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We report an investigation of the pitting corrosion susceptibility of Zircaloy-4 alloy in
presence of radiolytic chloride, nitrate and hydrogen peroxide. The electrochemical
behavior of Zircaloy-4 was essentially studied using cyclic voltammetry and
electrochemical impedance spectroscopy to provide an indication of mechanisms and
oxide layer modifications. The experiments have shown that the pitting corrosion behavior
is dependent on the concentration of these radiolytic species in tritiated water. Nitrate
shows pronounced inhibitory action due to adsorption of the ammoniac formed on the
passive oxide layer buffering the pH, which stops pit initiation and assists repassivation of
the oxide surface. The presence of both hydrogen peroxide and NO−3 produces other
effects. The passive oxide layer is thicker and its characteristics change in the bulk. Also,
pit initiation is stopped whereas it is more difficult to obtain repassivation of existing pits.
This can be explained by the capability of 3H2O2 to oxidize the surface and thus enhance
passive oxide formation. But, in this case, NO−3 /N

3H+4 adsorption should be hindered by the
3H2O2 present and consequently there is less buffering of the surface pH limiting
repassivation of the existing pits. However, with these two combined effects: pH kept
constant on the Zircaloy-4 surface and enhancement of the oxide layer intrinsic
characteristics, less pitting is observed than in presence of chloride ions alone.
C© 2000 Kluwer Academic Publishers

1. Introduction
In this work, the passivity and pitting aspects of
Zircaloy-4 with respect to its application in nuclear re-
processing installations were studied using radioactive
aqueous solutions. The specific case involved here is
tritiated water which is an internalβ− radiation source.
Tritium decays with the emission of aβ− particle and
aγe antineutrino in tritiated water. The energy released
decomposes water molecules along the path of the par-
ticle. Effects ofβ− particle energy and radiolytic prod-
ucts due to tritium were recently published by our lab-
oratories for other alloys [1–6]. The reaction occurring
in this decay is:

3H2O→23He+O•+ 2β− + γe Emax= 18.6× 2 keV
(1)

∗ Author to whom all correspondence should be addressed.

The tritiated water molecules are ionized leading to the
chemical reaction stage. The overall radiolytic reaction
is:

23H2O+ β− → 3H•,
3HO−2 ,

3HO2 . . . ↔ 3H2O2+ 3H2 (2)

This reaction leads to the formation of tritiated hydro-
gen peroxide. The pK (equilibrium constant) for3H2O2
and 3HO−2 is 12 as shown in [7]. Therefore, in the
present study, realized at neutral pH, it can be expected
that the electroactive form does not predominate.

Relatively concentrated solutions of nitrate are pro-
duced in tritiated water reprocessing installations. This
can be explained by the effect ofβ− particles on
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nitrogen in the air used for gaseous tritium oxidation.
The reactions are from Refs [8–10]:

N2+ β− → 2N• (3)

N• + 43HO−2 → NO−3 + 23H2O+ 3O• (4)

The presence of chloride is explained by the fact that
tritium in tritiated water is easily taken up (∼3%) in or-
ganic polymers by chemical bonds, e.g., (–R–3H, Cl–)n.
As with water, theβ− particle energy decomposes or-
ganic polymers. The decomposition reaction for the
polyvinyl chains is:

(–R–3H,Cl–)n + β− →
(−R′–3H2–

)
n′ + nCl− (5)

Similarly, the formation of ammoniac from breaking
the polyimine chain bonds withβ− radiation is ob-
served. Mass spectrometric analysis of the gases shows
a significant concentration of this species.(

3H
R>C=N–

)
n

+ 2(n′ + 2n)3H• + n3H2O+β−

→ (
–R′−3H2–

)
n′ + nN3H4O3H+ nC3H4 (6)

The choice of Zircaloy-4 as alloy in the nuclear plants
is justified by all the qualities of its passive layer. Ox-
idation of Zircaloy under electrochemical conditions
has received a great deal of attention [11–15]. It is well
known that its corrosion resistance is due to the protec-
tive capacity of its passive oxide layer but unfortunately
with chloride and powerful oxidants, local depassiva-
tion by cracking of oxide layers can occur, leading to
pitting. However, nitrates act as inhibitors. We have
found nothing in the literature for a mixture of these
three species. For these different reasons, the behavior
of Zircaloy-4 was studied using tritiated water contain-
ing chloride, nitrate and hydrogen peroxide over a wide
range of passive potentials.

2. Experimental equipment and procedure
The tritium concentration in tritiated water was deter-
mined using a Cetaram microcalorimeter. To suppress
any uncertainties, the experiments were carried out at
the same tritium concentration (16%3H2O) to ensure
that there was no variation in the amount of radiation
energy arriving at the oxide layer. In each corrosion
test, tritiated hydrogen peroxide was analyzed by poten-
tiometry and the desired concentrations were obtained
by electrolytic reduction. The chloride and nitrate con-
centrations were measured with specific electrodes in
order to determine their effects on the behavior of the
Zircaloy-4.

The measurement sequence for electrochemical
impedance spectroscopy in passivity was: (1) to apply a
given potential,E , to achieve the stationary current be-
fore obtaining the impedance spectrum, (2) to shift the
potential in a positive direction up toE +1E , then to
obtain the impedance spectrum with good reproducibil-

TABLE I Chemical composition of Zircaloy-4

Elements Sn Fe Cr O Zr

Weight% 1.45 0.21 0.10 0.01 bal.

ity at this new potential, (3) to repeat the sequence from
point 2 in the potential range. Applying this procedure,
it is possible to demonstrate oxide thickening. The Circ-
elec computer program written by Diardet al. [16, 17]
was used to interpret the experimental impedance di-
agrams to obtain values of the electrochemical com-
ponents. The working electrode was a Zircaloy-4 rod
embedded in a Teflon holder. The reference and aux-
iliary electrodes were, respectively, saturated calomel
(SCE) and platinum electrodes. Prior to use, the work-
ing electrode was mechanically polished using 1000
mesh grade silicon carbide sheets, then with diamond
paste down to 1µm.

The composition of the Zircaloy-4 is given in Table I.
The used zircaloy sample was processed by hot rolling
followed by recrystallization annealing for 2 hours at
650◦C under vacuum. Its surface was examined with a
scanning electron microscope and it was found that the
alloy sample is characterized by an equiaxial grain size
of 25µm diameter.

3. Experimental results
Before discussing the shape of these curves and their
interpretation we must provide details of the devel-
opment of the experimental study. Initially, we de-
scribe the overall effect on the polarization curves when
Cl−, NO−3 and 3H2O2 are present together. Next, us-
ing voltammetry or electrochemical impedance spec-
troscopy, we study each of these species alone or in
groups of two or three to show the individual and re-
ciprocal influence on pitting corrosion and passivity
phenomena.

3.1. Anodic polarization curves
In the polarization curves (Fig. 1), the passive currents
are higher with increasing3H2O2. The corrosion po-
tential does not change with3H2O2 presence. In the
transpassivity, it is observed that the repassive poten-
tial decreases whereas the pitting potential increases
and the pitting current increases with3H2O2.

3.1.1. Analysis and interpretation of
polarization curves

The interpretation for higher passive currents could
be that3H2O2 thickens the oxide layer forming con-
straints. At more negative potentials than the corro-
sion potential, the current should correspond to the
3H2O2 reduction with formation of O3H−. It can be
seen that3H2O2 reduction is not really involved. This
results from the ZrO2 layer which is already present and
partially inhibits3H2O2 reduction by greatly limiting
the passage of current in the oxide, which behaves as
an insulating capacitance. The ZrO2 presence at these

1760



Figure 1 Polarization curves with chloride, nitrate and hydrogen perox-
ide.v: 5 mV s−1, A: 0.2 cm2, pH 6, 0.1 mol dm−3 Cl−, 0.1 mol dm−3

NO−3 , 1: 3× 10−2, 2: 5× 10−2, 3: 7× 10−2, 4: 0.1 mol dm−3 3H2O2.

negative potentials is shown in the Pourbaix electro-
chemical equilibrium diagram [18] for zirconium. The
corrosion resistance results from its strong affinity for
oxygen resulting in the formation of a thin protective
layer of oxide spontaneously formed at the lower poten-
tials. Nevertheless, oxidation of Zircaloy-4 continues
to occur by the following anodic and cathodic reac-
tions throughout the passive oxide layer with a very
low oxidation current of a fewµA cm−2. To simplify,
Zircaloy-4 is represented by the symbol for zirconium.

Cathodic sites:

3H2O+ e− → O3H− + 3H (7)
3H2O2+ 2e− → 2 O3H− (8)

The cathodic currents in the above reactions are:

ic1 = −2kc1 F [3H2O]νredexp
−eE

kT
(9)

ic2 = −2kc2 F [3H2O2]νredexp
−eE

kT
(10)

Anodic sites leading to passive oxide layer thickening:

Zr+ 23H2O→ ZrO2+ 43H+ + 4e− (11)

As above, the anodic current is:

ia = 4kaF
[3H2O

]νox
exp

2eE

kT
(12)

In Equations 9, 10 and 12, the differentka,cn are the
anodic and cathodic reaction rate constants,k the
Boltzmann constant,e the charge of the electron,ν

the electrochemical reaction orders andE the applied
potential. From these equations, acidification and alka-
lization occur at the surface which can locally modify
the pH (Equations 7, 8, 11). In fact, nitrate should act to
keep the surface pH buffered by means of chemisorbed
N3H+4 film formation. Also, it will be shown later that
oxide formed with NO−3 present is definitely more pro-
tective than that formed in its absence, or in its presence
with that of3H2O2. 3H2O2 should certainly be respon-
sible for removal of an adsorbed N3H+4 film leading to
a repassive potential shift in the negative direction. Ac-
cording to Fig. 1, the oxide layer formed under these
conditions is associated with localized corrosion by
Cl−, and has been identified as participating in pro-
tection depending on all the radiolytic species present.
The result is that, for this medium, the properties and
composition of the oxide should be different from those
obtained in the absence of3H2O2 and NO−3 .

3.2. Voltammetric curves
The use of relatively fast scan rates is unusual in cor-
rosion testing, and the justification for this technique is
given by Morris and Scarberry [19] and Darowicki and
Krakowiak [20]. With the rapid-scan voltammograms,
we expect to find more easily the variation of pitting
and repassivation potentials and the maximum current
in pitting, first with only chlorides (Fig. 2) then, with
both chloride and nitrate (Fig. 3) and finally with differ-
ent3H2O2 concentrations and with NO−3 and chlorides
(Fig. 4). In these figures, the “pseudo” active peak of
a fewµA indicates oxide rearrangement by thickening
according to Equation 11.

Figure 2 Voltammetric curves with chloride alone.v: 200 mV s−1, A:
0.2 cm2, pH 6, 1: 4× 10−2, 2: 6× 10−2, 3: 8× 10−2, 4: 0.1 mol dm−3

Cl−.
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Figure 3 Voltammetric curves with chloride, nitrate and without hydro-
gen peroxide, a: expanded current scale, b: higher current scale.v: 200
mV s−1, A: 0.2 cm2, pH 6, 0.1 mol dm−3 Cl−, 1: 3× 10−2, 2: 5× 10−2,
3: 7× 10−2, 4: 0.1 mol dm−3 NO−3 .

3.2.1. Analysis of voltammograms obtained
with Cl−

In the passive domain (Fig. 2), the anodic current
increases slightly, signifying a mismatch with Cl−.
Nevertheless, the passive current before pitting is very
low. The passive potential range is smaller at higher
Cl− concentrations. In the transpassive-passive region,
the pitting and repassive potentials shift dramatically to-
ward smaller values with higher Cl− concentration. The
interpretation is that the pit propagation and pitting in-
crease with chloride present. In fact, Energy dispersive

Figure 4 Voltammetric curves with hydrogen peroxide, nitrate and chlo-
ride, a: expanded current scale, b: higher current scale.v: 200 mV s−1,
A: 0.2 cm2, pH 6, 0.1 mol dm−3 Cl−, 3× 10−2 mol dm−3 NO−3 , 1: 3×
10−2, 2: 5× 10−2, 3: 7× 10−2, 4: 0.1 mol dm−3 3H2O2.

X-ray analysis reveals the presence of Cl in the passive
oxide layer (Fig. 5) for the sample used in voltammo-
grams after a cleaning procedure. Also, chloride crosses
the oxide layer by diffusion.

3.2.2. Analysis of voltammograms obtained
with NO−3 and with Cl−

In Fig. 3, the passive potential range is wider with NO−3
present. In the transpassive region, the maximum pit-
ting current decreases and the pitting and repassive
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Figure 5 Energy Dispersive X-Ray analysis examinations. Peaks of el-
ements in Zircaloy-4 and peak of Cl showing its presence in the oxide
(sample of Fig. 2).

Figure 6 X-Ray Photoelectron Spectroscopy of Zircaloy-4 after passi-
vation showing presence of N3H+4 on the oxide. a: XPS spectrum of N1s

peak, 1: N3H+4 , 2: N3H3, b: XPS spectrum of Zr3d peak.

potentials shift toward higher values with increasing
NO−3 concentration. Evidently, the oxide layer is clearly
more protective, and in this case pitting is more diffi-
cult to obtain, as observed by Clayton and Olefjord
[21, 22]. To investigate the nature of the passive layer
formed under these conditions on the Zircaloy-4 sur-
face, the oxide surface was analyzed by X-ray photo-
electron spectroscopy (Fig. 6) and a small peak is ob-
served at 400 eV indicating the presence of N. The peak
suggests effectively that NO−3 is reduced to N3H+4 . This
would indicate that N3H+4 is present as adsorbate on
the surface. N3H+4 acts to keep the buffered surface pH
constant and to retain passivity and delay pitting nucle-
ation. This indicates that the pitting corrosion rate and
passivity are dependent on the absence of any superfi-
cial pH modification towards acid pH in pits. Chloride
ions are less adsorbed and require more time to cross
the passive oxide layer under these conditions as seen,
e.g., in Fig. 7 where an increase in the scan rate leads
to decreasing the pitting currents. These results show,
without any doubt, the effectiveness of NO−3 as corro-
sion inhibitor in pitting initiation.

3.2.3. Analysis of voltammograms obtained
with 3H2O−2 , NO−3 and Cl−

The corrosion potential does not change (Fig. 4) when
the 3H2O2 increases. This behavior results from the

Figure 7 Voltammetric curves realized for different scan rates and with
chloride and nitrate present.A: 0.2 cm2, pH 6, 0.1 mol dm−3 Cl−, 0.1
mol dm−3 NO−3 , v: 1: 25, 2: 50, 3: 100, 4: 200 mV s−1.

difficulty of 3H2O2 reduction whose current is super-
imposed on the passivation current. In the passive do-
main, the anodic current is slightly higher than that
obtained in Section 3.2.2 signifying a greater thickness
and a risk of more defective oxide. The passive poten-
tial range is larger when3H2O2 concentration increases.
In the transpassive-passive region, the pitting poten-
tial shifts toward higher values, whereas the repassive
potential shifts slightly toward smaller values and the
maximum pitting current increases when3H2O2 con-
centration increases. This can be explained by the fact
that the3H2O2, as a powerful oxidizing species, is ca-
pable of oxidizing the surface and limits pit initiation
whereas it makes more difficult repassivation of exist-
ing pits.

3.2.4. Results and discussion
This discussion makes use of Aramakiet al. [23],
Al-Kharafi [24] and Ming-Yu Chang and Ge-Ping Yu’s
remarks [25] on other metals and environments.

Influence on pitting potentialFig. 8 shows the linear
variation of pitting potential,Epit, as a function of the
logarithm of the inhibitor to chloride concentration ra-
tio. The pitting potential obtained with only chloride
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Figure 8 Pitting potential as a function of inhibitor concentration. 1:
0.1 mol dm−3 Cl−, variation of NO−3 concentration according to Fig. 3
2: 0.1 mol dm−3 Cl−, 3×10−2 mol dm−3 NO−3 , variation of 3H2O2

concentration according to Fig. 4,♦: Cl− without inhibitor (arrow).

ions (E0
pit) is represented by a diamond. In this figure,

the pitting potential shifts towards higher values when
the inhibitor-chloride ratio increases. This signifies that
addition of inhibitor stops pit initiation for potentials
under the curves as shown by analyzing the local cur-
rents (Fig. 9, plates a and b). Effectively, in plate b
obtained at 0.8 V/SCE and for NO−3 /Cl− = 0.35, the
studied section shows a greater area of zero local cur-
rent indicating a marked tendency to limit pitting ini-
tiation sites. Also, pit initiation is less easily stopped
by nitrate and3H2O2 as seen in Fig. 8. Because these
inhibitors provide a more perfect passive layer in the
potential region under the straight lines, defects at the
passive surface are repassivated.

Influence on repassivation potentialThe values of the
repassivation potential,Erep, as a function of the loga-
rithm of the inhibitor to chloride concentration ratio are
shown in Fig. 10. In this figure, the repassivity potential
obtained with only chloride ions (E0

rep) is represented
by a diamond. Because NO−3 , in the absence of3H2O2,
makesErep more positive, it is an effective inhibitor
for establishing repassivation. NO−3 plugs the pits by
buffering the pH, as shown by Refaey and Rehim [26].
Nevertheless propagation of existing pits appears to oc-
cur at the lower concentration of inhibitors as suggested
by theimax values betweenEpit andErep in the voltam-
mograms (Figs 3b and 4b). The curve (Fig. 10) obtained
with NO−3 and3H2O2 present shows a negative slope
when hydrogen peroxide concentration increases. Lo-
calized corrosion is aided betweenEpit andErep within
the existing pits by3H2O2 addition, and there is less
repassivation than with NO−3 alone. Thus, the inhibitive
effects depend really on the inhibitor nature, concen-
tration and potentials.

Figure 9 Photograph obtained by the Scanning Reference Electrode
Technique. a: pitting micro-cells induced by Cl−, b: local repassivation
of pitting micro-cell induced by NO−3 .

Figure 10 Repassivation potential as a function of inhibitor concentra-
tion 1: 0.1 mol dm−3 Cl−, variation of NO−3 concentration according
to Fig. 3. 2: 0.1 mol dm−3 Cl−, 3×10−2 mol dm−3 NO−3 , variation
of 3H2O2 concentration according to Fig. 4,♦: Cl− without inhibitor
(arrow).
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Figure 11 Relationship betweenEpit and Erep. 1: Cl− and NO−3 , 2:
Cl−, NO−3 and3H2O2, graph plotted according to Figs 8 and 10,♦: Cl−
without inhibitor (arrow).

Influence on the gap between pitting potential and
repassivation potentialThe graph giving the relation-
ship betweenEpit and Erep is in Fig. 11. Two linear
curves are obtained: one for NO−3 with a positive slope,
the other for NO−3 with 3H2O2 where the slope is
slightly negative. Each curve divides the figure into two
domains: aggressiveness for points above the consid-
ered curve and inhibition below this curve. The NO−3
inhibitor shifts bothEpit and Erep in the positive di-
rection, indicating suppression of both pit nucleation
and initiation and slowing propagation of existing pits
betweenEpit and Erep. On the other hand, NO−3 with
3H2O2 changesEpit towards a positive potential but
Erep shifts slightly towards a negative potential with
increasing3H2O2 concentration. It is definitely con-
cluded that with3H2O2 addition, the propagation of
existing pits should be faster than for NO−3 alone.
Nevertheless, NO−3 and 3H2O2 result in better repas-
sivation than that for tritiated water containing only
chlorides.

Influence on maximum currentWithout these in-
hibitors, it was observed that the pitting current reaches
the higher maximum value (i0

max), as represented by the
diamond in Fig. 12. On addition of NO−3 , the max-
imum current decreases indicating a significant limi-
tation of the propagation of existing pits. Fig. 12 also
shows higher values ofimax for 3H2O2 addition as com-
pared with only NO−3 . N3H+4 adsorption should be hin-
dered by3H2O2 present and consequently there is less
buffering of the surface pH limiting repassivation of
the existing pits. As well, a thicker oxide layer, due
to 3H2O2, should limit the pitting current. From these
different curves, it appears that propagation of existing
pits and the area corroded by pitting can be essentially
avoided at higher NO−3 concentrations.

Relation between the gap betweenEpit and Erep and
maximum currentIn the potentials betweenErep and
Epit (1E), the inhibitors suppress pit nucleation by re-
pairing defects in the passive layer. As a result, the po-
tential difference1E = Epit − Erep can be associated

Figure 12 Maximum pitting current as a function of inhibitor concen-
tration. 1: 0.1 mol dm−3 Cl−, variation of NO−3 concentration according
to Fig. 3. 2: 0.1 mol dm−3 Cl−, 0.1 mol dm−3 NO−3 , variation of3H2O2

concentration according to Fig. 4,♦: Cl− without inhibitor (arrow).

Figure 13 Relationship between the maximum pitting current and
1E = (Epit− Erep). 1: Cl− and NO−3 , 2: Cl−, NO−3 and3H2O2, graph
plotted according to Figs 8, 10 and 12, arrows: increasing ratio between
inhibitor and chloride.

with a remarkable lowering of pitting current (imax) as
seen in Fig. 13 responding to Equation 13:

log imax= kd1E + ke (13)

The values of logimax for the plots of NO−3 are to some
extent lower than that obtained with3H2O2 indicating
inhibiting effects of NO−3 . Hence, NO−3 suppresses pit
nucleation and slows the propagation of existing pits.
Since with3H2O2 addition,1E increases withimax, in
this case, it is difficult to have appreciable repassivation
of the existing pits. These results confirm the previous
conclusions: inhibition, nucleation or stimulation of pit
formation and propagation of existing pits. Partial inhi-
bition of existing pits is attributed to the presence of the
inhibitor NO−3 . In presence of3H2O2, propagation of
existing pits is not stopped leading to slowing down the
repassivation. The presence of3H2O2 has provided a
partly beneficial effect on the inhibiting action of NO−3 .
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Figure 14 Experimental Bode spectra in presence of Cl− in passivity.
A: 0.2 cm2, pH 6, 0.1 mol dm−3 Cl−, 1:−1 V, 2:−0.97 V, 3:−0.95 V,
4:−0.92 V, 5:−0.9 V, 6:−0.87 V, 7:−0.85 V, 8:−0.82 V, 9:−0.8, 10:
−0.77 V/SCE, parameter values in Table II.

Figure 15 Experimental Bode spectra in presence of Cl− and NO−3 in
passivity.A: 0.2 cm2, pH 6, 0.1 mol dm−3 Cl−, 0.1 mol dm−3 NO−3 , 1:
−1 V, 2:−0.97 V, 3:−0.95 V, 4:−0.92 V, 5:−0.9 V, 6:−0.87 V, 7:
−0.85 V, 8:−0.82 V, 9:−0.8, 10:−0.77 V/SCE, parameter values in
Table II.

Figure 16 Experimental Bode spectra in presence of Cl−, NO−3 and
3H2O2 in passivity.A: 0.2 cm2, pH 6, 0.1 mol dm−3 Cl−, 0.1 mol dm−3

NO−3 , 0.1 mol dm−3 3H2O2, 1:−1 V, 2:−0.97 V, 3:−0.95 V, 4:−0.92 V,
5:−0.9 V, 6:−0.87 V, 7:−0.85 V, 8:−0.82 V, 9:−0.8, 10:−0.77 V/SCE,
parameter values in Table II.

3.3. Impedance spectra
The inhibition of the chloride pitting corrosion pro-
cesses is studied indirectly by the passive potentials.
From this, the Bode plots for:

–Cl− are summarized in Fig. 14,
–Cl− and NO−3 are given in Fig. 15,
–Cl−, NO−3 and3H2O2 are given in Fig. 16.

In these figures, each Bode plot displays two main
regions:

(a) At higher frequency, a dip for the characteristic
frequency, fc1 , in the phase angle and a linear hump
of slope−1 in the impedance modulus plots which
corresponds to the double layer capacitance.

(b) A second dip in the phase angle which tends to
−90◦ at the characteristic frequency,fc2 and a second
linear hump of−0.9 to−1 in the impedance modu-
lus depending on the Cl−/NO−3 /3H2O2 presence which
corresponds to the passive oxide layer.

3.3.1. Discussion
All the spectra have the same appearance, signifying
only modification of values of discrete electrical com-
ponents, which indicates that passivity is essentially
dependent on the buffered pH, oxidizing power and
oxide thickness. Spectra give a perfect fit with the data
(Table II) if the total impedance is modeled according
to the following transfer function for taking the evolu-
tive structure into account:

1

Z
= jωCdl + 1

Rct+ Rox

1+ ( jω)aA−1Rox

(14)

whereCdl is the double layer capacitance,Rct the charge
transfer resistance,A a Constant Phase Element (CPE)
replacing the oxide layer capacitance,Rox the oxide
resistance,ω the angular frequency andj =√−1. The
transfer function given by Equation 14 includes two
time constants,τ1= RctCdl andτ2= Rox/A depending
on the phase angle and reciprocal of the characteristic
frequencies. Decreasing time constants show enhance-
ment of oxide capacitive characteristics as indicated
by Mansfield [27] and filling of metastable pits. The
metastable pits must be suppressed by passivation at
the early nucleation stage, and never start propagat-
ing. The greater deviation of the phase angle towards
negative values as a function of the radiolytic species
and passive potentials signifies that the passive layer
approaches more ideal behavior.

From the data (Table II), it is interesting to note that
the capacitance results for Cl− alone reflect the poorer
corrosion resistance. With NO−3 , the oxide capacitance
values indicate effective protection by adsorption of
N3H+4 and pH buffering. Also, the value of the exponent
‘a’ of the CPE is close to 1 for the oxide layer obtained
with NO−3 . This value denotes the more perfect oxide
layer. It can be also seen that the impedance modulus
value is reduced as the spectrum passes from the passive
range to the repassivation range. In this case, it should
be noticed that the test, carried out in displacing the
potential in the negative direction shows repassivation.
These results strongly confirm that the accumulation of
N3H+4 on the Zircaloy surface enhances the oxide layer
properties by blocking the chloride adsorption sites.

In presence of3H2O2, the impedance modulus slope
is slightly less than those for NO−3 alone, thus indicating
a few defects. Also, it is seen that the changing charac-
teristic frequencies indicate a modification of the oxide
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TABLE I I Dependence of oxide capacitance on passive potentials for each medium

a: Results in presence of Cl− alone

0.1 mol dm−3 Cl−

E/V/SCE −1 −0.97 −0.95 −0.92 −0.9 −0.87 −0.85 −0.82 −0.8 −0.77

Cox/µF cm−2 25 22 19 17 15.7 14 13 14.2 15.9 17.2

b: Results in presence of Cl− and NO−3
0.1 mol dm−3 Cl−, 0.1 mol dm−3 NO−3

E/V/SCE −1 −0.97 −0.95 −0.92 −0.9 −0.87 −0.85 −0.82 −0.8 −0.77

Cox/µF cm−2 5 4.6 4.3 4 3.7 3.3 3 3.4 3.6 4.2

c: Results in presence of Cl−, NO−3 and3H2O2

0.1 mol dm−3 Cl−, 0.1 mol dm−3 NO−3 , 0.1 mol dm−3 3H2O2

E/V/SCE −1 −0.97 −0.95 −0.92 −0.9 −0.87 −0.85 −0.82 −0.8 −0.77

Cox/µ F cm−2 2.3 2.1 2 1.8 1.6 1.5 1.3 1.6 1.7 1.9

TABLE I I I Dependence of oxide thickness on passive potentials for each medium

E/V/SCE −0.95 −0.92 −0.9 −0.87 −0.85

Thickness in nm/(0.1 mol dm−3 Cl−) 1 1 1.1 1.2 1.3
Thickness in nm/(0.1 mol dm−3 Cl−, 0.1.mol dm−3 NO−3 ) 3.5 3.7 4.3 4.8 5.3
Thickness in nm/(0.1 mol dm−3 Cl−, 0.1 mol dm−3 NO−3 , 0.1 mol dm−3 3H2O2) 8 8.9 10 10.7 12.3

layer thickness depending on the passive potentials and
3H2O2 presence, as noted by Schmuki and B¨ohni [28].
This fact can be associated with the nucleation of exist-
ing pits because the oxide begins to be stressed by its
thickness and defects. Also, the results emphasize that
the presence of3H2O2 stimulates the repair of flawed
regions of the passive layer and oxidation of the active
sites on the surface. The oxide layer thus formed is more
corrosion resistant. As a result a marked delay in the
pitting evolution is recorded. This could be explained
by reduced chloride incorporation into the oxide layer.

To ascertain the oxide layer characteristics, the thick-
ness is obtained from the usual formula for recipro-
cal plane capacitance considering thatr is the sur-
face roughness factor, the vacuum permittivityε0 is
8.8× 10−14 F/cm and the value of the oxide layer di-
electric constantε for ZrO2 is about 14 [11, 15].

1

Cox
= d

εε0r
(15)

The roughness factor is calculated from measurements
of profiles obtained by progressive microscopic ex-
ploration of the surface with 3D characterization [29]
by Atomic Force Microscopy as shown by Marcus
et al. [30], Farringtonet al. [31] and Czerwinski and
Szpunrr [32]. The typical surface morphology shows
small semi-spherical ZrO2 grains with 0.3µm sides.
From calculations, the root-mean-square is 150 nm and
the roughness factor is 1.5. These values correspond to
the results given in [33–37].

According to Table III, the oxide layer thickness
grows with the passive potentials and depends on the
three media: Cl−−Cl−/NO−3−Cl−/NO−3 /

3H2O2. From

these results, it can be deduced that oxide layer thick-
ening facilitates passivation and constraints to modify
electrochemical exchange of charge across this. This
means that the electrical field changes modify the car-
rier number and vacancies diffusion through the oxide
layer. Finally, the approach of describing the oxide layer
in terms of barrier properties using the Mott-Schotky
equation should be valid to calculate the donor concen-
tration as shown by Schmukiet al. [38].

nd = 2C2
ox

eεε0r

(
Vm− Vfb − kT

e

)
(16)

In Equation 16,Vm, Vfb are the potentials at which the
impedance measurements are carried out and the flat-
band potential, respectively. Using this equation, the
donor density,nd, varies from 20 to 2× 1019 carrier
cm−3 (Table IV) signifying protection of the Zircaloy-4
by NO−3 or 3H2O2. The higher carrier concentration for
the oxide layer obtained for Cl− alone signifies chlo-
ride diffusion. It can be also seen thatnd is lower with
3H2O2 present, indicating oxide layer thickening as re-
ported by Di Quartoet al. [39]. Also, the influence of
surface pH on the oxide properties should be considered
through its effect on the overall oxide charge density as

TABLE IV Donor concentration and flatband potential as a function
of Cl−, NO−3 and3H2O2 present

Aqueous medium Cl− Cl−, NO−3 Cl−, NO−3 , 3H2O2

nd (number of carriers
per cm3 × 10−19) 20 10 2

Vfb/V/SCE −0.88 −0.95 −0.91
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shown by Quartoet al. [40] and Horvat-Radosevic and
Kvastek [41].

Vfb = −k − 0.06 pHsurface (17)

The flatband extrapolated potentialVfb is close to
−0.9 V/SCE in presence of Cl− and increases toward
negative values with NO−3 present indicating that the
surface pH is buffered by N3H+4 formation.

It is important to emphasize the role of NO−3 and
3H2O2 in the corrosion inhibition process and to un-
derstand the interaction of these radiolytic species with
the incorporated chloride throughout the layer thick-
ness. Strehblow [42], emphasizes that the formation of
a thin metal-chloride layer was observed between the
oxide and the alloy. Since chloride is responsible for
the formation of this inner chloride layer, this location
leads to the simple conclusion that the incorporated
chlorides migrate at a significantly higher rate than that
of oxygen ions into oxide. This conclusion, however,
leads to the following question. Is the migration of chlo-
rides independent of, or coupled to nitrate and tritiated
hydrogen peroxide concentration? We shall try to an-
swer this question by finding a relationship between
the corresponding different parameters, i.e., vacancies
diffusion, pitting potential and donor density with the
Cl−, NO−3 and3H2O2 present.

We first propose a succession of chemical and elec-
trochemical reactions in ZrO2 and at its interfaces with-
out initially taking account of Cl−. After an adsorption
stage, there is oxygen ion diffusive penetration in the
oxide layer by vacancies towards the Zr–ZrO2 inter-
face. This can be described in the following form, as
shown by Macdonaldet al. [43] and Lorenzet al. [44].
Thus for this, the model contains these basic features:

—the oxide layer contains vacancies (V 4+
Zr andV 2−

O ),
—the vacancies are in equilibrium with the aqueous

media-oxide and ZrO2–Zr interfaces,
—the passive oxide layer kinetics are governed by va-

cancies.

The vacancies are the limiting parameter for any dif-
fusion. Based on these considerations, the following
simplified reactions with NO3− alone (Equation 18) or
with 3H2O2 (Equation 19) are in equilibrium at each
interface:

2VO2− + NO−3 + 23H2O+ 8e− ↔ {N3H+4 ,O
3H−}local pH+ 4O2−} aqueous-ZrO2 interface (18)

VO2− + 23H2O2+ NO−3 + 12e− ↔ {N3H+4 ,O
3H−}local pH+ 6O2−} aqueous-ZrO2 interface (19)

{oxide4+} + 23H2O2+ 4e− ↔ VZr4+ + ZrO2+ 23H2O
}

aqueous-ZrO2 interface (20)

(O3H−)local pH,O
2− + VO2− ↔ VO2− +O2−} diffusion in ZrO2 (21)

Zr↔ {oxide4+} + 2VO2− + 4e−

Zr+ VZr4+ ↔ {oxide4+} + 4e−

}
Zr−ZrO2 interface

(22)

(23)

{oxide4+} represents Zr ions in the passive oxide layer
which are in equilibrium with the corresponding vacan-
cies. In this mechanism, the electron flux in ZrO2 is in
the tritiated water direction for oxide growth. It can be
seen that O3H− imply that the surface pH is buffered
by NO−3 which avoids local acidification according to
N3H+4 formation. Apparently,VO2− are produced at the
ZrO2–Zr interface and consumed at the oxide-aqueous
interfaces. As a result,VO2− diffuses from the ZrO2−Zr
to the ZrO2-aqueous interfaces. The net results ofVO2−

migration can be seen by combining Equations 18,19
and 22. From the set of previous reactions, it is clear that
the diffusion ofVO2− effectively results in oxide growth,
should depend on flatband potential, and is produced
with consumption of3H2O/3H2O2 at the ZrO2-aqueous
interface where the pH is buffered throughout, whereas
{oxide4+} keeps the pH buffered with N3H+4 and O3H−
formed as seen in Equations 7, 8, 20.

These reactions occurring on passive oxide are in-
fluenced by the different potential drops1φV in the
Zr–ZrO2 and the ZrO2-aqueous interfaces. Within the
passive layer of a few nanometers (Table III), the po-
tential drop into oxide is the order of some hundreds
of mV [42], which enables the migration of electrons
through the oxide layer at a measurable level in cur-
rents of a fewµA (Fig. 1). The corresponding physical
model to interpret the diffusion processes and the po-
tential drops is shown schematically in Fig. 17. Since
the ZrO2-aqueous interface is polarizable, it is expected
that the total potential drop is given by:

∂1E = ∂1EZrO2−Zr + 2.3
kT

2e

×[∂ log
[
NO−3 ,O

3H−, 3H2O2
]]+ ∂1φV (24)

where1E represents the potential drops between the
interfaces and within the oxide layer. It is expected that:

∂
(
C−1

ox

) = ∂1E−2.3
kT

2e

[
∂ log

(
NO−3 ,O

3H−, 3H2O2
)]

(25)

The oxide thickness is given by:

∂d = b

(
∂1E−2.3

kT

2e

[
∂ log

(
NO−3 ,O

3H−, 3H2O2
)])
(26)

where b is a constant resulting from considering
the oxide layer as a plane capacitor (Equation 15).
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Thus Equations 24–26 represent the functional depen-
dence of the passive layer growth law on∂1E and
∂ log(NO−3 ,

3H2O2) up to a determined size also aided
by the buffered pH. Therefore the formation of the oxide
layer, thickness and its mode of growth are dependent
on radiolytic species in tritiated water.

Figure 17 Physical model proposed to interpret the processes in oxide
with chloride, nitrate and hydrogen peroxide, a: Cl−, b: Cl− and NO−3 ,
c: Cl−, NO−3 and3H2O2 present.

Figure 18 Scanning Electron Micrography showing repassivated pits obtained with Cl−, NO−3 and3H2O2 and covered with zirconium oxide crystals.

In presence of Cl−, for a metastable pit at a given po-
tential, there must be a relationship between Cl−, NO−3 ,
O3H− and3H2O2 concentrations where the pit can be
deactivated or activated. According to Strehblow [42]
and Macdonald [45, 46], if the Zr vacancies penetrate
the zircaloy at a slower rate than their diffusion through
the oxide layer, they accumulate at the Zr–ZrO2 inter-
face and finally lead to a local concentration and hence
will form a void. When the void grows to a certain
critical size, the passive oxide layer suffers local col-
lapse, which then marks the end of the pit incubation
period. The collapsed site dissolves much faster than
any other location on the layer thereby leading to pit
growth. From this, the Zr vacancies are affected by the
incorporation of Cl− ions at the ZrO2-aqueous inter-
face as shown in the physical model (Fig. 17) and in
the following equations:

V Zr4+ − 2V O2− = 0 (27)

CV Zr4+ = k
(
CV O2−

)−2
(28)

V O2− + Cl−aqueous↔ {Cl−} (29)

In Equations 28 and 29,{Cl−} is a chloride occupying
O2− vacancies andC the vacancies concentrations with
an inverse dependence onV Zr4+ andVO2− . It can be seen
from all the previous equations, that the number ofVO2−

increases by introducing more NO−3 and 3H2O2 and
inversely decreases with{Cl−}. Due to interdependence
of the concentration of Zr and O2− vacancies and the
penetration of Cl− within the oxide layer as shown by
ellipsometry [47], the number of Zr vacancies decreases
in the oxide layer by the presence of NO−3 or 3H2O2
avoiding the critical concentration whose repercussions
are shown in Figs 3, 4 and 7. From these considerations,
the criterion for pit initiation in presence of NO−3 and
3H2O2 can be expressed by:

∂V Zr4+

∂t
= J0

[
CVO2−

{
ZrO2−NO−3 ,

3H2O2
}]−2

(30)
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where J0 depends on thermodynamic constants and
CVO2− {ZrO2−NO−3 ,

3H2O2} is the concentration of O2−
vacancies at the ZrO2-aqueous interface. From Equa-
tions 27–30, and applying a calculation procedure sim-
ilar to that given by Strenblow [42] and Macdonald
et al. [45, 46], we can write the simplified equation in
presence of NO−3 and3H2O2:

Epit = 4.6kT

αne
log

 Jm

J0
M
ρ

exp
{

({3H2O2}{O3H−,NO−3 })
RT

}−0.5n


−2.3kT

αe
log Cl− (31)

whereJm is the rate of submergence of the Zr vacan-
cies in the Zircaloy-4,M the oxide molecular weight
andρ the oxide density. It can be effectively seen that
higher concentrations of NO−3 , O3H− and3H2O2 would
delay and avoid pitting by Cl−, shifting this potential
in the positive direction. This analysis should include
examinations of the Zircaloy-4 surface to check the re-
sults. The absence of marked or localized corrosion in
presence of NO−3 , Cl− and 3H2O2, was observed by
scanning electron microscopy (Fig. 18). Only a few
observable crystals covering the repassivated pits were
noted. They correspond to early stage pitting.

4. Conclusions
From the experimental results, several conclusions nat-
urally arise. The more beneficial effect is due to the ra-
diolytic nitrate presence leading to formation of N3H+4
and its adsorption. N3H+4 may be considered as a
counter-ion for neutralizing acid pH in the pitting pro-
cess. In this connection, it is of interest to speculate
that the pH is buffered on the surface oxide layer and
plays a determinant role in avoiding pitting and favor-
ing repassivation. In this case, nucleation pits do not
have the possibility of being transformed to metastable
or stable pits. Nitrate without hydrogen peroxide shows
the greatest effectiveness against pitting corrosion. The
addition of3H2O2 to tritiated water containing Cl− and
NO−3 significantly increases the thickness and changes
the oxide layer characteristics. Results indicate the for-
mation of a more stressed passive oxide than for NO−

3
alone. The pitting potential shifts towards more positive
values meaning stopping of pitting formation. In con-
trast, the repassivation potentials shift slightly towards
more negative values meaning limitation of propagation
of existing pits. It is deduced that existing pits are less
easily passivated with3H2O2, than with NO−3 alone.
However, the two combined effects, i.e., the effects due
to NO−3 and3H2O2 show greater resistance to pitting
corrosion than for Cl− alone.
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