te¯on joint. The

con®guration used was a two-electrode, the counter-

electrode being a Zircaloy-4 sheet. We checked that the

impedance of the counter-electrode was negligible

compared to that of the oxide ®lm.

The frequency response analyzer was a Solartron

1253, allowing a frequency range from 20 kHz to 1 mHz

to be investigated. A special impedance adaptator de-

veloped by the Pechiney Research Center in Voreppe

(France) was used. It allows in particular to change

automatically the calibration resistance from 1 X to

10 MX when the measured impedance modulus in-

creases, to optimize the accuracy. With such a device,

impedances up to 10 GX are accurately measured.

3. Methodology

3.1. Cole±Cole diagram

The impedance spectra have been displayed, besides

the Bode and Nyquist plots, in the Cole±Cole diagram.

It consists in considering the measured spectrum as due

to a capacitance C� in series with a resistor (here the

resistance at in®nite frequency, i.e. the electrolyte resis-

tance) (Fig. 1). The evolution of the imaginary part C00

versus the real part C0 of C with the frequency is the

Cole±Cole diagram. This diagram is useful to study an

essentially capacitive circuit, because it suppresses the

large variation in 1/x of the impedance modulus with

the frequency. It has been used previously by several

authors, for example Jonscher (see his review report

[26]), and applied to zirconium oxide ®lm by Bataillon et

al. [7].

On this diagram, we can extrapolate the high fre-

quency data to in®nite frequency: the intersection of the

straight line with the C0 axis gives the capacitance at

in®nite frequency C01 directly related with the oxide

layer thickness th by

C01 �
eoerS

th
�1�

with eo the vacuum permittivity, er the relative permit-

tivity and S the surface of the sample. This formula

assumes that the interfaces are perfectly plane and par-

allel, and that the oxide layer is homogeneous.
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3.2. Dispersion factor

We de®ne the dispersion factor for a given sample by

df 0�x� � C0�x� ÿ C01
C01

�2�

with C0�x� the real part of the capacitance, x being the

pulsation, i.e. x� 2pf, with f the frequency of the mea-

surement. Though it can be de®ned at any measured

frequency, we will compute it for the lowest one, i.e. a

few mHz. This factor, not directly dependent on the

thickness and independent on the chosen equivalent

circuit and on the ®tting, gives us a global indication of

the frequency dispersion of the capacitance of the oxide

layer, and will shed some light on the transition mech-

anism.

3.3. Equivalent circuit

The chosen electrical equivalent circuit is displayed in

Fig. 1(b). It satis®es several requirements:

· to be simple,

· to have physical meaning, and

· to be compatible with all spectra, whatever the alloy,

the oxidation and the soaking times.

The capacitances C�0 and C�1 are frequency dispersed

according to Jonscher's formula [26]:

C�i � C1i 1� xi

jx

� �1ÿni
 !

; �3�

where C1i is the capacitance at in®nite frequency, xi the

characteristic pulsation, and ni the dispersion index (do

not mistake with the dispersion factor). In the following,

we will use the characteristic frequency fi de®ned by

xi� 2pfi rather than the pulsation.

3.4. Physical meaning of the parameters

We will see below that:

· Re represents the electrolyte resistance,

· C10 and C11 are related to the thickness of the inner

and outer layers of the oxide,

· R0 and R1 are the corresponding resistances, and

· x0, x1 and n0, n1 the corresponding frequency disper-

sion parameters.

These last parameters have no evident physical in-

terpretation. A few values of n have been theoretically

computed, for example n equals 0.5 when di�usion

processes are taken into account (Warburg impedance,

see for example Ref. [27]), and some other values when

modeling porous or fractal structures, or gradients.

However, Jonscher's formula is quite universal, and will

be used `better lacking'.

3.5. Fitting procedure

A ®tting computer program has been developed and

described elsewhere [28]. It is based on both simulated

annealing and non-linear least square procedure. The

main di�culty is in fact to de®ne the standard deviation

for each measurement (the error structure depending on

Fig. 1. Equivalent circuits used (a) to display the Cole±Cole diagram, (b) to model the oxide layer. Re represents the electrolyte re-

sistance, C� the equivalent complex capacitance, C�i the complex capacitances (frequency dispersed according to Jonscher's formula),

Ri the resistances. The subscript 0 and 1 refer, respectively, to the inner and outer layer of the oxide ®lm.
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the frequency, but also on the modulus and phase angle

of the measured impedance as well as the calibration

resistance).

4. Results

4.1. Corrosion kinetics

The corrosion kinetics are displayed in Fig. 2(a), to-

gether with the results of a previous study [4]. As usual,

we can see that increasing the tin content increases the

corrosion rate. The ®rst kinetic transition occurs at

about 40 days for the Zy4-1.2% and 100 days for the

Zy4-0.5% Sn.

Note that the weight gain at the ®rst transition in-

creases (linearly) with the transition time (Fig. 2(b)).

4.2. Impedance spectra

A typical set of impedance spectra are plotted in

Fig. 3, both in the Bode (Fig. 3(a)) and in the Cole±Cole

(Fig. 3(b)) diagrams.

On the Bode diagram, we can see that:

· At high frequency, the phase angle is low and increas-

es with decreasing the frequency; it can be related to

the presence of the electrolyte resistance which equals

a few hundreds Ohms.

· At very low frequency, a decrease of the phase angle,

again related to a resistance, together with a plateau

for the modulus. · In between, the phase evolves between 60° and 85°,

which means that the oxide ®lm is mainly capacitive.

This is con®rmed by the evolution of the modulus, in-

creasing when decreasing the frequency, the slope (in

logarithmic scales) being slightly less than 1. In fact,

we notice two slopes at high and low frequencies, sign

of the presence of two capacities in the equivalent cir-

cuit.

On the Cole±Cole diagram, the interpretation is not

straightforward, however, simulations of various elec-

trical circuits help us to recognize the presence of two

resistors and two capacities in the equivalent circuit. The

details of these simulations are beyond the scope of this

paper.

Note the excellent agreement between the data points

and the ®tted lines, on both representations. As men-

tioned earlier, this is the result of the choice of an ade-

quate electrical equivalent circuit but also of a realistic

error structure.

4.3. Evolution with the soaking time

Fig. 4(a) displays the evolution of the impedance

spectra with the soaking time of a Zy4±0.5% Sn sample,

after 30 days of corrosion. It is thus a pre-transition

sample.

Fig. 2. (a) Corrosion kinetics of Zircaloy-4 with various tin

contents. (b) Weight gain versus time at the transition for the

various alloys. Data for the Zy4±0% Sn have been taken from

Ref. [4].

Fig. 3. Impedance spectra of Zy4±1.2% Sn corroded in 400°C

steam for 1, 30, 60 and 140 days. The symbols represent the

experimental points, while the continuous lines are the ®tted

spectra. (a) Bode diagrams. (b) Cole±Cole plots (the lowest

displayed frequency are indicated besides the corresponding

points).
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The extrapolation of the capacity at in®nite fre-

quency does not evolve signi®cantly with the soaking

time (Fig. 4(a)), meaning that the total thickness of the

®lm is constant. On the contrary, the low frequency part

of the diagram evolves somewhat, which can be inter-

preted in terms of penetration of the electrolyte in the

`porous' outer layer. In the mean time, the dispersion

factor increases, leading to the same interpretation. Such

an evolution is observed qualitatively for all the samples,

the change being more pronounced on post-transition

samples.

In Fig. 4(b), we plotted the ®tted reciprocal capaci-

tances of the di�erent layers (total oxide layer, porous

outer and dense inner layers) as a function of the soaking

time. We have seen (Eq. (1)) that the reciprocal capaci-

tances are proportional to the thicknesses, and the factor

of proportionality will be determined in Section 5.1.

While the total thickness is rather constant as previously

deduced from the Cole±Cole diagrams, the penetrated

layer thickness increases and reaches a plateau after a few

days of immersion. Some dispersion parameters evolve

slightly after the steady state is reached for the thick-

nesses, denoting some slower processes involving the

electrolyte. Some studies by Cox [9,19,21] have shown

that a plateau is reached only a few hours after immer-

sion. Wikmark [17] proposes rather a few days, more in

accordance with our results. Our measurements have not

been performed fast and repeatedly enough to determine

accurately the onset of the plateau, and thus are com-

patible with both authors. However, the apparent dis-

crepancy between the two authors can be understood

considering that Cox used impedance measurements at

only one rather high frequency (1 kHz), where we found

that the spectra do not evolve a lot, while Wikmark used

whole impedance spectra down to low frequencies (10

mHz), and thus is able to detect slower processes. Ga-

rzarolli [23] indicated that the time necessary to obtain the

stable state depends also greatly on the sample (it is very

long just before the transition, very short after).

We thus have seen that the penetration of the elec-

trolyte into the pores is detectable. The oxide layer can

be described as a three-layer system: the external layer

immediately soaked, the intermediate one where the

di�usion of the electrolyte is slow, and the inner layer

being never soaked. In the following, however, we will

assimilate the two ®rst layers as the outer layer, since the

intermediate zone is rather thin, and always di�cult to

determine accurately.

In some preliminary experiments in order to investi-

gate the e�ect of the electrolyte concentration, we im-

mersed the samples ®rst in H2SO4 0.01M for a few days,

then moved them to H2SO4 0.1M. We observed that the

layer thicknesses are not in¯uenced by the concentration

change, but some other parameters of the equivalent

circuit vary. Speci®cally, the resistance of the external

layer, as well as its characteristic frequency increase by a

factor of about 10, that is the ratio of the concentrations

of the electrolytes. On the contrary, the inner layer re-

sistance and characteristic frequency do not change

signi®cantly. These experiments con®rm that the outer

layer is penetrated by the electrolyte, and that its resis-

tance as well as its dispersive behavior is mainly due to

the e�ect of the electrolyte in the pores.

4.4. Evolution with the oxidation time

The evolution of the spectra with the oxidation time

has been studied for the longest soaking times, when the

steady state is achieved. Spectra have been displayed in

Figs. 3 and 5 for the Zy4±1.2% Sn and Zy4±0.5% Sn,

respectively.

For the Zy4±0.5% Sn, the Bode diagrams (Fig. 5(a))

are very similar for all the samples but the last one (140

days of oxidation) which is the only post-transition

sample. Before the transition, the ®lms look very ca-

pacitive (we get a nearly straight line with a slope equal

to ÿ1 for the modulus, while the phase angle lies about

90°). The post-transition sample presents a much more

resistive behavior. On the Cole±Cole diagrams

(Fig. 5(b)), the curves for the pre-transition samples re-

main close to the C0 axis, leading again to the conclusion

that the ®lm is essentially capacitive (the dielectric or

Fig. 4. In¯uence of the soaking time for the Zy4±0.5% Sn

sample corroded for 30 days in 400°C steam. (a) Cole±Cole

diagrams. The numbers written on the graphs represent the

soaking time. (b) Evolution of the ®tted reciprocal capacitance

of the inner and the outer layer, and their sum (the total layer)

with the soaking time.
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resistive losses represented by the C00 axis are very small).

This is no more the case for the post-transition sample.

In addition, we can see that the capacity at in®nite fre-

quency decreases when increasing the oxidation time, i.e.

the weight gain, and that the spread of the spectra on the

C0-axis, even when normalized by the capacitance at

in®nite frequency (i.e. what we called the dispersive

factor df0) decreases with the oxidation time before

transition, and increases drastically after.

The evolution is somewhat di�erent for the Zy4±1.2%

Sn (Fig. 3), though the same trend can be observed. At

the very beginning of the oxidation (1 day), the ®lm is

very resistive, with a well-de®ned relaxation on the Bode

diagram at about 1 Hz (Fig. 3(a)). After 30 days of

oxidation, the ®lm is mainly capacitive, like the Zy4±

0.5% Sn sample before the transition. After the transi-

tion the resistive character reappears, as stated by the

evolution of the phase angle and the existence of a

plateau of the modulus toward the lowest frequencies.

On the Cole±Cole diagrams (Fig. 3(a)), the same evo-

lutions as for the Zy4±0.5% Sn can be noted, i.e.:

· the decrease of the capacitance at in®nite frequency

with the increase in the oxidation time;

· the decrease of the dispersion factor before the tran-

sition and its increase after this point.

However, for all the spectra, the C00 component of the

Cole±Cole diagrams is signi®cant, much higher than for

the Zy4±0.5% Sn. The ®lm is deduced to be more re-

sistive (the global resistance is lower).

In Fig. 6 are presented the evolution of some ®tted

parameters with the oxidation time, particularly the

thickness of each layer and its resistivity as well as

the computed global dispersion factor (the evolution of

the dispersion parameters is more complex).

We observe that:

· The thickness of the outer layer is rather constant be-

fore the transition, and increases after (Fig. 6(a) and

(b)).

· The inner layer appears very thin at the early begin-

ning of the oxidation and thickens with increasing

oxidation time. After the transition, its thickness de-

creases somewhat for the Zy4±1.2% Sn, while it con-

tinues to increase for the Zy4±0.5% Sn. However, as

we will see below, its dielectric and resistive proper-

ties change, so that the the evolution of its thickness

is perhaps not the most important parameter.

· The resistivity (in fact the product of the resistance by

the capacitance, i.e. the resistance divided by a factor

proportional to the thickness of the layer) of the inner

layer is much higher than that of the outer one; in ad-

dition, these resistivities are roughly constant or in-

crease before the transition, and drop down after.

· The global dispersion factor decreases before the

transition and increases sharply at the transition.

We can interpret this fact saying that the `compacity'

of the oxide ®lm, related to the inverse of the disper-

sion factor, increases and reaches a maximum at the

transition, as the oxidation rate slows down. Then,

the oxide `breaks' (or becomes more porous) and

the kinetic transition occurs. In addition, we can

see that the dispersion factor is much lower for the

low-tin zircaloy.

· The dispersion parameters of Jonscher's law evolve

also markedly with the oxidation time. The charac-

teristic frequencies (obtained by dividing the charac-

teristic pulsation by 2p) are much higher for the

outer than for the inner layer. For the outer layer,

it increases slightly with the oxidation time before

the transition, and more signi®cantly after. For the

inner layer, the sketch is less clear because actual

dispersion parameter could not be ®tted for the

Zy4±0.5% Sn: the layer exhibits no dispersion in

the frequency range we investigated, i.e. the charac-

teristic frequency should be very low and/or the dis-

persion index very high (close to 1). To evidence a

dispersion, measurements should be performed at

lower frequencies (0.1 mHz or below). However,

for the Zy4±1.2% Sn, it is very clear that the in-

crease in the characteristic frequency of the inner

layer is very sharp at the transition, about three or-

ders of magnitude.

At last, the dispersion index n of the outer layer re-

mains approximately constant (or increases slightly)

during all the oxidation process. On the contrary, that of

the inner layer is lower after the transition than before

(again, ®tted parameters are lacking before the transi-

tion for the Zy4±0.5% Sn).

Fig. 5. Impedance spectra of Zy4±0.5% Sn corroded in 400°C

steam for 5, 10, 30, 60 and 140 days. The symbols represent the

experimental points, while the continuous lines are the ®tted

spectra: (a) Bode diagrams; (b) Cole±Cole plots.
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5. Discussion

We have seen in the previous section that from the

beginning of the oxidation the oxide ®lm is constituted

of two layers, the outer one being porous, the inner one

dense; that their thickness and properties evolve with the

oxidation time, particularly at the transition, and with

the tin content. The global dispersion factor increases

Fig. 6. Evolution with the weight gain of: (i) The ®tted reciprocal capacitances of the outer and total layers (a) Zy4±1.2% Sn, (b) Zy4±

0.5% Sn. In these graphs, the X-axis can be considered as the outer surface of the oxide layer, the upper curve the metal/oxide interface,

and the curve in-between the separation between the two layers ox the oxide. (ii) The products of the ®tted capacitance by the ®tted

resistance of the inner and outer layers. This parameter is related to the intrinsic resistivity of each layer. In some cases, the resistance of

a layer could not be ®tted, meaning that its in¯uence on the spectra was too small to be accurately detected (it does not mean that the

resistance equals zero or is very high) (c) Zy4±1.2% Sn, (d) Zy4±0.5% Sn. (iii) The global dispersion factor df0 computed from the Cole±

Cole diagram (e) Zy4±1.2% Sn, (f) Zy4±0.5% Sn. (iv) The characteristic frequencies of each layer (g) Zy4±1.2% Sn, (h) Zy4±0.5% Sn (in

this case the characteristic frequencies of the inner layer before the transition, below the frequency range investigated, see text, have

been displayed arbitrarily at 10ÿ4 Hz). (v) The dispersion indices n of each layer (i) Zy4±1.2% Sn, (j) Zy4±0.5% Sn (in this case the index

of the inner layer before the transition which could not be ®tted, see text, have been displayed arbitrarily at 1).
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markedly at the transition. We will now discuss these

results ®rst to get actual thickness of each layer (i.e. to

convert the reciprocal capacitances into thicknesses),

then to get the implication of the bilayered structure of

the oxide ®lm, to point out the transition mechanism

and the role of tin.

5.1. Correlation between the weight gain and C01

The oxide layer thickness th can be evaluated either

from the weight gain WG,

th � aWG �4�
with

a � 1=15 lm mgÿ1 dm2 �5�
or from the capacitance C0 assuming relation (1).

Combining Eq. (1) and Eq. (4) we obtain

1

C00
� a

eoerS
WG: �6�

In Fig. 6(a) and (b), we plotted 1=C01 versus WG for

both alloys. We can deduce from the slope the value of

a/er and, assuming Eq. (5), the value of er. We ®nd

er� 19 for the Zy4±1.2% Sn and er� 21 for the Zy4±

0.5% Sn. These values lay within the (wide) range of the

literature data (13±22). Rosecrans [18] stated and com-

puted that the dielectric constant of bulk zirconia is

about 22, close to our values. We do not expect a big

di�erence in the relative permittivities between bulk

zirconia and oxide ®lm. Hence, this gives some con®-

dence in the data interpretation, specially the equivalent

circuit. Moreover, some other parameters like the re-

sistivity or the characteristic frequencies are found

within or nearby the explored frequency domain (about

1 mHz to 20 kHz), which is also a proof of the reliability

of the ®tting.

The scatter in the data we observe from the straight

line can be attributed to several factors: the accuracy of

both measurements (weight gain and capacitance) but

also the inhomogeneity of the oxide layer thickness

(impedance measurements are performed on 1 cm2,

weight gain on about 12 cm2).

5.2. Bilayered structure of the oxide ®lm

The structure of post-transition oxide ®lm as a

bilayered material, the outer layer being cracked or

`porous', is acknowledged since a lot of years (an early

review is given in Refs. [18,23]). The same structure for

pre-transition oxides was proposed, but less unani-

mously: Cox [8] by his mercury porosimeter measure-

ments observed no resistance drop on pre-transition

®lms; Garzarolli [23] on uniform corrosion ®lms stated

that ``the non-penetrated oxide layer is observed to be

thinner than the total oxide thickness...'' but that

``major deviations are observed in the post-transition

regime''.

In this study, we evidenced by recording and ®tting

impedance spectra on a wide frequency range that the

oxide ®lm is structured in two layers with di�erent

properties even before the kinetic transition. In addition,

the porous layer in pre-transition ®lms represents an

important part of the total thickness at the beginning of

the oxidation.

The current modelization of the kinetic law generally

assumes the layer to be compact before the transition,

and partly porous after. Such a study has been published

recently by Garcia et al. [29], deducing the thickness of

the dense layer from the oxidation data and assuming a

simple di�usion model. As a consequence of the pre-

vious paragraph, such a modelization should take into

account only the dense layer and its evolution as a dif-

fusion barrier. Furthermore, since the porous layer

thickness is rather important during the ®rst days of the

oxidation, the kinetic should be controlled not by dif-

fusion processes but by interfacial processes during this

®rst period.

This bilayered structure oversimpli®es the actual

structure since it does not take into account the porosity

gradient evidenced by the soaking experiments: as soon

as the sample is immersed, two layers are seen, meaning

there is a region of immediate penetration. The evolu-

tion with the soaking time up to the steady state indi-

cates there is a gradient of porosity in the layer.

To our knowledge such a microstructure has not

been observed by TEM up to now; the external equiaxed

layer described by some authors (for example Pêcheur

[30]) should not be matched with our external porous

layer, as the thicknesses are rather di�erent. However,

the same kind of impedance studies as well as SIMS

studies of hydrogen pro®les through the oxide thickness

performed on Zircaloy-4 specimens oxidized in 415°C

steam [31] leaded to the same interpretation of the oxide

layer, constituted of a porous external part where the

hydrogen is highly concentrated and uniformly distrib-

uted, a gradient of porosity in the intermediate layer,

and a non-porous H-depleted and H-localized internal

layer.

5.3. Properties of each layer

The two layers exhibit very di�erent properties,

which are summarized below: compared to the inner

layer, the outer layer presents lower resistivity, higher

characteristic frequency and more stable dispersive in-

dex n. Its resistivity and characteristic frequency depend,

at least partly, on the electrolyte as it has been shown by

varying the H2SO4 concentration. We can hence in-

terpret the di�erence of these parameters between the

inner and the outer layer as the consequence of the

presence of the electrolyte in the pores of the outer layer.
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It is consistent with the fact that the electrolyte is more

conducting than the oxide, at least when the pores are

large enough, and with the physical meaning of a

characteristic frequency: higher the frequency, lower the

energy involved in the process which produces the fre-

quency dispersion.

We have no interpretation of the di�erence of the

dispersion indices. We can suggest that it could be re-

lated partly to the development of metal/oxide interface

rugosity (geometrical factors can lead to frequency dis-

persion). But some more theoretical work is needed from

solid physicists to know the physical meaning of this

parameter (and of the characteristic frequency).

5.4. Kinetic transition

We have seen that, before the transition, the outer

layer thickness is rather constant, as well as its char-

acteristic frequency and its resistivity. On the contrary,

the inner layer thickness increases, while for the Zy4±

1.2% Sn, its resistivity and dispersive index increase,

while its characteristic frequency decreases (the disper-

sive parameters are not available for the inner layer of

the Zy4±0.5% Sn, since this layer is very `compact', and

impedance spectra should have been recorded at much

lower frequencies). It means that the outer layer does

not change signi®cantly, while the `compacity' or

`barrier character' of the (Zy4±1.2% Sn) inner layer

improves. The same evolution of the inner layer

thickness and resistivity has been obtained in a similar

study on Zy4 [31], and reinforce our conclusions. Note

that the resistivity of the inner layer of Zy4±0.5% Sn

remains constant and very high before the transition. It

is perhaps to be correlated with the fact this layer is

very compact.

At the transition, the outer layer thickens and de-

grades (increase in characteristic frequency and decrease

in resistivity, which can be both related to an easier

penetration of the electrolyte in the layer). The inner

layer thickens but also evolves considerably, with

· an abrupt change in the dispersion index which

reaches the value of about 0.5,

· a decrease in the resistivity (at least for the Zy4±1.2%

Sn, as observed in Ref. [31]), and

· an increase in the characteristic frequency.

These last parameters are not depending on the elec-

trolyte concentration, and overall are very di�erent from

those of the electrolyte-soaked outer layer. Their evo-

lution should not be related to the penetration of the

electrolyte, but rather to some defects or cracks, not

connected to the outer surface. But again, more need to

be known about their actual physical meaning to in-

terpret further these results.

The evolutions of the dispersion parameters are

summarized through the global dispersion factor which

decreases before the transition and increases sharply at

this point. This parameter seems thus convenient to

detect the transition.

Several hypotheses exist in the literature to explain

the transition, involving tetragonal to monoclinic

transformation (which could create pores and easy

pathways down to the interface), relaxation of the

stresses, or degradation of the dense layer due to the

formation of interconnected cracks. From this study, we

are not able to rank the di�erent hypotheses, but it is

clear that both the outer porous and the inner barrier

layers degrade at the transition, though the related

microstructural change remains unclear. Both features

could contribute to a corrosion acceleration. A recent

study [31] suggests that the development of cracks in

itself does not lead to a corrosion acceleration: it ap-

pears when the cracks connect to the outer surface. A

relaxation of stresses throughout the whole oxide layer

could be compatible with our observations since both

layer evolves at the transition. But the actual stress

gradient, its evolution at the transition and the possible

cause of its evolution are still unclear.

Furthermore, if the acceleration takes place locally at

di�erent times, then the modeling of the oxide ®lm as

two homogeneous layers should be wrong: the inner one

should be represented itself by at least two RC circuits in

parallel, which would rise too much parameters for ®t-

ting. The thickness and properties ®tted with our

equivalent circuit should be considered as `mean' values,

which could explain the rather surprising fact that the

inner layer thickness does not decrease signi®cantly at

the transition.

5.5. Role of tin

Superimposing the impedance spectra of both alloys

in the Cole±Cole diagram evidences the drastic di�er-

ence in the dielectric dispersive properties: the dispersion

of the Zy4±0.5% Sn is much lower than that of the Zy4±

1.2% Sn. This result appears also on the global disper-

sion factor displayed in Fig. 6(e) and (f). The ®tted pa-

rameters exhibits the same behavior (Fig. 6): the

resistivities are higher for the Zy4±0.5% Sn, while the

characteristic frequencies are lower. Hence, the oxide

®lm appears more compact or less defected on the Zy4±

0.5% Sn. This is in accordance with the slower oxidation

kinetics of this alloy.

These characteristics should be related to the much

higher background of the Raman spectra recorded on

Zy4±1.2% Sn compared to the Zy4±0% Sn in another

study [5]. It was suggested that this di�erence in

background was due to the presence of more electronic

or point defects in oxide ®lms formed on Zy4±1.2% Sn,

possibly related to non-oxidized Sn atoms close to the

metal/oxide interface. Though the origin of the dielec-

tric dispersion is not established, such defects could

contribute to it, so that this hypothesis is reinforced.
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Another interpretation could be found in either the

di�erence in the tetragonal content as could be inter-

polated from the study by Barberis [4], or in the

stresses. We have no data concerning the last point,

and these hypotheses are not exclusive from the pre-

vious one.

6. Conclusion

We performed a careful analysis of EIS data on two

Zircaloy-4 type alloys with di�erent tin contents (0.5 and

1.2% Sn) corroded up to 140 days in 400°C steam. The

spectra were ®tted with an equivalent electrical circuit

consisting of two RC circuits in series, with frequency

dispersed capacitances. We have shown that:

· from the beginning of the oxidation, the oxide ®lm is

globally constituted of two layers, the outer one be-

ing porous (and soaked with the electrolyte), the in-

ner one being dense; an intermediate but rather thin

zone exists, where the soaking by the electrolyte is

slow,

· before the transition, the thickness and protective

character of the inner layer increase, while the outer

layer does not evolve,

· at the transition, both layers (thickness and dielectric

properties) evolve; particularly, the global dispersion

factor increases sharply at this point, and

· the oxide ®lm developed on the low tin alloy is much

more protective than on the other one.
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