JOURNAL OF MATERIALS SCIENCE35(2000)1759—-1771

Inhibition of chloride pitting corrosion of
Zircaloy-4 alloy in highly radioactive water by
radiolytic nitrate and hydrogen peroxide

G. BELLANGER*

Department Tritium-137, Commissariat a I'Energie Atomique, Centre d’Etudes de Valduc,
F21120, Is sur Tille, France

E-mail: Gilbert.Bellanger@wanadoo.fr

J. J. RAMEAU

Laboratoire d’Electrochimie et de Physicochimie des Matériaux et des Interfaces,

Ecole Nationale Supérieure d’Electrochimie et d’Electrométallurgie, Institut National
Polytechnique de Grenoble, Domaine Universitaire, B.P. 75, F38402, Saint Martin d’Héres,
France

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; 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 3H,0, to oxidize the surface and thus enhance
passive oxide formation. But, in this case, NO; /N3H; adsorption should be hindered by the
3H,0, 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.

© 2000 Kluwer Academic Publishers

1. Introduction The tritiated water molecules are ionized leading to the
In this work, the passivity and pitting aspects of chemical reaction stage. The overall radiolytic reaction
Zircaloy-4 with respect to its application in nuclear re- is:

processing installations were studied using radioactive

agueous solutions. The specific case involved here is 2H,0 + B~ — 3H°
tritiated water which is an interngl- radiation source. 3~ 3 s ' 5
Tritium decays with the emission ofgr particle and HO,,*HOy;. .. < "H0; + °Hp (2)

aye antineutrino in tritiated water. The energy released

decomposes water molecules along the path of the pahis reaction leads to the formation of tritiated hydro-

ticle. Effects of™ particle energy and radiolytic prod- gen peroxide. The pK (equilibrium constant) fét,0,

ucts due to tritium were recently published by our lab-gnd SHO, is 12 as shown in [7]. Therefore, in the

oratories for other alloys [1-6]. The reaction occurringpresent study, realized at neutral pH, it can be expected

in this decay is: that the electroactive form does not predominate.
Relatively concentrated solutions of nitrate are pro-

3H,0>2°He+ 0+ 28" + % Emax=186x2keV  duced in tritiated water reprocessing installations. This

(1) can be explained by the effect ¢f~ particles on
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nitrogen in the air used for gaseous tritium oxidation.TABLE | Chemical composition of Zircaloy-4
The reactions are from Refs [8-10]:

Elements Sn Fe Cr O zr

Np+p~ — 2N° (3)  Weight% 1.45 0.21 0.10 0.01 bal.

N* 4+ 4°HO; — NOj +2°H,0+30°  (4)

{ty at this new potential, (3) to repeat the sequence from
point 2 in the potential range. Applying this procedure,
itis possible to demonstrate oxide thickening. The Circ-

The presence of chloride is explained by the fact tha
tritium in tritiated water is easily taken up-8%) in or-

ganic polymers by chemical bonds, e.g., (2R-Cl-)y. X )
As with water, theg~ particle energy decomposes or- elec computer program written by D|aedgl. [16,17] .
was used to interpret the experimental impedance di-

ganic polymers. The decomposition reaction for the ) .
polyvinyl chains is: 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-

Similarly, the formation of ammoniac from breaking N9 electrode was mechanically polished using 1000
the polyimine chain bonds witi$~ radiation is ob- mesh grade silicon carbide sheets, then with diamond

served. Mass spectrometric analysis of the gases sho#@Ste down to im. _ o

a significant concentration of this species. The composition of the Zircaloy-4 is given in Table |
The used zircaloy sample was processed by hot rolling

3 followed by recrystallization annealing for 2 hours at
< R>C=N_> +2(n + 2n)3H' +n3H,0+ B~ 650°C under vacuum. Its surface was examined with a
n scanning electron microscope and it was found that the
- (—R’—3H2—) +NN3H,O%H +nC3H,  (6) alloy sample is characterized by an equiaxial grain size

n of 25um diameter.

(-R-*H,Cl-), + = — (-R=*H-)n' + nCI~ (5)

The choice of Zircaloy-4 as alloy in the nuclear plants
is justified by all the qualities of its passive layer. Ox- 3. Experimental results

;:Jlatlon O.f Z(ljrcaloy ltjgde: e;lef[:ttroi:_hemlliallgonl?!tlonslIBefore discussing the shape of these curves and their
as received a great deal of attention [11-15]. Itis well, o b retation we must provide details of the devel-

known that its corrosion resistance is due to the pmtecépment of the experimental study. Initially, we de-

tive capacity of its passive oxide layer but unfortunatelyq ine the overall effect on the polarization curves when
with chloride and powerful oxidants, local depasswa-cr NO: and3H,0; are present together. Next, us-
] 3 . ’

tion by cracking of oxide layers can occur, leading t0;, \ /o 1tammetry or electrochemical impedance spec-
pitting. However, nitrates act as inhibitors. We havey oc o0 we study each of these species alone o in

found nothing in the literature for a mixture of these roups of two or three to show the individual and re-
thrge SPECIES. Forthe;e d'ﬁ.efe”t. reasons, the beh?lv'gfprocal influence on pitting corrosion and passivity
of Zircaloy-4 was studied using tritiated water Conta'n'phenomena

ing chloride, nitrate and hydrogen peroxide over a wide
range of passive potentials.

3.1. Anodic polarization curves

In the polarization curves (Fig. 1), the passive currents
2. Experimental equipment and procedure are higher with increasingH,0,. The corrosion po-
The tritium concentration in tritiated water was deter-tential does not change wittH,0, presence. In the
mined using a Cetaram microcalorimeter. To suppresgranspassivity, it is observed that the repassive poten-
any uncertainties, the experiments were carried out dial decreases whereas the pitting potential increases
the same tritium concentration (16%,0) to ensure  and the pitting current increases with,05.
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 poten3. 1. 1. Analysis and interpretation of
tiometry and the desired concentrations were obtained polarization curves
by electrolytic reduction. The chloride and nitrate con-The interpretation for higher passive currents could
centrations were measured with specific electrodes ibe that*H,O, thickens the oxide layer forming con-
order to determine their effects on the behavior of thestraints. At more negative potentials than the corro-
Zircaloy-4. sion potential, the current should correspond to the

The measurement sequence for electrochemicaH,O, reduction with formation of @H~. It can be

impedance spectroscopy in passivity was: (1) to apply aeen thatH,O, reduction is not really involved. This
given potential E, to achieve the stationary current be- results from the Zr@layer which is already present and
fore obtaining the impedance spectrum, (2) to shift thepartially inhibits *H,0, reduction by greatly limiting
potential in a positive direction up tB + AE, thento  the passage of current in the oxide, which behaves as
obtain the impedance spectrum with good reproducibilan insulating capacitance. The Zr@resence at these
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the electrochemical reaction orders a@adhe 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
N3HI film formation. Also, it will be shown later that
oxide formed with N@ present is definitely more pro-
tective than that formed inits absence, orinits presence
with that of3H,05. 3H,0, should certainly be respon-
sible for removal of an adsorbedN; 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
ClI~, 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 #f,0, and NG .

-logi/ A cm”

3]

E/V/SCE
|

-1 0 1 3.2. Voltammetric curves

The use of relatively fast scan rates is unusual in cor-

Figure 1 Polarization curves with chloride, nitrate and hydrogen perox- rosion testing, and the justification for this technique is

ide.v: 5 mV s, A:0.2 ent, pH 6, 0.1 mol dm* CI~, 0.1 mol dm®  given by Morris and Scarberry [19] and Darowicki and

NOg, 1:3x 1072, 2:5x 1072, 3: 7 10°%, 4: 0.1 mol dm® *H202. Krakowiak [20]. With the rapid-scan voltammograms,
we expect to find more easily the variation of pitting

. L , ) and repassivation potentials and the maximum current

negative potentials is shown in the Pourbaix electroy, hiting. first with only chiorides (Fig. 2) then, with

chemical equilibrium diagram [18] for zirconium. The o+, chioride and nitrate (Fig. 3) and finally with differ-

corrosion resistance results from its strong affinity forent3H202 concentrations and with Npand chlorides
oxygen resulting in the formation of a thin protective (Fig. 4). In these figures, the “pseudo” active peak of

layer of oxide spontaneously formed at the lower poteny, fe\y, , A indicates oxide rearrangement by thickening
tials. Nevertheless, oxidation of Zircaloy-4 Cont'nuesaccording to Equation 11.

to occur by the following anodic and cathodic reac-
tions throughout the passive oxide layer with a very
low oxidation current of a fewe A cm~2. To simplify,

Zircaloy-4 is represented by the symbol for zirconium.

Cathodic sites: i/ pAcm?
*H,0+e — O°H™ +°H 7
*H,0, + 267 — 20°H™ (8)

The cathodic currents in the above reactions are:

—eE
ic, = —2ke, F[3H20]"*%exp—— 9
—eE
i, = —2|<CZ|:[3Hzoz]”edexpF (10)
Anodic sites leading to passive oxide layer thickening: |
0

Zr + 2°H,0 — ZrO, + 4°HT + 4 (11)
E/V/SCE

As above, the anodic current is:

2eE

ia = 4kaF [*H,0] " expL

(12)

In Equatlons 9, 10 _and 12’_ the dlﬁeremgcnare the Figure 2 Voltammetric curves with chloride alone: 200 mV s'1, A:
anodic and cathodic reaction rate constaktsthe o2 cn?, pH6, 1: 4x 1072, 2: 6 x 10°2, 3: 8 x 102, 4: 0.1 mol dnr3

Boltzmann constante the charge of the electrom, cI-.
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Figure 3 V_oltammetrlc curves with chloride, n|t_rate and without hydro- Figure 4 Voltammetric curves with hydrogen peroxide, nitrate and chlo-
gen ptiromde, a: expanded current sscale, b higher %urrent scﬁl@zo ride, a: expanded current scale, b: higher current sea00 mV s1,
mV's~1, A: 0.2 cnf, pH 6,0.1 mol dm® CI~, 1:3x 102, 2:5x 1072, A:0.2cn?, pH 6, 0.1 mol drm® CI—, 3 x 1072 mol dn3 NOj3, 1: 3 x

. 2 2 3 —
8:7x107%,4:0.1 mol dnm NO; . 102,2:5x 10°2,3: 7 x 10°2, 4: 0.1 mol dmi® 3H,0;.

3.2.1. Analysis of voltammograms obtained  X-ray analysis reveals the presence of Cl in the passive
with CI- oxide layer (Fig. 5) for the sample used in voltammo-

In the passive domain (Fig. 2), the anodic currentgrams afteracleaning procedure. Also, chloride crosses

increases slightly, signifying a mismatch with—Cl the oxide layer by diffusion.

Nevertheless, the passive current before pitting is very

low. The passive potential range is smaller at higher

Cl~ concentrations. In the transpassive-passive regior3.2.2. Analysis of voltammograms obtained

the pitting and repassive potentials shift dramatically to- with NO; and with CI-

ward smaller values with higher Ctoncentration. The  In Fig. 3, the passive potential range is wider with;NO

interpretation is that the pit propagation and pitting in-present. In the transpassive region, the maximum pit-

crease with chloride present. In fact, Energy dispersiveing 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).
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Figure 6 X-Ray Photoelectron Spectroscopy of Zircaloy-4 after passi- Figure 7 Voltammetric curves realized for different scan rates and with
vation showing presence ofN; on the oxide. a: XPS spectrum ofN  chioride and nitrate presend: 0.2 cn?, pH 6, 0.1 mol dm3 CI-, 0.1
peak, 1: NH; , 2: N°Hs, b: XPS spectrum of Zg peak. mol dm-3 NOj3 , v: 1: 25, 2: 50, 3: 100, 4: 200 mV'$,

potentials shift toward higher values with increasingdifficulty of *H,O, reduction whose current is super-
NOj3 concentration. Evidently, the oxide layer is clearly imposed on the passivation current. In the passive do-
more protective, and in this case pitting is more diffi- main, the anodic current is slightly higher than that
cult to obtain, as observed by Clayton and Olefjordobtained in Section 3.2.2 signifying a greater thickness
[21, 22]. To investigate the nature of the passive layeand a risk of more defective oxide. The passive poten-
formed under these conditions on the Zircaloy-4 surdial range is larger whetH,O, concentration increases.
face, the oxide surface was analyzed by X-ray photoin the transpassive-passive region, the pitting poten-
electron spectroscopy (Fig. 6) and a small peak is obtial shifts toward higher values, whereas the repassive
served at 400 eV indicating the presence of N. The peagotential shifts slightly toward smaller values and the
suggests effectively that NOs reduced to RH; . This  maximum pitting current increases whé,0, con-
would indicate that RH} is present as adsorbate on centration increases. This can be explained by the fact
the surface. RH}} acts to keep the buffered surface pH that the®H,0;, as a powerful oxidizing species, is ca-
constant and to retain passivity and delay pitting nuclepable of oxidizing the surface and limits pit initiation
ation. This indicates that the pitting corrosion rate andwhereas it makes more difficult repassivation of exist-
passivity are dependent on the absence of any superiiag pits.

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 lead8-2.4. Results and discussion

to decreasing the pitting currents. These results showhis discussion makes use of Aramaki al. [23],
without any doubt, the effectiveness of §J@s corro-  Al-Kharafi [24] and Ming-Yu Chang and Ge-Ping Yu's
sion inhibitor in pitting initiation. remarks [25] on other metals and environments.

3.2.3. Analysis of voltammograms obtained  Influence on pitting potentiaFig. 8 shows the linear
with 3H,0,, NO; and CI- variation of pitting potentialEpi;, as a function of the

The corrosion potential does not change (Fig. 4) wherogarithm of the inhibitor to chloride concentration ra-

the 3H,0, increases. This behavior results from thetio. 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 dnv3 CI—, variation of NG concentration according to Fig. 3
2: 0.1 mol dnt® CI~, 3x10~2 mol dm~3 NOj, variation of*H,0;
concentration according to Fig. 4, Cl~ without inhibitor (arrow).

ions 058“) is represented by a diamond. In this figure,
the pitting potential shifts towards higher values when
the inhibitor-chloride ratio increases. This signifies that b 8 s :
addition of inhibitor stops pit initiation for potentials s s 1015 1523 2011 2538 3045 3853 4081 4569 5076

under the curves as shown by analyzing the local cur Displacement pum , ‘
rents (Fig. 9, plates a and b). Effectively, in plate b ]l' ‘ln ﬁ E‘- ;. QI -
obtained at 0.8 V/SCE and for N@CI~ =0.35, the S0 40 30 20 -10 0 10 20 30 40
studied section shows a greater area of zero local cu. mA cm’

rent indicatin mark nden limit pitting ini-
ent indicating a marked tendency to L pitting Figure 9 Photograph obtained by the Scanning Reference Electrode

tlathn sites. Also, pit |n|t|at|qn IS_ less eaS|Iy StOpped Technique. a: pitting micro-cells induced by Cb: local repassivation
by nitrate andH,0, as seen in Fig. 8. Because theseps pitting micro-cell induced by NQ.

inhibitors provide a more perfect passive layer in the

potential region under the straight lines, defects at the 0.4

passive surface are repassivated. /
I /

Influence on repassivation potenti@he values of the o

repassivation potentiaEp, as a function of the loga-

rithm of the inhibitor to chloride concentration ratio are /

shownin Fig. 10. In this figure, the repassivity potential
obtained with only chloride ionsHPep) is represented
by a diamond. Because NQIin the absence GH,0,
makesEp more positive, it is an effective inhibitor 02
for establishing repassivation. NQplugs the pits by

buffering the pH, as shown by Refaey and Rehim [26].

Eyo /V/SCE

Nevertheless propagation of existing pits appears to oc- 0.4

cur at the lower concentration of inhibitors as suggested o s

by theimax values betweek and Erep in the voltam- N\\q\\.
mograms (Figs 3b and 4b). The curve (Fig. 10) obtained i i—
with NO3 and3H,0, present shows a negative slope 0l !
when hydrogen peroxide concentration increases. Lo- inhibitor / CI' (mol dm3)

calized corrosion is aided betwegp;; and Eep Within _ o _ o

the existing pits by?'Hzoz addition, and there is less Flgure. 10 Repasswsatlo[] pote_ntl_al as a function oflnh|.b|t0r conce_ntra—
ivation than with lone. Thus. the inhibitive tion 1: 0.1 mol dnm CI~, variation of NG, concentration according

repassiva NDa He. TS, to Fig. 3. 2: 0.1 mol dm® CI~, 3x102 mol dn® NO3, variation

effects depend really on the inhibitor nature, concenxyt 34,0, concentration according to Fig. 4;; CI~ without inhibitor

tration and potentials. (arrow).
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Figure 11 Relationship betweefyit and Erep. 1: CI~ and NG;, 2:
CI=,NOy and®H,0,, graph plotted according to Figs 8 and 20,CI~
without inhibitor (arrow).

0.1 1

Influence on the gap between pitting potential and inhibitor / CI (mol dm®)
repassivation potential’he graph giving the relation- ‘ - _ o
Ship betweerEpit and Erep is in Fig. 11. Two linear F|gl_1re 1? Maximum gmlrlg curre_nt as a function of |nr_1|b|t0r concen-
. . ", tration. 1: 0.1 mol dm* CI~, variation of NG concentration according
curves are obtained: one for NQvith a positive slope, 1, Fig. 3. 2: 0.1 mol dm® cI-, 0.1 mol dn® NO; , variation of°H,0,
the other for N@ with 3H,0, where the slope is concentration according to Fig. 4; CI~ without inhibitor (arrow).
slightly negative. Each curve divides the figure into two
domains: aggressiveness for points above the consid- AEN
ered curve and inhibition below this curve. The NO
inhibitor shifts bothE,; and Eep in the positive di- 10
rection, indicating suppression of both pit nucleation
and initiation and slowing propagation of existing pits
betweenE,; and Erep. On the other hand, NDwith
3H,0, changesEp;; towards a positive potential but
Erep shifts slightly towards a negative potential with
increasing®H,0, concentration. It is definitely con-
cluded that with®H,0, addition, the propagation of
existing pits should be faster than for JCalone.
Nevertheless, ND and 3H,0, result in better repas-
sivation than that for tritiated water containing only ol
chlorides.

0.6 08 1 12 1.4 1.6

i (mA cm'?)
,x“

Figure 13 Relationship between the maximum pitting current and

AE = (Epit — Erep). 1: CI~ and NG, 2: CI, NO3 and®H,0,, graph

plotted according to Figs 8, 10 and 12, arrows: increasing ratio between

Influence on maximum curreftithout these in- inhibitor and chloride.

hibitors, it was observed that the pitting current reaches

the higher maximum valueY,,), as represented by the ) o ]

diamond in Fig. 12. On addition of N the max- with a_remarkable Iower_lng of plttlng currentyy) as

imum current decreases indicating a significant limi-S€€n in Fig. 13 responding to Equation 13:

tation of the propagation of existing pits. Fig. 12 also

shows higher values dfax for 3H,0, addition as com- l0gimax = kaAE + ke (13)

pared with only N@ . N3*H adsorption should be hin-

dered by?H,0;, present and consequently there is lessThe values of Io@max for the plots of NG are to some

buffering of the surface pH limiting repassivation of extent lower than that obtained witki,O, indicating

the existing pits. As well, a thicker oxide layer, due inhibiting effects of NQ. Hence, N@ suppresses pit

to 3H,0,, should limit the pitting current. From these nucleation and slows the propagation of existing pits.

different curves, it appears that propagation of existingSince with*H,0, addition, A E increases Withimay, in

pits and the area corroded by pitting can be essentiallthis case, it is difficult to have appreciable repassivation

avoided at higher NQ concentrations. of the existing pits. These results confirm the previous
conclusions: inhibition, nucleation or stimulation of pit
formation and propagation of existing pits. Partial inhi-

Relation between the gap betwegp,, and E,., and  bition of existing pits is attributed to the presence of the

maximum currentn the potentials betweeRe, and inhibitor NO5 . In presence ofH,0,, propagation of

Epit (AE), the inhibitors suppress pit nucleation by re- existing pits is not stopped leading to slowing down the

pairing defects in the passive layer. As a result, the porepassivation. The presence®f,0, has provided a

tential differenceA E = Eiy — Erep can be associated partly beneficial effect on the inhibiting action of NO

1765



1Z1(Q)

~ eeqy (3op) 918ue oseyd

Figure 14 Experimental Bode spectra in presence of @l passivity.
A:0.2 cnt, pH6,0.1 moldm3 Cl—, 1: —1V, 2: —0.97 V, 3:—0.95 V,
4:-0.92V,5:-0.9V,6:-0.87V,7:—-0.85V, 8:-0.82 V, 9:—0.8, 10:
—0.77 VISCE, parameter values in Table II.
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(3ap) a13ue aseyd

ey}

Figure 15 Experimental Bode spectra in presence of @hd NG in
passivity.A: 0.2 cn?, pH 6, 0.1 mol dm® CI—, 0.1 mol dn3 NO3, 1:
-1V,2:-097V,3:-095V,4:-092V,5:-09V,6:-087V,7:
—-0.85V, 8:-0.82V, 9:—0.8, 10:—0.77 V/SCE, parameter values in
Table I1.
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(3ap) o[3ue aseyd

ejay)

Figure 16 Experimental Bode spectra in presence of ONO3 and
3H,0, in passivity.A: 0.2 cn?, pH 6, 0.1 mol dm3 Cl—, 0.1 mol dnt3
NO3,0.1moldnt33H,0,,1: —1V, 2: -0.97 V, 3:-0.95V, 4:—0.92 V,
5:-0.9V,6:-0.87V,7:—0.85V,8:-0.82V, 9:—-0.8,10:—0.77 V/SCE,
parameter values in Table II.

3.3. Impedance spectra

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

(a) At higher frequency, a dip for the characteristic
frequency, fc, , 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 frequencf, and a second
linear hump of—0.9 to —1 in the impedance modu-
lus depending on the CINO; /*H,0, 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 1l) if the total impedance is modeled according
to the following transfer function for taking the evolu-
tive structure into account:

1
Rox
+ -
T 14 (jo)2A TRy

(14)

1 .
Z = JwCq +

Re

whereCy isthe double layer capacitand®; the charge
transfer resistancey a Constant Phase Element (CPE)
replacing the oxide layer capacitand®,y the oxide
resistancep the angular frequency arjd= +/—1. The
transfer function given by Equation 14 includes two
time constantsy; = R;Cq andt, = Ryx/ 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 Il), it is interesting to note that
the capacitance results for Calone reflect the poorer
corrosion resistance. With NQthe oxide capacitance
values indicate effective protection by adsorption of
N3H; and pH buffering. Also, the value of the exponent
‘a’ of the CPE is close to 1 for the oxide layer obtained
with NOj3. 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.

The inhibition of the chloride pitting corrosion pro- These results strongly confirm that the accumulation of
cesses is studied indirectly by the passive potentlaIsN3HI on the Zircaloy surface enhances the oxide layer

From this, the Bode plots for:

—CI~ are summarized in Fig. 14,
—CI~ and NG are given in Fig. 15,
—CI~, NO; and3H,0; are given in Fig. 16.
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properties by blocking the chloride adsorption sites.

In presence otH,0, the impedance modulus slope
is slightly less than those for NCalone, thus indicating
a few defects. Also, it is seen that the changing charac-
teristic frequencies indicate a modification of the oxide



TABLE |l Dependence of oxide capacitance on passive potentials for each medium
a: Results in presence of Clalone

0.1 mol dnt3 CI~
E/VISCE -1 -0.97 —-0.95 —-0.92 -0.9 -0.87 —-0.85 —-0.82 -0.8 -0.77
Cox/tF cm2 25 22 19 17 15.7 14 13 14.2 15.9 17.2

b: Results in presence of Cland NGy
0.1 mol dnt3 CI—, 0.1 mol dnT3 NO3

E/VISCE -1 -0.97 —0.95 —0.92 -0.9 -0.87 —0.85 —0.82 -0.8 -0.77

Cox/uF cm2 5 4.6 4.3 4 3.7 3.3 3 3.4 3.6 4.2

c: Results in presence of CINO3 and3H,0,
0.1 mol dnt3 CI~, 0.1 mol dnT3 NO3 , 0.1 mol dnT3 3H,0,

E/VISCE -1 —-0.97 —0.95 —0.92 -0.9 -0.87 —0.85 —-0.82 -0.8 -0.77
Cox/i F cni2 2.3 2.1 2 1.8 1.6 1.5 1.3 1.6 1.7 1.9
TABLE Il Dependence of oxide thickness on passive potentials for each medium

E/VISCE —-0.95 -0.92 -0.9 -0.87 —-0.85
Thickness in nm/(0.1 mol dr? Cl~) 1 1 1.1 1.2 1.3
Thickness in nm/(0.1 mol dr# CI~, 0.1.mol dnt3 NO3) 35 3.7 4.3 4.8 5.3
Thickness in nm/(0.1 mol dr# CI—, 0.1 mol dnT3 NO3, 0.1 mol dnT 3H,0) 8 8.9 10 10.7 12.3

layer thickness depending on the passive potentials arttiese results, it can be deduced that oxide layer thick-
3H,0, presence, as noted by Schmuki arhBi[28].  ening facilitates passivation and constraints to modify
This fact can be associated with the nucleation of existelectrochemical exchange of charge across this. This
ing pits because the oxide begins to be stressed by it®eans that the electrical field changes modify the car-
thickness and defects. Also, the results emphasize thater number and vacancies diffusion through the oxide
the presence ofH,0, stimulates the repair of flawed layer. Finally, the approach of describing the oxide layer
regions of the passive layer and oxidation of the activan terms of barrier properties using the Mott-Schotky
sites onthe surface. The oxide layer thus formed is morequation should be valid to calculate the donor concen-
corrosion resistant. As a result a marked delay in theration as shown by Schmukit al. [38].
pitting evolution is recorded. This could be explained
by reduced chloride incorporation into the oxide layer. 2C2, kT
To ascertain the oxide layer characteristics, the thick- Ng = (Vm — Vi — ?>
ness is obtained from the usual formula for recipro-
cal plane capacitance considering thais the sur-
face roughness factor, the vacuum permittivityis
8.8 x 107'* F/cm and the value of the oxide layer di-
electric constant for ZrO, is about 14 [11, 15].

= 16
eceqlr ( )

In Equation 16 Vn, Viy are the potentials at which the
impedance measurements are carried out and the flat-
band potential, respectively. Using this equation, the
donor densityng, varies from 20 to 2x 10'° carrier
cm~3 (Table IV) signifying protection of the Zircaloy-4
1 i (15) by NO; or3H,0,. The higher carrier concentration for
Cox  €80F the oxide layer obtained for Clalone signifies chlo-
ride diffusion. It can be also seen thatis lower with

The roughness factor is calculated from measurement&1202 present, indicating oxide layer thickening as re-

of profiles obtained by progressive microscopic ex-Ported by Di Quartet al. [39]. Also, the influence of

ploration of the surface with 3D characterization [29] Surface pH on the oxide properties should be considered

by Atomic Force Microscopy as shown by Marcus through its effect on the overall oxide charge density as

et al [30], Farringtonet al. [31] and Czerwinski and

Szpunrr [32]. The typical surface morphology shows

small semi-spherical Zrgrains with 0.3xm sides. TAB_LE I\_/ Do?or concentration and flatband potential as a function

From calculations, the root-mean-square is 150 nm ang ©" NOs and™H20, present

the roughness factor is 1.5. These values correspond iQueous medium cl CI-,NO;  ClI-,NO;3,3H,0,

the results given in [33-37].
According to Table Ill, the oxide layer thickness M (number of carriers

grows with the passive potentials and depends on the p/‘\a/;ngX 1075 _28 - _18 o _591

three media: CI—CI~/NO;—CI~ /NO; /3H,0,. From  _° : : :
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shown by Quartet al. [40] and Horvat-Radosevic and {oxide*t} represents Zr ions in the passive oxide layer
Kvastek [41]. which are in equilibrium with the corresponding vacan-
cies. In this mechanism, the electron flux in Z2ri®in
Vi = —k — 0.06 pHsurface (17) the tritiated water direction for oxide growth. It can be
seen that 8H~ imply that the surface pH is buffered
by NO; which avoids local acidification according to
N3H; formation. ApparentlyVo:- are produced at the
ZrO,—Zr interface and consumed at the oxide-aqueous
interfaces. As a result/o- diffuses from the Zr@ Zr
to the ZrGQ-aqueous interfaces. The net resultd/gf-
migration can be seen by combining Equations 18,19
nd 22. From the set of previous reactions, itis clear that

The flatband extrapolated potentigt, is close to
—0.9 V/SCE in presence of Cland increases toward
negative values with ND present indicating that the
surface pH is buffered by #i; formation.

It is important to emphasize the role of IyCGand
3H,0, in the corrosion inhibition process and to un-

derstand the interaction of these radiolytic species wit he diffusion ofVie. effectively results in oxide growth,

the incorporated chloride throughout the layer thick- ; .
ness. Strehblow [42], emphasizes that the formation o?hOUId depend on flatband potential, and is produced

a thin metal-chloride layer was observed between theith consumption °§HZQFH202 atthe ZrQ-aqueous
oxide and the alloy. Since chloride is responsible forlnterface where the pH is buffered throughout, whereas

. + . —+ —
the formation of this inner chloride layer, this location {oxide* "} keeps the pH buffered with ;" and GH

leads to the simple conclusion that the incorporate&Ormeol as seen in Equations 7, 8, 20.

. : S : These reactions occurring on passive oxide are in-
chlorides migrate at a significantly higher rate than tha : . .
of oxygen ions into oxide. This conclusion, however,“Iuencecj by the different potential dropsy in the

leads to the following question. Is the migration of chlo- Z1-Zr0, and the ZrQ-aqueous interfaces. Within the

rides independent of, or coupled to nitrate and tritiate as_snllzlaye_r of a f%W nanhometders (']!'able ”Ir){ thc? pg-
Progen bt Cocenetion e Sl o anlTil 190 O e order o some s
swer this question by finding a relationship between ’ 9

the corresponding different parameters, i.e., vacanciet:?rough the oxide layer at a measurable level in cur-

diffusion, pitting potential and donor density with the rents ofa'feva (Fig. 1)'. Th‘? corresponding physical
CI-, NO; and®H,0; present. model to interpret the diffusion processes and the po-

We first propose a succession of chemical and elect_entlal drops is shown schematically in Fig. 17. Since

trochemical reactions in Zr{and at its interfaces with- :EZ*{Z’[L%é?aL:e%L:::]?it;rga;ge Iisspci)\llaerlllng.le, itis expected
out initially taking account of Cl. After an adsorption P PI1Sg y:

stage, there is oxygen ion diffusive penetration in th . kT

oxide layer by vacancies towards the Zr—Zzridter- UAE = oa Ezi0,-zr + 2'32_e
face. This can be described in the following form, as
shown by Macdonalét al. [43] and Lorenzt al. [44].

Thus for this, the model contains these basic features: .
where AE represents the potential drops between the

interfaces and within the oxide layer. Itis expected that:

x[31og[NO3, O*H™, *H,0,]] + 3A¢y (24)

—the oxide layer contains vacancidéf™ and V"),

—the vacancies are in equilibrium with the aqueousa(c—l) — A E_2‘3k_T [8 log (NO‘ O3H- 3H202)]
media-oxide and Zr@-Zr interfaces, ox e s’ ’

—the passive oxide layer kinetics are governed by va- (25)
cancies. The oxide thickness is given by:

kT
The vacancies are the limiting parameter for any dif-0d = b<3AE—2~3% [0log (NO3, O*H™, 3H202)])
fusion. Based on these considerations, the following
simplified reactions with Ng@™ alone (Equation 18) or (26)
with 3H,0, (Equation 19) are in equilibrium at each where b is a constant resulting from considering
interface: the oxide layer as a plane capacitor (Equation 15).

2Vor +NOj +2°H0 4 8¢~ < {N°H}, O°H ™) o+ 407"} aqueous-Zr@interface (18)
Vor + 2°H20;, + NOj + 1267 < {N*H}, O°H ™}y on T 607"} aqueous-Zr@interface  (19)

{oxide*t} 4+ 2°H,0, + 46 < Ve + ZrO; + 2°H,0}  aqueous-Zr@interface (20)
(O°H )iocatprs 02 + Vor <> Ve + 02} diffusionin Zr0, 1)
Zr < {oxidé™} + 2V + 4e 22
< ; +. o+ Zr—ZrOs interface (22)
Zr + Ve < {OXideM) + 4e 23)
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Thus Equations 24-26 represent the functional depen- In presence of Cl, for a metastable pit at a given po-
dence of the passive layer growth law 6AE and  tential, there must be arelationship between,@IO;,

3 log(NO3 , *H,0,) up to a determined size also aided O®H~ and3H,0, concentrations where the pit can be
by the buffered pH. Therefore the formation of the oxidedeactivated or activated. According to Strehblow [42]
layer, thickness and its mode of growth are dependerdnd Macdonald [45, 46], if the Zr vacancies penetrate

on radiolytic species in tritiated water.

Zr Zr0,
ZrO,

i N’Hy" .4 leading to buffered pH

} oxide layer formation

NO;”

} competitive penctration

tv N'H," ., leading to buffered pH

Ab I tens mV/A

s

— .
d distance

the zircaloy at a slower rate than their diffusion through
the oxide layer, they accumulate at the Zr-ZiGter-
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 Cf ions at the Zr@-aqueous inter-
face as shown in the physical model (Fig. 17) and in
the following equations:

Vg — 2V =0 (27)
-2

CVZr‘H’ = k(CVOzf) (28)

Vo + Clagueous> {CI7) (29)

In Equations 28 and 29CI™} is a chloride occupying
O?~ vacancies an@ the vacancies concentrations with
an inverse dependence Wa.++ andVee-. It can be seen
from all the previous equations, that the numbevef
increases by introducing more NCand 3H,0, and
inversely decreases wif£l~}. Due to interdependence
of the concentration of Zr and?0 vacancies and the
penetration of Ct within the oxide layer as shown by
ellipsometry [47], the number of Zr vacancies decreases
in the oxide layer by the presence of §@r 3H,0,
avoiding the critical concentration whose repercussions
are shownin Figs 3, 4 and 7. From these considerations,
the criterion for pit initiation in presence of NOand
3H,0, can be expressed by:

Figure 17 Physical model proposed to interpret the processes in oxide

with chloride, nitrate and hydrogen peroxide, ar Cb: CI~ and NG,
c: CIm, NO; and®H,0; present.

a’s

Zrat

= = Jo[Cv,, {2r0,—NO3,*H,0,}] > (30)

Figure 18 Scanning Electron Micrography showing repassivated pits obtained witiNT; and®H,0, and covered with zirconium oxide crystals.
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where Jy depends on thermodynamic constants anda4.
3H,05} is the concentration of & 5.

Cv, {ZrO;—NOg,
vacanmes at the eraqueous 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 g,

presence of NQ and3H,0;:

9.

4.6KkT In 10
Epit = ane log (H,0 O3H I Ik
N exp{ 2}{ ) } 11
2.3KT
=% ogCl Bl 14

where J,, is the rate of submergence of the Zr vacan-

cies in the Zircaloy-4M the oxide molecular weight 15,

andp the oxide density. It can be effectively seen that
higher concentrations of NQ O*H~ and®H,0, 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 irn7.

presence of NQ, CI~ and 3H,0,, was observed by
scanning electron microscopy (Fig. 18). Only a few®
observable crystals covering the repassivated pits werg
noted. They correspond to early stage pitting.

20.

21.

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 oftij

and its adsorption. AH; may be considered as a ,3
counter-ion for neutrahzmg acid pH in the pitting pro-

cess. In this connection, it is of interest to speculate4.

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 nobg
have the possibility of being transformed to metastable

or stable pits. Nitrate without hydrogen peroxide shows27.

the greatest effectiveness against pitting corrosion. Thé?- BOF o
29. A. MICHEL, “Carac€risation et mesure des micexgigtries de

addition of*H,0 to tritiated water containing Cland
NOj significantly increases the thickness and changes

the oxide layer characteristics. Results indicate the forso.

mation of a more stressed passive oxide than fog NO

alone. The pitting potential shifts towards more positive31:

values meaning stopping of pitting formation. In con-
trast, the repassivation potentials shift slightly towards

more negative values meaning limitation of propagatiorss.

of existing pits. It is deduced that existing pits are less
easily passivated withH,0;, than with NG alone.
However, the two combined effects, i.e., the effects du
to NO; and3H,0, show greater resistance to pitting
corrosion than for Ci alone.

36.
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