a&a%z
T

ELSEVIER

Journal of Nuclear Materials 298 (2001) 297-308

journal of
nuclear
materials

www.elsevier.com/locate/jnucmat

In situ characterization of Zircaloy-4 oxidation
at 500 °C in dry air

J.J. Vermoyal *®>*! L. Dessemond ®, A. Hammou *, A. Frichet °

& Laboratory of Electrochemistry and Physical-chemistry of Materials and Interfaces,
UMR 5631 INPG-CNRS-UJF, 38402 Saint Martin d’Heres, France
® Framatome Nuclear Fuel, 10 rue Juliette Récamier, 69006 Lyon, France

Received 7 February 2001; accepted 29 June 2001

Abstract

The in situ oxidation of Zircaloy-4 at 500 °C in dry air was investigated by thermogravimetric analysis (TGA) and
electrochemical impedance spectroscopy (EIS). The coating of the alloy by a platinum film as electrode material was
observed as not to modify the oxidation kinetic properties. After an initial cubic rate law, a transition to a quasi-linear
curve occurs. The independence of the oxidation behavior to the Pt coupling is compatible with oxygen diffusion as the
rate-determining step. During the pre-transition step, the rest potential of the cell Pt/oxide/Zy-4, the color of the oxide
and the modulus of the single EIS signature indicate the high non-stoichiometry of the oxide. The kinetic transition was
proposed to be correlated to the degradation of the film into a partially porous layer. This alteration of the oxide is
associated to the appearance of a 1.2 V constant rest potential and the modification of the impedance diagrams in two
high modulus contributions. The Cole—Cole representation has been used to demonstrate that the time variation of
impedance spectra is related to the oxide growth. An equivalent circuit including two RC loops in series, whose ca-
pacitances are frequency dispersed, was proposed to be related to the film structure. Fitted data show that the thickness
of the assumed protective layer of the film, close to the metal-oxide interface, is time independent in agreement with a
constant oxidation rate. Finally, electrical properties of this inner layer were found to be quite different in pre- and post-

transition stage. © 2001 Elsevier Science B.V. All rights reserved.

1. Introduction

The thermal oxidation of zirconium alloys is gener-
ally described by an initial cubic or parabolic pre-tran-
sition stage followed by a quasi-linear variation law
[1,2]. The oxidation kinetics has been extensively studied
under several oxidation conditions (temperature, steam,
dry air and oxygen, etc.) in order to elucidate the
mechanism of oxide growth and breakdown [3]. Even
under similar experimental conditions, the comparison
of results shows discrepancies concerning the rate law
(cubic or parabolic) better describing the first step of the
kinetics [4]. The reaction mechanism was shown to de-
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pend on the chemical composition of the material [5], the
investigated temperature range [6] and the method of
surface preparation [7,8].

Attempts were made to characterize the oxide growth
by way of electrochemical measurements during its
formation. In both water and dry environments, the
oxide thickening occurs by oxygen migration [9] and a
noble metal film could be used to establish a suitable and
stable electrical contact at the oxide—gas interface. The
potential difference measurements were carried out be-
tween this external electrode and the alloy itself. Using
Pt film electrodes in steam and oxygen at 500 °C, Ur-
quhart et al. [10] reported the appearance of a potential
difference (600-700 mV — Zr negative) as soon as the
oxide thickness was larger than the precipitate size. They
proposed that the accelerated corrosion is associated to
the development of metal-negative potential difference
across the film. Different results were obtained by Beie
et al. [11] who performed similar experiments in dry
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oxygen between 300 and 500 °C. Prior to sputtering of
the noble metal used as electrode material (Pt), they pre-
oxidized the first set of Zy-4 samples for a duration
lower than transition time and a second setup to the
linear part of the oxidation curve. During oxidation with
Pt electrodes, they noticed a potential difference only for
the latter set of samples. Concerning the former and
even during long heat treatment, no potential difference
could be observed, although one would expect this, be-
cause the oxide should have grown to a thickness that
cannot be bridged by long intermetallics. Noting the
contrast with Urquhart results and despite the con-
tradiction with the emf observed for the thicker
pre-oxidized specimens, they suggested that high elec-
trostatic fields at the second phase particles could have
caused a local oxide breakdown. For f heat-treated
Zircaloy-4, Urquhart et al. [10] showed that a 15 nm Pt
layer did not modify the oxide film thickness after 24 h
in high temperature steam (500 °C, 1500 psi). On the
other hand, they reported a drastic increase in corrosion
resistance for a standard Zy-4 material Pt-coated (oxide
thickness: 3 pm) in comparison to an uncoated specimen
(oxide thickness: 250 pm). A catalytic effect was noted
by Fiegna and Weisberger [12] on pure Zr coated with
a Pt or Ag film (10-30 nm thickness) in water vapor at
450 °C and only with Pt coupling in oxygen. An accel-
erated corrosion reaction has also been observed at
700 °C in the case of gold-plated pure Van Arkel Zr foils
even if a pre-oxidized film is formed before evaporating
Au on the specimen [13]. These results show that the
coating of a noble metal on the electrochemical reaction
sites (ERS) of oxygen reduction (generally assumed to
be localized at the oxide—gas interface) is susceptible to
modify the oxidation rate if the determining step in-
volves this interfacial process [14], without any diffusion
of the noble metal into zirconia which could affect the
crystallite growth. In the case of oxygen diffusion con-
trol, the only influence of this metallic coupling on the
oxide kinetics would be related to the decrease in the
ERS number which could be covered by Pt particles.

The purpose of this study is to gain some insight into
the mechanism of Zy-4 oxidation, e.g. the kinetic tran-
sition to a non-protective oxide film, from information
recorded during its growth. In this paper, we report the
complementarity of two in situ techniques, the thermo-
gravimetric analyses (TGA) and the electrochemical
impedance spectroscopy (EIS), and the results obtained
by correlating weight gain measurements and electrical
properties of the oxide film.

2. Experimental
Sheets of Zy-4 were provided by Cezus (France). The

chemical composition is listed in Table 1 and the size of
the second phase intermetallics Zr(Fe,Cr), was esti-

Table 1

Chemical composition of the Zircaloy-4 sheets

Element Sn Fe Cr C (0] Si
wt% 1.4 022 0.108 0.01 0.12 0.0035

mated to be distributed between 150 and 400 nm.
Samples of 1-4 cm? by 0.1 cm were cut from the same
sheet and were decreased and ultrasonically washed
successively in acetone, ethanol and pure water for 15
min. In order to avoid a kinetic effect inherent to surface
preparation and to study material oxidation narrow
industrial use, no specific treatment was applied. Plati-
num films were deposited by RF sputtering (Plassys) in
high purity argon at room temperature. The noble metal
is extremely adherent and its thickness was estimated by
SEM examinations to be close to 0.5-0.7 um. For TGA
measurements, the entire surface of the sample was
coated (2-8 cm?) and for EIS measurements, only a
defined area of 1 cm? was used in order to achieve an
accurate geometry for the electrochemical cell.

EIS and TGA experiments were specifically per-
formed for a duration of 160 h in separated devices but
in the same oxidation conditions (500 °C, dry air). Zy-4
samples were set under dry air at 30 °C for 3 h and the
temperature was increased to 500 °C at the rate of
99 °C min~".

The potential developed across the growing oxide
was recorded during interruption of impedance mea-
surements using an SI 7157 multimeter (Schlumberger)
with a high input impedance (10! Q).

Five EIS studies were performed on a Pt/ZrO,/Zy-4
cell (Fig. 1). The current collecting was performed
through a thin Pt grid on the sputtered electrode and by
using a Pt wire (diameter 0.5 mm) spot-welded to the
edge of the sheet far from the Pt. At the end of experi-
ments, we checked that no oxide was formed at this
welded zone which could result in an additional elec-
trical contribution on impedance diagrams (insulating
risk). The identical impedance characteristics of EIS
measurements carried out at 500 °C with both the cur-
rent collectors verify that there is no additional parasitic
contribution due to aging of the welding. The electro-
chemical cell was placed in a furnace where the working
temperature was regulated at +1 °C. Measurements
were carried out with a Hewlett—Packard 4192A im-
pedance analyzer within the 5-13 x 10° Hz frequency
range. The low frequency part of diagrams (down to
103 Hz) was recorded with an autolab frequency re-
sponse analyzer (Ecochemie). Impedance measurements
were performed at rest potential by using a 10-150 mV
sinusoidal signal. We checked that both apparatus gave
the same response in the common frequency interval.
Experimental data were fitted with the equivalent circuit
software of Boukamp [15].
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Fig. 1. Scheme of the electrochemical cell.

The oxidation kinetics were characterized by ther-
mogravimetry using a symmetrical Setaram thermobal-
ance (TAG 24 S) with a 1 pg sensitivity. Corrosion test
samples for weight gain measurements were supported
by a quartz hock in order to avoid any coupling effect
with the Pt one classically used for such an experiment.

Thickness and microstructure of oxide films were
studied by scanning electron microscopy (SEM). Sam-
ples were prepared by standard metallographic tech-
niques, i.e., resin coated, abraded on SiC papers from
240 to 1200 mesh grit and then polished with diamond
pastes down to 1 pum.

3. Results
3.1. TGA measurements

Taking 1 pm for 15 mg dm™ [2,16], Fig. 2 shows the
variation of the oxide thickness as a function of time for
two Pt-coated and two uncoated samples. Similar TGA
behavior was recorded for both sets of samples. The
most important discrepancy represents 15% of the oxide
thickness after 160 h at 500 °C (Table 2) and could be
considered as weak in case of a material exhibiting really
different oxidation behaviors when coated with a noble
metal [10,12-14]. The oxidation curves could be char-
acterized by a cubic rate law followed by a transition to
a quasi-linear rate. The rate constant for Zy-4 and Zy-4/
Pt was estimated to be close to (0.096 + 0.025) pm h™*
and (0.088 £ 0.050) um h™', respectively. These values
are slightly higher than those reported in the literature
[17]. It is worth noting that these constants depend on
different experimental parameters (metallurgical micro-
structure, surface preparation) as mentioned in Section 1.
However, the film thicknesses at the transition were
evaluated to be around 2.3-2.5 um and 2.6-2.7 um for
coated and uncoated specimens, respectively, in a good
agreement with previously published data [2].

In the chosen experimental conditions, the Pt film has
a columnar structure (Fig. 3) as expected [18]. Accord-
ingly, as previously observed for two Pt-coated Zr alloys
coated in the same oxidation conditions [14], oxygen
diffusion is likely to occur through the several crystal
boundaries. However, the coverage of the Pt film is high
enough to identify its apparent area to the geometric one
for the external electrode [16].

3.2. EIS results

During the pre-transition stage, the electrical re-
sponse is firstly composed of the inductive contribution
of Pt wires (for frequencies typically higher than 10° Hz)
and the resistive contribution of the different elements
composing the electrochemical cell, meaning a negligible
oxide contribution. After several hours, a semi-circle
with an increasing amplitude as a function of time was
observed in the Nyquist plane (Fig. 4). After the kinetics
transition (26-30 h), impedance diagrams are composed
of two semi-circles, both characterized by a much larger
impedance modulus than during the pre-transition step
(Fig. 5).

In a previous paper [16], the electrical properties of
oxide films formed on Zr alloys in 360 °C water were
studied and the interest of using Cole-Cole diagrams to
determine the thickness of oxide layer was evidenced.
This kind of representation allows predominantly ca-
pacitive systems to be studied owing to the normaliza-
tion of the admittance by angular frequency
o (w =2nf). Assuming that the complex impedance
7t =7 — jZ", where Z' and Z" are, respectively, the real
and the imaginary parts, is equivalent to series associa-
tion of a complex capacitance C* = C' — jC” and a pure
resistance R., measured at high frequency (i.e., the
overall resistance of contacts and connection wires), the
expressions of C' and C” take on the following forms:

1 ZI/

) _ - -
“=u (Z =R + 2" M
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Fig. 2. Oxide thickness versus time for two Pt-coated (Zy-4/Pt: +-x) and two uncoated (Zy-4: o-) samples determined by TGA and
oxidation rate (—) versus time for (x) Zy-4/Pt specimen at 500 °C in dry air.

Table 2

Thickness of oxide films formed on coated and uncoated Zy-4
determined by TGA, EIS (room temperature, ¢ = 20) and SEM
(standard deviation is indicated within brackets)

Zr alloys Oxide thickness/pm

TGA IS SEM
Coated 14.8 (1.5) 15.3 (0.8) 15.1 (1.1)
Uncoated 15.6 (0.6) Id 16.8 (1.2)

Id: indeterminable.

!

o=t Z-R @)

(7 —R) + 2"
where R, is determined by the high frequency intercept
of the impedance diagram and the real axis in the Ny-
quist plane. These values are typically lower than 5 Q
influencing the Cole-Cole diagram shape only for fre-
quencies above 10° Hz.

Fig. 6 shows the Cole—Cole diagram recorded after
72 h at 500 °C. The oxide formed on Zy-4 exhibits di-
electric dispersion at high frequency (HF) followed by a
resistive contribution at lower frequency (note the
transition to a more vertical curve) as observed for water

corrosion [16]. This HF electrical response could be
relevant to the well-known constant phase element
(CPE) [19,20], often applied to Zr alloys oxides [21-25]
completed in parallel by a real capacitance C,,. This
complementary parameter is needed to account for the
real and finite values of the high frequency extrapolation
of the linear part of the curve [16].

Such a model could be related to the universal law for
the dielectric response proposed by Jonscher [26-28]
C* - COO + .LH’

(jo)

where C* is the complex capacitance of the film
(C*=C' —jC"), Cy is a pure capacitance related to the
oxide thickness and defined as the value of the capaci-
tance C’ for infinite frequency. C,, is obtained from the
high frequency intercept of the linear extrapolation de-
fined by the experimental curve on the real axis in the
Cole—Cole plane. B is a constant related to the dielectric
dispersion and » is a constant parameter, the dispersion
index, characteristic of the constant phase angle between
the real axis and the experimental curve.

In order to relate C,, to the oxide thickness d, the
value of the oxide relative permittivity ¢ at 500 °C is

3)
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Fig. 3. Fracture cross-section of the external part of an oxide film formed on Zy-4/Pt samples. Specimen was exposed at 500 °C for
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Fig. 4. Experimental Nyquist diagrams recorded in pre-transition period after 2.5 (x) and 8.5 (-) hours and simulated points (o) (see

text for further explanations).

required to use the planar capacitance expression
d = &:604/Cw, where & is the vacuum permittivity and 4
is the area of the sputtered Pt electrode (assuming the
homogeneity of the oxide layer). Therefore, after the last
EIS measurements at 500 °C, the temperature was
quickly decreased to avoid any further significant oxi-
dation. By assuming that the thickness of the oxide film
was not modified during cooling between 500 °C own to

room temperature, the following relation could be ap-
plied:

CSOO °C

)

€500 °C = €25 °C
Cos oc’
where Css oc, Cspo °c, €5 oc and e&sp oc are the capaci-
tance and the permittivity at, respectively, 25 and 500 °C.
Taking &5 -c =22 [16], a value of &sp .c =24 was
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Fig. 6. Cole—Cole diagram obtained after 72 h in dry air at 500 °C.

obtained and this corresponds to a physically reasonable
increase of 10% between 25 and 500 °C. A good corre-
lation between oxide thickness values determined by
both TGA and EIS was achieved on the basis of C.
extrapolation (Fig. 7). Accordingly, any modification of
an impedance diagram is relevant to the oxide growth
and confers validity to the different assumptions (tem-
perature dependence of ¢, Jonscher’s relation).

During the pre-transition step, the cell potential is of
few millivolts (=5 mV) and the color of the film (ob-
served at room temperature) is black. After the kinetics

transition, the potential increased sharply to 1.2 V (Zr
alloy negative) and remained constant until the end of
experiments. Concurrently to this electrical modifica-
tion, the film became light brown.

3.3. SEM observations

Fig. 3 shows the external part of an oxide film formed
on a Pt-coated Zy-4 specimen (5 pm under platinum
film for a 15 um total oxide thickness). During the
pre-transition, the observed oxide layer appears to be
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Fig. 7. Variation of the oxide thickness as a function of time determined by TGA (—) and EIS (o).

quite homogeneous and dense. After the kinetics transi-
tion, SEM observations reveal the existence of lateral
cracks distributed all through the oxide. These cracks
have been often related to the kinetic transition and
would appear during the relaxation of compressive stress
in the oxide [29]. At the end of experiments, the oxide
thicknesses determined by SEM examinations are in
agreement with the values calculated by TGA and EIS
(Table 2).

4. Discussion
4.1. Electrical characterizations

No modification of both the magnitude and fre-
quency distribution of all recorded impedance diagrams
was detected by varying the amplitude of the measuring
signal between 10 and 150 mV. Accordingly, each semi-
circle was related to the oxide response and not to in-
terfacial process (electrochemical reduction or charge
transfer processes).

During the pre-transition step (Fig. 4), the single
semi-circle could be unambiguously associated to the
parallel combination of a capacitor Cp,. (Jonscher form)
and the total resistance of the oxide film, Ry resulting
from the ionic and electronic contributions (Fig. 8).

Referring to the literature on the zirconium alloys
oxidation [2], the oxide film would degrade to a partially
porous one during the post-transition step. The well-
defined semi-circle diagrams recorded after the kinetics

transition are in agreement with such a microstructure
modification of the oxide layer, each layer being char-
acterized by proper conductivity and dielectric constant
values. Ry poq and C pose represent, respectively, the re-
sistance and the Jonscher capacitance of the HF post-
transition contribution and R, o and C, ,0¢ account for
the layer depicted by the low frequencies (LF) signature.
As shown in Fig. 8, both parallel circuits are connected
in series. At this stage, it is worth emphasizing that
simulation of experimental IS data was performed ac-
cording to a parallel equivalent circuit (e.g. both electric
contributions connected in parallel), as could be as-
sumed in case of localized pathways of highest conduc-
tivity within the film. No dispersion parameters could be
calculated satisfactorily although resistances were fixed
to values easily determined from Nyquist diagrams.
The corresponding fitting results are presented in
Figs. 4 and 5. As seen on Nyquist diagrams, the resis-
tance values were easily determined and the discrepancy
on calculated electrical parameters was estimated to be
lower than 5%. The capacitance values (close to a few
nanofarads) are in concordance with the expected di-
electric properties of such oxide films. Fig. 9 shows the
variation of each layer thickness versus oxidation time
calculated from EIS measurements and compared to
TGA results (taking éespp .c = 24). During the first ki-
netic step, Cyr. Obviously matches C,, value in agreement
with the single oxide layer model associated to the cubic
rate law. As for the post-transition step, the HF thick-
ness obeys an increasing law similar to the time depen-
dence of the total oxide thickness whereas the thickness
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Fig. 8. Equivalent circuits used to fit experimental impedance diagrams for (a) pre-transition and (b) post-transition period.
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Fig. 9. Variation of the oxide thickness versus time deduced from EIS diagrams for post-transition HF (o) and LF (x) layers. Total
oxide thickness determined from EIS (e) and TGA measurements (continuous line).

of the LF signature is nearly constant to 1.1 um for
times up to 120 h (Fig. 9). Finally, one can notice that
the sum of both layers’ thicknesses perfectly matches the
total oxide one estimated from TGA or C,, value.

The dispersion index np. of the pre-transition con-
tribution slightly decreases as a function of time,
whereas the 7 o and my pos parameters are nearly
identical and independent of time (about 0.55 4 0.03)
(Fig. 10). Whatever the oxidation period (pre- or post-

transition step), the resistances of all contributions are
increasing functions of the oxidation time (Fig. 11).
However, the increase rate for R is drastically higher.

4.2. Oxidation kinetics
4.2.1. Pre-transition

In the pre-transition step, the decreasing rate law was
often reported to be closer to a cubic growth kinetic
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Fig. 11. Variation of the resistances Ry (O), Ri post (X), and Ry post (0) as a function of time.

curve than the parabolic kinetics predicted by the
Wagner-Hauffe theory [29-32] and specially in the case
of Zy-4 oxidation at 500 °C in dry air [30]. It is believed
that the cubic kinetics arises because the diffusion pro-
cess controlling oxide growth is not in fact homogeneous
in a uniform solid, as required by this theory, but is
tightly localized at crystallite boundaries within the ox-
ide [1]. The deviation from the parabola curve was also

proposed to be due either to stress growth during the
transport of oxygen across a dense oxide layer [2] or to
grain size evolution [33]. Noting that the mean crystallite
size increases initially as the oxide thickens, Garcia and
coworkers [34,35] proposed a qualitative diffusion model
considering the dynamic processes of crystallization and
recrystallization during oxidation. The modification of
the oxygen diffusion coefficient, by decreasing the
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number of short-circuit paths within the oxide, is likely
to describe the cubic behavior for the pre-transition.

Identical oxidation behaviors of Pt-coated and un-
coated Zy-4 samples (Fig. 2) clearly evidence the per-
meability of the noble metal film to oxygen in agreement
with previously published results [10]. The nature of the
ERS of oxygen reduction is still under controversy. On
the one hand, the ERS are presumed to be the second
phase particles Zr(Fe, Cr),. Evidences show that these
intermetallics oxidizing after the Zr matrix are localized
regions of high conductivity [36,37]. Although they are
generally thought to give rise to short-circuits [22,38],
the pathway of the electrons through the oxide film has
not been completely identified. On the other hand, the
preferred sites for cathodic reduction were shown to be
most readily scratches and cracks and not the second
phase particles in thin oxides [22].

In case of Pt-coated sheets, the ERS (whatever their
location) do not seem to be modified by the noble metal
film and the oxide growth does not depend on this pa-
rameter. Taking into account that IS investigations re-
veal only one electrical contribution and that no
interface process is rate-determining, the cubic kinetics is
compatible with the accepted classical assumption of
oxygen diffusion through a dense oxide film.

Both low emf values and black color of the oxide
suggest a high level of non-stoichiometry of the oxide
and a main electronic conduction process [1,10]. The
electronic contribution could be regarded as resulting in
either of the intrinsic properties of the oxide or mostly of
the precipitates’ contribution. As a complement, the
increased resistive properties of the film during anneal-
ing indicate that no short-circuits or charge percolation
process occurred. Accordingly, without any micro-
structure modification, the electrical signature was as-
cribed to a single dense oxide. The time variations of the
oxide resistance do not obey the cubic kinetic law of
oxidation in contrast to the reciprocal capacitance.
Thus, the resistance increase during the pre-transition
step is not only related to a simple growth geometric
effect, but could be associated to:

e a modification of the oxide stoichiometry,

e a progressive oxidation of the second phase particles,

e a modification of the ionic and electronic transport
numbers during the oxide growth.

4.2.2. Post-transition

As observed previously by Urquhart et al. [10], an
increase of the cell potential can be related to the ki-
netics transition. For the post-transition step, the sig-
nificant variations of both color and impedance
modulus of the oxide can be viewed as indicative of an
increasing stoichiometry of the film. The slight different
rate constant values between coated and uncoated
specimens were assumed to result from the imposition of
an equipotential on the oxide surface due to the high

conductivity of the sputtered platinum [10]. Neverthe-
less, no interpretation has actually been established. At
the transition point, the oxide layer was often seen to
lose its protective character [2], resulting in a more direct
access of corrosion environment close to or at the metal
surface. These changes would be correlated to the large
access of oxygen through the porosity of the degraded
layer and to the resulting decrease in oxygen vacancies
and electron concentration.

By assuming a partial degradation of the oxide into a
porous layer (HF electrical signature) and a barrier layer
(LF signature) [16], IS measurements indicate a time
independent thickness of the dense part during the
quasi-linear part of the kinetics. This observation agrees
with an oxygen diffusion through a film of constant
thickness. The thickness of the barrier layer
(1.1 £0.15 pm) is contained between the values deter-
mined by optical [29] and IS [39] investigations of oxide
layers formed in high temperature water (2 um) and
those estimated by IS measurements on different Zr-
based materials in a 400 °C steam (0.85-1.2 um) [40].
Noting that IS data give an average indication in rela-
tion to the whole electrode area investigated, the ap-
parent constant thickness of the dense layer might result
from a vast number of localized degradations and so, to
a multitude of repeated cycles of cube-root kinetics [29].
Accordingly, the observed linear post-transition kinetics
would be the average corrosion rate.

During the constant rate oxidation, both the resis-
tances of porous (R; post) and dense layers (R post) in-
creased as a function of time. The product R; 05 Ci, post
which represents the resistivity of the layer (for a con-
stant dielectric permittivity) does not depend on time.
This result suggests a simple geometric growth of the
porous layer. This observation is supported by the
constant value of the potential which could be regarded
as the IR drop through the outer porous layer since Pt
coating is supposed to lose the contact with the ERS
when the oxide becomes porous.

As for the dense layer in pre-transition, the resistance
of the barrier layer (LF) does not obey the same law as
the kinetic curve. R, oy increases as a function of time
indicating a modification of the dense layer resistivity
since its thickness is constant.

The electrical properties of the protective layer were
observed to be quite different in pre- and post-transition
owing to the modification of the dispersion index n. By
EIS characterization in liquid medium at room tem-
perature, Barberis and coworkers [41,42] also reported a
considerable evolution of the dispersion index of the
inner layer relative to Zy-4 oxide formed in a 400 °C
steam. Although the physical meaning of the dispersive
parameter is still to be identified, the degradation of the
oxide resistance to corrosion could be correlated to the
alteration of the electrical ‘barrier character’ of the pre-
transition film. In the same way, the final values of n are



J.J. Vermoyal et al. | Journal of Nuclear Materials 298 (2001) 297-308 307

close to those determined in this study (0.55). In con-
nection to kinetics properties, it is worth noting that
these values could be related to a diffusion mechanism
0.5).

As shown in Fig. 9, the two electrical signatures ap-
pear after the kinetics transition. The modification of the
oxide film in two layers could then be the consequence of
the transition rather than the origin. On the other hand,
the electrical difference properties of both layers could
not quite be electrically differentiated after the kinetics
acceleration to be immediately observable. The view of
each signature would be delayed to a longer time so it is
not possible to conclude about the mechanism of tran-
sition initiation.

5. Conclusion

The Pt independent behavior of Zircaloy-4 is asso-
ciated to a rapid transition from a cubic to a linear ki-
netic law. This behavior agrees with an oxygen diffusion
rate determining step. Electrochemical measurements
show the initially high non-stoichiometry of a single
barrier layer in which degradation into a partially po-
rous oxide at the kinetic transition was proposed. In
post-transition, impedance spectra are characterized by
two contributions associated to the electrical responses
of a barrier layer and a porous one. The linear corrosion
rate was interpreted as the diffusion limited transport
through the inner layer with an average constant
thickness of about 1 um. Further work will have to ex-
plain the relation between electrical and mechanical
properties in order to shed some light on the progressive
and constant degradation of the porous part of the
oxide.
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