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Electrochemical Behavior of Thin Anodic Oxide
Films on Zircaloy-4
Role of the Mobile Defects
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ABSTRACT

The first stages of the electrochemical oxidation of Zircaloy-4 are investigated using simple electrochemical tests and
modeling the passive film modifications occurring as a result of contact with the electrolyte. Variations in electrode
potential (open-circuit conditions) or current density (potentiodynamic scans) can be simply explained by a high field
(F ~ 10° V/cm) assisted passive film growth. Under open-circuit conditions, this field does not vary with exposure time
(in the 2 h to 48 h range). The minimum electric field for the onset of high-field behavior is also evaluated and found
smaller than the theoretical value which can be explained by a variation in the concentration of mobile defects through-
out the film. Measurements of the electrode potential decay after a potentiodynamic scan confirm this model, allowing
interpretation of the film modification as a combination of two separate phenomena: film growth under a high electric

field and point defect annihilation.

Introduction

The general context.—Zircaloy-4, which is a zirconium
alloy containing Sn, Fe, Cr, and O, is mainly used in the
nuclear industry, especially in pressurized water reactors,
as fuel cladding material. For safety reasons, the cladding
integrity has to be ensured for its entire working life in the
reactor core. In such a case, the oxidation rate of Zircaloy
in 300°C pressurized water has to be carefully controlled to
make sure that the mechanical properties of the cladding
are maintained and that the hydrogen uptake by the
cladding is not too high.

The general oxidation reaction of Zr alloys in water is
written as

Zr + H,0 - Zr0, + H,

The oxidation process is usually described in two steps
with a transition between a cubic and a linear oxidation
rate.”* The first part of the kinetics is classical; it is the
result of the oxygen diffusion through a growing oxide
layer®” It is generally accepted that after the transition,

* Electrochemical Society Active Member.

the barrier between the metal and the water consists of an
inner dense oxide layer with a constant thickness.?

It has been shown that the microstructure of the oxide
layer formed at the very beginning of the oxidation process
has a clear influence on the subsequent behavior.’” More
precisely, the initial structure of the oxide (in terms of its
grain morphology and size, marked preferential orienta-
tion, impurity content, and allotropic form of the oxide) are
closely linked to the occurrence of the destabilization of
the dense inner layer into a porous nonprotective one with
a consequent increase in oxidation rate.>**!

On the other hand, several works have also highlighted
the influence of irradiation on the oxidation behavior of
Zircaloy-4 or Ti.'*'* In order to further analyze the mech-
anisms which are implicated in such conditions, and espe-
cially the role played by irradiation defects, we first study
the electrochemical behavior of Zircaloy-4 without irradi-
ation, as a reference to be used later for those experiments
under irradiation conditions.

In this work, we focus on these first stages of the oxida-
tion process of Zircaloy-4 from an electrochemical stand-
point. We first recall the classical electrochemical proper-
ties of thin Zircaloy oxide layers. We then intend to model
the beginning of uniform oxide growth using the results of
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conventional electrochemical experiments performed at
room temperature, Special attention is paid to the role of
mobile defects within the oxide layer to help explain the
observed behavior.

Thin zirconium oxide film features.—In water as in air,
zirconium is immediately covered by a protective oxide
film. That leads Mankowski et al.** to classify Zircaloy-4
as a material which passivates spontaneously. This spon-
taneous passivation is detectable on a current-potential
curve by the absence of an activation peak. The gap
between the valence and the conduction bands is 5 eV.
Consequently, the native film is an n-type semiconductor

with a large bandgap.® Its thickness is at least 4 to 6 nm, ** |

and it can be considered as a thin film.

Zirconium, due to the nature and properties of its oxide,
can be included in the so-called valve materials.’”
According to Dignam,'® the two main characteristics of the
oxidation behavior of these materials are: (i) the necessity
of a high electric field to form an oxide film, i.e., 10°® V/em
or more and (i#) the formation of a film with a quasi-con-
stant stoichiometry. Moreover, Patrito et al. define valve
materials as materials in which the oxide blocks anodic
electronic transfer reactions but not cathodic ones.'”

Zirconium corresponds to these descriptions. Each esti-
mation of the electric field in the film leads to values high-
er than 10° V/em.** X-ray photoelectron spectroscopy
(XPS) measurements indicate that, for all the values of pH
studied, the stoichiometry of the thin oxide film is ZrO,,
even though a thin external hydroxide layer is also occa-
sionally mentioned.'® Moreover, Meisterjahn et al. indicate
that anodic electronic transfer reactions are completely
blocked while the cathodic ones can be achieved at poten-
tials close or below the flatband potential.*®

However, zirconium also exhibits features different from
other valve materials. The oxide films are amorphous on
Ta, Nb, or Al, while they are microcrystalline on zirconi-
um. Diffraction patterns obtained by transmission elec-
tronic microscopy (TEM) indicate that zirconia is consti-
tuted of tetragonal and monoclinic phases.**#* Similarly,
Ta, Nb, or Al have significant cationic transport numbers,
while zirconium is characterized by a very low transport
number for the metallic ions, t,,. ***% Thus, on films form-
ed with current densities between 1 and 10 mA/cm?
Davies et al.® found t,, values below 0.05. Khalil et al.2
measured a t,, value of 0.22 in a solution of 0.1 M Na,SO,
and a current density of 50 mA/cm?®. This value is the high-
est one found in the literature.

The diffusion paths of oxygen in zirconium oxide films
have also been studied. Whitton® deduced from his exper-
iments that oxygen migration does not take place through
the oxide bulk but through “easy” paths such as “defects,
holes, crystallite boundaries, etc.” It is generally accepted
that the easiest paths for oxygen diffusion are grain
boundaries.***" Ortega and Siejka, however, using the re-
sults of tracers techniques, proposed a different mech-
anism: the oxygen would migrate in regions of higher ionic
conductivity that were not necessarily limited to grain
boundaries.”

Whatever the oxygen diffusion path may be, since oxy-
gen ions are the only mobile ionic species, growth of the
film takes place at the metal/oxide interface. The zirconi-
um itself is a network former. The potential through the
layer is the result of the distribution of these mobile
anions and, according to Fehlner and Mott,? the film tends
to grow under a constant field. Nevertheless, a few authors
have measured electric fields in films with increasing
thickness.”*! These observations were done by galvanos-
tatic treatments with current densities equal or higher
than 1 mA/em®. It is worth noting that the thickness
dependence of the electric field has always been observed
for high potentials (50 V).

Di Quarto et al.” explain such an increase by the pres-
ence of a mobile ionic space charge while Rogers et al.®
correlate this phenomenon with the incorporation of
species coming from the electrolyte.® Indeed, the incorpo-
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ration of species such as sulfates, carbonates, or citrates
decreases the oxygen vacancy concentration and conse-
quently affects the ionic conductivity of zirconia and
therefore the electric field. The extent of incorporation
depends on the electrolyte but also on the formation cur-
rent density and the pH of the solution. Incorporation may
reach 0.1 SO} anions per molecule of ZrO, Leach and
Pearson developed a model for the incorporation of anions
coming from the solution.® According to this model, the
quantity of incorporated anions depends on the ratio
(anion)/(OH") at the external surface of the film. This cri-
terion takes into consideration the influence of pH and of
the imposed current density. Indeed, any variation of the
applied current density may modify the local concentra-
tion of ions, particularly at the oxide/solution interface.

In other respects, the structure of anodic zirconium
oxide films varies with the different electrolytes. Most of
the time, the oxide is dense. This is the case in H,SO,,
Na,S0,, and KOH. Sometimes, porous oxides are obtained
in solutions containing nitrate, chromate, dichromate, or
phosphate ions ??43

The main features of thin zirconium oxide films are then:
(¢) growth in the presence of a high electric field, (i) quasi-
constant stoichiometry, (iii) a very low cationic transport
number, and (iv) likely incorporation of species coming
from the electrolyte.

In this work, we study oxidation of Zircaloy-4. The main
difference between zirconium and Zircaloy-4 is the pres-
ence of intermetallic precipitates. Their surface fraction
can be estimated to be about 1.5% with an average pre-
cipitate diameter of 200 nm (volumetric fraction for this
alloy is 0.7%). These precipitates have been shown to un-
dergo a delayed oxidation compared to the Zr matrix.®
They constitute a short circuit for electronic conduction®
and are associated to the occurrence of side reactions on
the Zircaloys.’” Thus, electronic leakage may occur
through the precipitates. Nevertheless, Patrito et al.*’
showed that, below 2 V/SCE (saturated calomel electrode).
Their behavior is the same as pure zirconium and that side
reactions do not take place. This is no longer the case at
higher potentials.

We have studied the electrochemical behavior of
Zircaloy-4 through open-circuit potential (OCP) measure-
ments for long times (48 h). We also perform potentiody-
namic experiments as carried out by Meisterjahn et ql.'®
and Patrito et al.'” This leads to the determination of the
high field law parameters: j, and F*. Similar results to
these have already been interpreted by Kirchheim* for
other materials in terms of mobile defects. Thus, a specif-
ic experiment is performed to investigate the role of
mobile defects in the oxidation of Zircaloy-4.

Experimental

Material —Zircaloy-4 samples supplied by Cezus were
used. They are described in Table I. From the initial sheet,
12 mm diam pellets were obtained. They were mechanical-
ly polished using SiC papers (1000, 2400, and 4000). They
were then cleaned for 5 min with ultrasonic waves in a
bath composed of 50% methanol and 50% acetone. A mir-
ror surface was finally achieved by polishing with an OP-
S solution from Struers (0.04 um particles, pH 9.8). The
samples were then cleaned once more (for 5 min with
ultrasonic waves in a bath composed of 50% methanol and
50% acetone). The samples were exposed to air during a
period of 24 h before the experiment.

Table I. Composition of the studied material.

Material Weight composition (ppm)
Zircaloy-4 Cr 1100

Fe 2200

o] 1200

Sn 14400
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Electrochemical conditions.—The reference electrode
was a saturated calomel electrode (SCE). The counterelec-
trode was a sheet of platinum (8 X 8 X 0.3 mm). The work-
ing electrode was the Zircaloy-4 sample. The surface in
contact with the electrolyte was 0.237 cm’.

The experiments were performed in a solution of 1 M
Na,SO, with pH of 6.6, which was adjusted just before the
experiment. The solution was aerated.

The potentiostat was an EG&G Princeton Applied
Research Corp. 263. The typical procedure for each exper-
iment was to maintain the sample at the rest potential for
15 min before applying the desired conditions.

Different types of experiments were performed: () elec-
trochemical anodic potentiodynamic sweeps from the OCP
(after a delay of 15 min in the solution) to 2 V/SCE at
increasing scan rates from 0.5 mV/min to 1 V/min. A
potentiodynamic sweep was made by increasing the volt-
age every 250 ps (minimum time obtained for low scan
rates). Successive anodic potentiodynamic sweeps were
also performed (from the OCP to 1 V/SCE and then from 0
to 1 V/SCE). (i) OCP studies (from 15 min to 2 days). (i)
OCP studies after a potentiodynamic sweep (the sweep was
stopped at 1 V/SCE and the OCP was followed for 2 h).

Results

Evolution of the OCP.—Longtime experiments show
that the evolution of the OCP exhibits two domains (see
Fig. 1). Most of the time, the OCP varies linearly with time,
at least for 48 h, with a slope of 0.05 mV/min. Nevertheless,
during the first hours, the potential increases with time
according to a law which could be logarithmic.

Anodic potentiodynamic sweeps.—The curves corre-
sponding to each different scan rate are shown on Fig. 2.
As expected, no activation peak was obtained. For each
scan rate, a rapid increase of the anodic current density
was measured, followed by a plateau as described by
Patrito et al.'” A plot of the values of the current density at
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Fig. 1. Evolution of the OCP for 2 days.
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Fig. 2. Potentiodynamic curves obtained at different scan rates:
{a) 0.5, (b) 2, {c) 5, (d) 10, (e) 50, () 100, {g) 500, and (h} 1000 mV

min~".
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1 V/SCE (i.e., on the plateau) for each scan rate can be fit-
ted with a straight line (see Fig. 3) as

I=C(dvy/de) (1]

where C has a dimension of a capacity per area unit. Its
value is found to be approximatly 15 mF/cm’.

The plateau ends at a potential, E_, dependent on the
scan rate according to a logarithmic law with a slope of
approximately 90 mV/dec (see Fig. 4). This point, possibly
related to the oxygen evolution reaction, is not discussed
in this paper.

Repetitions of sweeps done on the same specimen imme-
diately after each other lead to results completely different
to those observed on the first scan (see Fig. 5). The meas-
ured current density appears to depend almost exponen-
tially on the imposed potential. Moreover, at 0.2 V/SCE,

 (pAsen?)

20

scan rate (mV/min)

Fig. 3. Evolufion of the current density at 1 V/SCE vs. scan rate.
The inset shows detail of the results at low scan rate.
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Fig. 4. Evolution of the end of the plateau, V,, vs. scan rate.
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the current density during the second sweep is two orders
of magnitude lower than during the first one. At 1 V/SCE,
it is only two times lower. During the third and fourth
scans, the current density is still decreasing and continues
to follow the same dependence vs. the imposed potential.
These experiments have been performed at different scan
rates (5, 100, and 1000 mV/min). The behavior was always
the same.

We have also observed for the lowest scan rate
(0.5 mV/min) that, even if the sweep is performed in the
anodic direction, there is a cathodic net current at the
beginning (see Fig. 2, curve a). Moreover, if the delay at the
OCP is decreased, this cathodic net current density is
observed up to higher scan rates. On Fig. 6, the sample was
left for 100 s at the OCP before the beginning of a poten-
tiodynamic sweep at 3 mV/min. A cathodic current is ob-
served during 500 s before becoming anodic, while it is
always anodic when the sweep begins after 15 min at the
OCP for scan rates higher than 0.5 mV/min (see Fig. 2).

Evolution of the OCP after a potentiodynamic sweep.—
The aim of this experiment is to study the return to equi-
librium of the oxide film after different growth conditions.
Thus, potentiodynamic sweeps at increasing scan rates are
performed up to V; = 1 V/SCE and then interrupted. The
evolution of the OCP is then recorded. A typical curve is
presented in Fig. 7.

In each case, as soon as the sweep is interrupted, we
measure a sharp decrease of the OCP. The amplitude, (V; ~
Ven)/(Vy — V), and rapidity, ¢, — t,, of the decrease
appear to depend on the previously imposed scan rate (see
Fig. 8a and b). After a low scan rate (e.g., 1 mV/min) the
OCP decreases for more than 2 h. After a scan rate of
1 V/min, the OCP reaches its minimum value,V,,,, after
3 min. Thus, the higher the scan rate, the shorter the
decrease of the OCP.

Another observation concerns V. For low scan rates,
this minimum OCP is higher than the OCP measured just
before the potentiodynamic sweep. On the contrary, for
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Fig. 6. Beginning of potentiodynamic sweeps in the anodic direc-
tion for ch‘c’gn rateg of :f‘:nv min~' after two delay times at the OCP:
100 s and 15 min. For the first delay fime, the scan rate is lower
than the rate of variation of the OCP (16 mV min'). The current is
then cathodic for 26 mV. On the other hand, affer 15 min at the
OCP, the scan rate is larger than the rate of variation of the OCP;
no cathodic current is observed.

high scan rates (>100 mV/min), the minimum OCP, V_,
reaches values below those measured before the sweep.
This point is not discussed.

Data Analysis

Rest potential.—The measured OCP can be decomposed
into three terms

V.

ocp

with Vy being the difference of potential through the
Helmoltz double layer, V,,, the difference of potential in
the other parts of the circuit, V; the difference of potential
through the film equal to FL, F the electric field in the
film, and L the film thickness.

Assuming that the potential is constant across the inter-
faces, it becomes

=Vg+ VotV [2]

dV,./dt = d(FL)/dt [3]

According to many authors, zirconium alloys grow
under a high-field-type mechanism.""** Bacarella and
Sutton* consider that this is only true for temperatures
below 170°C, which is the case in our experiments. With
this mechanism, the growth of the film can be written as

dL/dt = K exp (BF) [4]

where K is the kinetic constant, B = aZ¢3/kT,* k is the
Boltzman constant; T is temperature (293 K); « is the sym-
metry factor taken between 0 and 1 to describe the activa-
tion barrier for a jump (in the present analysis we assume
a reasonable value of a, i.e, 0.5); Z the charge of the
mobile species with a value of —2 since oxygen is the

to f *min time

Fig. 7. Schematic representation of an experiment consisting of
(1) a potentiodynamic sweep followed by {2} a record of the OCP.
k, is the fime at the beginning of the sweep, 1, at the end, and ¢,
the time for the OCP to reach its minimum value.
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mobile species; g the charge of an electron; and 8 = 2.7 A
(mean value between two O atoms in monoclinic ZrO,. *
This leads to

1/B = F* = 6.2 X 10° V/cm

where F* is referred to as the characteristic field for film
growth to operate following the high-field mechanism.

Assuming that for our experimental conditions the elec-
tric field is constant in the film, Eq. 3 and 4 imply that
dV,./dt is constant. This result should be obtained if there
is only film growth under a constant high electric field.
This is only the case after a long delay time. We are also
aware that such a result may be due to other phenomena
than film growth, but it is consistent with film growth. At
the begining of the OCP evolution (see Fig. 9), even if the
values are not always reproducible and appear to depend
on the initial surface features, V,,, follows a logarithmic
law described by Eq. 5

Vop = Vo + Aln (1 + t/7) [5]
where V, is the potential at t = 0, t is the time, and A and
T are constants.

During this period, we can then assume that one of the
two previous hypotheses is nc longer valid. Thus, Vu
and/or F probably vary in order to attain the steady-state
values encountered in the linear domain.

Potentiodynamic experiments.—The value of the capac-
ity obtained by plotting the current density at 1 V/SCE vs.
the scan rate is too high to be linked with the capacity of
the Helmoltz double layer. Indeed, in our solution, due to
the low concentration of our electrolyte, we can consider
the diffuse layer as one molecular layer. In this case, the
Helmoltz double layer is a few angstroms thick and its

capacity is estimated to be a few tens of wF/em?
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Fig. 9. Fitting of the beginning of the OCP evolution by a loga-
rithmic law: V=V, + Aln (1 + /1), where V, = —0.391 V, A =
0.098, and + = 700 s.

Moreover, since the oxide film is much thicker, its capaci-
ty is much lower (a few pF/cm?).

Keddam et al. observed the same phenomenon on stain-
less steel.*® They noted that the C value obtained was half
the value expected for the anodic formation of a ferric
oxide layer, assuming a 30 nm/V thickness potential de-
pendence. Similarly, we have checked that our C value was
compatible with the values of electric field classically
measured in zirconium oxide layers.

The necessary electric charge per unit area, do, to build
an oxide layer of thickness dL, is

do = vdL [6]

with v = (gz/6®) = 18480 C/cm® and z = 4 (charge of the Zr
cation).
Assuming a constant electric field throughout the film

FdL = dV; [7]
leading to a film growth-induced capacity
C = do/dV; = v/F i8]

The results shown in Fig. 3 suggest that C = 15 mF/cm?
whatever the scan rate, which leads to an electric field
F = 1.3 10° V/cm, whose order of magnitude is typical of
the electric field found in oxide layers. For instance, the
same calculation with the results of Brown et al." on Zr
and Zircaloy-2 in 0.1 M NaOH yields a value of F = 3 X
10°® V/cm. The plateau observed on our I-V curves can then
be directly related to the growth of the oxide film.
Nevertheless, more detailed analysis shows that F slightly
depends on the scan rate (see below), ranging from 1.1 X
10% V/em for s = 0.5 mV/min to 1.5 X 10° V/em for s =
1 V/min leading to 1.3 X 10° V/cm as an average value.

The preceding point indicates that the measured cur-
rents are in accordance with an oxide growth under a con-
stant high-field mechanism and are thus consistent with
the hypothesis of a minor role of the intermetallics at the
potentials explored. Repetitions of sweeps give a clue as to
the possible amount of electronic leakage through these
intermetallics.

Should the electronic leakage significantly contribute to
the plateau current, this current value would be nearly the
same for the first and the second sweep. It is clearly not
the case, at least for low enough potentials (typically from
+0.2 to +0.6 V/SCE where the current for the second
sweep is one or two orders of magnitude smaller than for
the first sweep). Thus, the polarization curves obtained for
the first sweep mainly correspond to passive film growth.

For the subsequent sweeps, we feel that electronic leak-
age contributes significantly to the measured current. This
current slightly decreases with the number of sweeps pos-
sibly due to a precipitate passivation.

These results are consistent with those of Patrito et al.*’
who do not find any evidence of side reactions at the inter-
metallics below 2 V/SCE. Moreover, in nitric solutions,
after dissolution of the intermetallics the current density
goes back to the value of the plateau and remains constant.
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Thus, the hypothesis of a minor role of the precipitates
in the present electrochemical approach appears to be rea-
sonable and in the following discussion the current on the
plateau will be considered as a film growth current.

At the beginning of the sweep, the current density is
probably due not only to the growth of the film. In fact, it
appears to be correlated to the evolution rate of the OCP,
dV,.,/dt, just before the potentiodynamic sweep. Indeed,
(dV,ep/dt) 15 is around 0.9 mV/min. We observed a cathod-
ic net current density only when the scan rate is lower
than the former value. On another hand, (dV,./dt),ss is
determined to be 16 mV/min and a sweep after 100 s at
3 mV/min results in a cathodic current density for 500 s.
As (AV,p/dt)15min < 3 mV/min < (AV,,/dt),4, the threshold
scan rate for which a cathodic net current density is
observed depends clearly on the evolution rate of the OCP
and, consequently, on the exposure time just before the
potentiodynamic sweep.

Discussion

Potentiodynamic experiments.—During a potentiody-
namic experiment, a potential, V, is applied across the
film. This potential can also be separated into three terms
as in Eq. 2. By differentiating Eq. 2, and assuming that V,,
is constant (as it results from the ohmic drop in the solu-
tion and from the potentials at the other interfaces than
those of the oxide film), we obtain the scan rate, s

s =dV/dt = dV,/dt + dVy/dt 9]

We observe a plateau on the I-V curves. Even if the current
density is not absolutely constant on this plateau, it varies
very slowly (not less than 3 V/dec). This plateau can be
analyzed as a quasi-steady-state event where the electric
field remains constant and leads to a growth of the oxide
film. The double layer may be assumed to be at equilibri-
um (dVy/dt = 0). Thus

dL/dt = j /v [10]

with j; the growth current density. Since V; = FL (see
Eq. 2), Eq. 9 can be written

s = LdF/dt + FdL/dt [11}]

Combining Eq. 10 and 11 yields
s = (Vi/F)sdF/dV + Fj /v [12]
dF/dV =1 - Fj/(vs)]F/V; = 0 [13]

Finally, we obtain
vs/js = F = F* In (j./j,) [14]

where s and j, are known experimentally. The plot of the
function vs/j; = f[In (j,)] (Fig. 10) should lead to a straight
line giving the values of the characteristic field F* [slope
of vs/j; vs. In (j)] and of j: F* = 0.9 X 10° V/em and j, =
7 X107 A/em?.

This F* value is smaller than that previously calculated
from Eq. 4 (F* ~ 6 X 10° V/cm). Such a difference was
already explained by Kirchheim®: when changing the cur-
rent density, j, through a passive film (which is the case
when the scan rate is changed), the system can react in two
ways: either by changing the electric field throughout the
film and/or by changing the concentration of moving
defects. These two phenomena are taken into account in
the following expression

dlnj=klnc + 1/F*dF [15]

with ¢ being the concentration of moving defects and k the
proportionality constant.

To calculate F* with our experimental values, we have
neglected any changes in the concentration of moving
defects and used

dlnj, = 1/F*dF [16]
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Fig. 10. Determination of the characteristic field F* and j, accord-
ing to Eq. 13.

By comparing Eq. 14 and 15, Kirchheim concludes that
any measurements of the current density or the potential,
using this approach, yield a value of F* which is smaller
than F% if the defect concentration increases with increas-
ing current density. Moreover, similar discrepancies were
obtained by Ortega with zirconium in citrate solutions.?
Indeed, he found values of F* varying from 1.1 to 1.4 X
10° V/cm, depending on the temperature (from 0 to 60°C),
without explaining the differences with the theoretical
values; however, he mentioned similar tendencies in vari-
ous glasses.

The evolution of defect concentration with scan rate
could also be an explanation of the observed increase of F.
In this case, F would remain constant whatever the scan
rate with a value which can be obtained by calculating the
slope of I = CdV/dt (Fig. 3) for dV/dt = 0. That leads to
Caviarwoy = 22 mF/cm® and thus to a value for the electric
field of 0.9 X 10° V/cm. That is the electric field that must
be present in the film under the open-circuit conditions.
Using the measured evolution rate of the OCP i.e.,
0.05 mV/min, and Eq. 13, we obtain j = 16 nA/cm’. As j, =
J/exp (F/F*), it leads to j, = 5 nA/cm?

In conclusion, the results of our potentiodynamic exper-
iments are in good agreement with the assumption of a
constant high field mechanism. Nevertheless, it could be
interesting to take into account in the modeling, the pres-
ence of defects at the film surface as in the bulk, since the
difference between F* and F* tends to indicate that the
concentration of moving defects in the film is high, as
already mentioned by Chao et al.*

OCEP after potentiodynamic sweep.—The OCP evolution
after a potentiodynamic sweep up to 1 V/SCE appears to
depend on the scan rate. After a rapid sweep, we measure
a large and fast decrease of the OCP, while after a slow
sweep, the OCP decrease is moderate. This results in an
increase of the ratio (V, — V,;;,)/(V, — V,,) and a decrease of
(tmin — t.) as the scan rate increases (see Fig. 7a and b).
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Such a behavior can be tentatively analyzed in terms of
the concentration of mobile defects® (see Fig. 11a and b).
At t;, when the potentiodynamic sweep begins, the electric
field in the film is F, and the concentration of mobile
defects is c,. At ¢, just before the end of the sweep, the
electric field F; can be written as

F, = Vu/(Ly + AL) (17]

with V; being the value of the difference of potential
through the film when V,, = 1 V and AL the film thicken-
ing during a sweep that is supposed to be independent of
scan rate.

During the potential sweep, the concentration of mobile
defects is increased from its initial value c, to c;. Just after
t,, when the sweep is interrupted, the film goes back under
open-circuit conditions and the same equation as Eq. 17
gives the value of the electric field, F,(¢,), just after the

cp

interruption
Foep(ts) = Viloep)/(L, + AL) (18]
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Fig. 11. Concentiration of mobile defects and electric field within
the ilm for different times: {f < &) is growth of the film at OCP under
constant eleciric field; {1, < t < F) the potentiodynamic scan; on the
plateau the elecric field and the concentration of mobile defects
increase; (t = #) the end of the scan; (# = #) the conceniration of
mobile defects is larger than before t = t, => F.{f,} is smaller than
E; (t >> &) the mobile defects are annihilated at the interface
oxide/solution and the growth continues on. The electric field
increases from F._({f,) to a new value F.{#; {a} is the high scan rate
and (b) the slow scan rate.
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with Vi(ocp) the value of the difference of potential
through the film under open-circuit conditions.

Since the film is under open-circuit conditions we can
assume that the current density corresponding to film
growth is constant. In these conditions, according to
Eq. 14, any variation of the moving defect concentration is
counterbalanced by a variation of the electric field within
the oxide film. Thus, the higher the value of moving defect
concentration, the smaller the electric field in the film, and
consequently, the lower the measured value of V{ocp).

As soon as the sweep is interrupted, the concentration of
moving defects, c,, is significantly higher than c,, resulting
in a low value of F,,(t,). Then, moving defects tend to
annihilate at the film-solution interface and the progres-
sive decrease of their concentration leads to a subsequent
increase of the electric field in the film. The combination
of both phenomena, the film growth and the defect anni-
hilation, gives a satisfactory explanation to the shape of
the OCP measurements (see Fig. 11a and b).

According to Kirchheim, since c, is directly correlated to
the current density through the oxide layer, it is reason-
able to think that c, will increase with the scan rate. Thus,
with a high scan rate, the value of F,(t;) is expected to be
relatively low and the sudden potential decrease more pro-
nounced. At the same time, as the concentration of moving
defects is high, the annihilation process is more efficient.
The resulting experimental curve is presented on Fig. 11a
for s = 100 mV/min. The OCP decrease is sharp but ends
rapidly. On Fig. 11b (for s = 1 mV/min), c, is expected to
be close to ¢, since at ¢, the imposed scan rate was not very
different from the growth rate of the film under rest con-
ditions. Then, the potential decrease is observed to be
quite soft and is due to the slow annihilation with low
concentration of moving defects; the stabilization of the
OCP occurs after a long time.

Thus, our results can be interpreted in terms of a con-
centration evolution of mobile defects in the oxide layer.

It is worth noting that these results are of the same nature
as the overshooting effects reported by Adams et al.** who
studied the electrical behavior of zirconium below the
oxygen evolution potential using aqueous solutions of
ammonium borate and sodium carbonate. They noted that
when the current applied to the zirconium electrode is
abruptly raised, the potential overshoots its final value
before returning to steady growth conditions. Similar re-
sults on niobium are interpreted by Young as an evidence
of ionic space charge which would take some time to read-
just as the current density was rapidly changed.* Vetter
notes that concentration of defects may play a role in the
overshooting effects while Willis et al.*” remarks that this
effect could also be explained in terms of a lag in the
increase of the surface concentration of active sites from
lower to higher steady values.

Finally, the preceding discussion tends to indicate that
the incorporation of extrinsic anions is a second-order
effect. Indeed, according to Leach and Pearson,* the high-
er the scan rate, the higher the incorporation of anions
coming from the electrolyte (SO}~ ions in our case). Such
an effect should result in a decrease of the concentration of
mobile defects with increasing scan rates which is in con-
trast to our results.

Conclusions

The OCP (V,,) time dependence (up to 48 h) is found to
provide relevant, although aggregate, information on pas-
sive film evolution when Zircaloy is immersed in the test
solution. For short exposure time (~2 h), a logarithmic
time dependence is apparent, possibly corresponding to
the onset of stationary behavior. For longer exposure times
(2 h to 2 days), V,, increases linearly with time, which
could be due to the film growth under a constant high
electric field (evaluated to be of the order of 10° V/cm).

Potentiodynamic experiments with different scan rates
(s) provide further information confirming high-field pas-
sive film growth, with an electric field varying from 1.1 X
10° V/em for s = 0.5 mV/min to 1.5 X 10° V/em for s =
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1 V/min. These experiments also allow determination of a
characteristic field, E* for the high-field mechanism
(growth rate proportional to exp [F/F*]). The value of F*
is found to be 0.9 X 10° V/cm. A theoretical assessment of
F* leads to F* = 6.2 X 10° V/cm.

The difference between the theoretical and experimental
values for the characteristic field is explained by the effect
of the concentration of mobile defects, ¢, contributing to
the film growth, as previously suggested by Kirchheim.
Further modeling is proposed, taking into account the effect
of ¢ on the apparent electric field deduced from the poten-
tiodynamic tests. The true electric field through the film, F,,
is assumed to be independent of s and is obtained from the
limit of F(s) at s = 0. It was found that F, ~ 10° V/cm.

The proposed model also predicts that the mobile defect
concentration increases with scan rate. Measuring the
OCP decay after a potentiodynamic scan up to 1 V/SCE
shows that the decay becomes larger and faster when s
increases, which is consistent with relaxation of the
mobile defects concentration.
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