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Interpretation of Inconel 600 behavior in the active region in tritiated
water ccntaining chloride—fluoride ions between pH 1 and 3.5
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Abstract

Yeltammetric and impedance measurements were carmied out to study the corrosion behavior of Inconel 600, a czedidate
material for radiozctive plants wsing acid tritiated water sojutions containing Cl- and F° ions. The polarization and
vollammetric curves show the localized comosion region over a wide range of potentials geing from the corrosion potential
up to the passivity and transpassivity. This indicates that the focalized corrosion oocurs in the acive potentials. The
vollammerric cunves and clectrochemical impedance diagrams show the effect of potential, pB, C17. and F ° concentrations
an Incenel 60 behavior 1n the overlapping active and localized comrosion regions. These indicate that there are dCefinitely
reactions with the oxde luyer and that there are several processes oceurming simuliaaconsly: adsorption of CI7 and F7,
localized and active comonion, oxide layer dissolution and icaic diffusion. The expenmental data and simulated spectra were
fitted by equavalent circuas and the compuosnent values were determined.

1. Intreduction production of significant concemrations of radiolytic hy-
drogen peroxide and dissohved oxygen. particularly if the
Nickel-based alloys are extensively used in the nuclear mistated water 1s concerirated and stosed for fong periods

indusiry for their comroion resistance. Mast frequentfy. the in closed containers:

focalized commoston resistance i the reason for this choice.

Nevertheless, ail nickel-based alloys are not equivalent and HO»2He+ O~ 2B + . E,. =186x%2keV,
to avoid mopporntune problems there must be a judicious 0

selection founded on accurate knowledge of the medium
and alloy charactenstics. Among these alloys. the Inconcd

X P | 3 1 Agq-
600, 690 and X-750 can he positioned in the same famuiis. 2HO~B —'H.HO, . HO,... —~ H0,+ 2H.

This study concerns localized corrosion in the active fe- (2}
gion of Inconel 600 (UNS NO66UO) for nuclear reprovess-
ing instalfatons using highly radicactive agueous solu- The effect of the B panticles and the action of the

tioas. specifically invelving trtiated water. Tritium decays
P, emission of a B panticle and a ¢, antineutrine. The
envrzy released decomposes water molecules with the

hvdrogen peroxide on the passive oxide layers have been
reported previously [1.2) Stress corrosion cracking by
tritium in steels was studied by Chéne et al, [3.4] and in
our laboratories [S.6) In tritiated water. a high radiolytic
gas pressure Jeads 10 more positive values for the corrosion
rotential and free potzatial. An acidic medium was se-
_ lected since refatively concentsated acid solutions are pro-
" Covesponding author, duced in tritisted water reprocessing installations during

HI22-3515 /97 751700 Copynight © 1997 Published by Ebsester Sceence BV, All nights resenved.
P SOG22-31i5(56)00673-3
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catalytic gpaseons treium oxidation cycles at 350°C with air
and fimely divided paltadiom The acidification s ex-
plaincd by the effect of § pamticles on the nitrogen in the
air; th reactions are, from Rrsggeman et al 17] Bumns and
Mooge {B), Linacre and Marsh (2} Whnght et al. [10L

N,+B —2N. 3)
N + 3’HO; —’HNO, + 'H.O0 + 20 . T}

The 'HO; radical is an intermediate specics produced
in water awtoradiolysis. Thus, the final procdects from the
catalytic onidation cycles give at appreciable ‘H™ coacen
wazion. As with water. the § panicle erergy decomposes
vigamic polymer joints i valves of vacuum pump ol
when these are 10 contact with gaseous titium or ntiated
watir, BIf these polvmens hase K-F or R-Cl bonds. the
¢ecompomlion reactions v aced media are

R-F+B —»F +CO,+R-. 5
RCI+R —Cl +CO, +R-. (6)

It has been obvened that the decomposiiion of sintered
Nt + PTFE of PVC composites tested in our laboratories s
vistbic after two months and the concentrated ritiated
water used (1.e.. 10 TBg ¢cm ') bevomes brownish during
the decomposition. I the PTFE or PVC i subsequenily
removed from the tritiated water, the solution becomes
colorless. The products formed have been “digested” by the
tndtated waler. Thus contains an appreciable concentration
of C1° and F~ (5% 10 " mol dm ). Comseyuently, the
effects of F anad C tons a1 aoud pH were siudied. fins
separateiy. then together Leeping o comtant Cl - concen-
tration and controlling the pH and fluoride concentration
for the range of localized comasion potentials in the anodic
peak of the active region.

2. Experimental equipment

The tritium concentranes i ntated water was deter-
enned using a Koatron SL3OOO hyued santillation spectro-
photometer as well as a Cetaram RT64 microcalunimeter.
"ﬂle electrechemical equipment consisted of a Tacussel

i and tangular signal zeocrator (PRT-20 and
(_-STP'&) comnected o a Tektronin 2236 digital oscilloscope
to display the ¢ beained at high <can rates in cyche
voltammetry. After storage in the oscilloscope, the curves
weve recorded on a Hewfen-Packard AXY HP 7440 plot-
ter. The electrochemical impedance diagrams were ob-
tained with a Tacussel ZCP 130 T generatrr contrelled by
z Hewlett-Packard 386 micro-computer monitored by a HP
82324 coprocessor. To analyze the elevtrochemical pro-
cesses thoroughly. it is aecessary o measure the impedance
over a large frequency range. Thus, the frequency scans
were made starting from 10° Hz. downto 10 Hz with a
sinusoidal amplitede of 5 mV and five steps per decade.
The spectra were judged to be satisfactory when two tests

Tubie }
Inovme] GR) componsing

Eferrem
e fe T Ma & Cu ¥ T M
Wit 6 »7 08 02 62 62 ¢ 02 b

were ukmm—.d over the whele frequency range. The Cire-
elec § P wiizen by Diwrd et al.
1,020 was wed 0 masrpx:l the capemimenial spectrz.
mahing i1 posstble to obtain alves of the equivaient cireunt
clements a1 the electrode surface. The refererce and aunil-
wary clectrodes were, respectisely. saturated calomel (SCE)
and plutinum electrodes. A platinum wire was connected to
the reference elvtrode dwouzh a 0.1 pF cepasitor to
chminate any possible capaciine inferferences and short
connection leads were wed to mimmize inductance effects.
The vandard configuration Incons] 600 dink elecirode was
made by the Tacussel fium. The elecrode comisted of an
Incone] 800 rod well embedded ;o Teflon cybindncal
whe 0 wroid clectrolyie miiliration which woeeld modify
the curve shape. Bt rolation rate was determined in each
test. The composition of rickel-base Incenel 600 o given
m Table 1. Nickel han 3 ponitive effect with respect ta
pitting. carern and cracking ownosion, and 8 provides
better pitting behavior than ron. According to Rouby [13]
Houlle {14} ard Dupoison and Vermess [15L copper im-
proves resistance to pitting and orevice commion by dis-
placing the piming comosion poremtiial to higher vaues.
Chromum Lxeass the pasavity domain by forming 2
mixed passive oxide laver. Titanium and sluminum ase
wawential for precipiiation in the alloy comnibating 10 less
patiing and sais granuiar comosion. Tiamum seacts easly
wiih carben formeng tianium carbides avoiding the deple-
non in chrondum weend the pram boundanes. Although
Inconel 60 contains tiamium, this alloy s fiable o un-
derzo intergranular altack 0 Crrcumsinces sialar 1o those
of stamnless steels. This attack & finked to chromium
depiction around the gram boundary following the forma-
ton of chromiwm-nch carbides. This bxal chromium de-
pletton i such that its concentration s below the swable
passivity threshold. The solutions proposed are wdentical to
thow reconmended for the dainless seels

- himit the carbon coscentration t a low level to prevemt

chromium carbide formation.

- add clements in ordet to fonm more sudble carbudes than

Cr1.,,C,, in gran boundanies.

The silicon v due to the fact that 8 could not b
avoided o7 it s awdded to mmprove the cosTosion Rsvistance
in an oxidizing medium used a1 high temperatres when its
concentration is appreciable (0.8-2 wt%). From visual
eraminations by & Cambridge S scanning eleciron mu-
croscape. the microstructure of e Inconed 640 clectropol-
ished was characterized by grain <izes between 5 and 20
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Fig. 1. ing cl ; oy photograph of cloctrpol-
1hed Inconel 600 showing grans (rougiiy 5-20 di ).

um (Fig. 1). Inconel 600 was heat weated at 11549°C and
rapidly air cooled (hypenrempe) in order to homoge vize
the face cubic cemered austenitic structure.

The elecirelyte comained F~. Ci~ and "H™ ions and
their concentrations were measured with specific  -jec-
wodes in order to determine their respective effects on
Inconel 60 behavior. Prior 1o each use, the disk electode
was mechanically polished on 2000 mesh grade silicon
carbede sheets, then with diamond paste down to | pm and
washed with deionized water. The roughness facter for
polished Inconel 600 s estimazed to be in the range 1-1.2
from Schulze and Macagno [16] and Kerrec et ai. [17). In
this way. the electrode acquired a2 reproducible silvery
bright surface. The impedance measurements were made in
the ac mode, afier immension in the electroiyte deaerated
by bubbling nitrogen (or 10 min. pH was measured using a
Tacussel Minisis S0} oH meter taking into account the
difference betwern the pK (dissociation constant) of light
and tritiated water (pK,y , = 15.21) 1o calibrate the pH
meter. ’

3. Experimential results

To suppress any uncenainties. the stedy was camed out
after decomposition of the radiolviic hvarogen peioxide
and dissolved oxygen at — 1.} V/SCE accoding to our
provious stedy (18] The witium concentration was kept
condtant (10 TBq cm '), to ensure that there was no
variation in the amount of radiation energy amiving at the
oxide layer.

3.1, Cvelic valtammetry
3.1.1. Voltanunograms obrained with chloride present
The use of relaively fast scan raies i vnusual in

comrosion testing. and the justification for this technique 15
given by Morris and Scarberry [19]. With rapid-scan curves

it is easier 1o reveal peaks where infleciions in the slow-scan
curves suggest they might exist. The experimental voltam-
mograms given in Fig. 2 were obtuined for Inconel 600
and with chloride concentration kept constam ai 5 X 1072
mul g * while the prd varied between ! and 3.5 (curves
2 1o 5). For comparison, a curve was also drawn without
chloride (curve 1). In this curve, the active peak is seen at
0.2 V/SCE and the passive region extends from 0.2 10 0.8
V /SCE. When the potential sweep is reversed at 1 V /SCE,
the presence of a cathodic peak shows that the passive
oxide jayer can be reduced to areund —0.5 V/SCE. The
large potential difference between cathodic and anodic
peaks signifies that the passive oxide is difficult to reduce.
In curves 2 1o 3 obtained with Ci~, the anodic peak is
observed in the localized comosion cument. which in-
creases at lower pH, and continues to be produced during
the backward scan to reach the corrosion products reduc-
tion peak, whose height slightly decreases with increasing
pH. In the forward and backward scans, the respective
different curremts depend on pH. In these curves. the
difference between anodic and cathodic charges is greater
than that in curve 1. This difference is aot due to any
difficulty in reducing the passive oxide layer unde: the
localized corvosion conditions, since it does not form.
Stiring would contribute to swecping away corrosion
products from the clectrolyte-cxide interface {20, Conse-
quently. an anodic seaction accompanied by ionic diffusion

1[ma)

[N

95 4

0s

<054 £ [VISCE)

Fig. 2. Volammetric curves of Incone! 600 surface asea: 0.2 em’,
temyperature: 20°C. scan rate: 0.2 V s™ ', w: 2000 rpm, curve (1)
polished Inconel 600. without CI™. pH 2, curves i2) to (5): with
C17:5%1077 mal dm™ . (2): pH 1. 3): pH 2, 13} pH 2.7.{5)
pH 3.5.
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Fig. 3. SEM phetograph of Iscorel 608 showing numerous cavi-
ey 38 widk d pits. (ab crificatnon of 503 (b mugmifica.
wos of 1060, £ 01 V/SCE.C. 5%10 ° med dm ' pH 35,

would occur in the onide layer. After these results were
obained by voltammesry. the alloy surface was examined
by scanning cleciron mictoscopy (SEM) by applying a
potential in the active peak. The surface aspect is siwwn 1
Fig. 3. Note that shallow. bread and numerous cavities as
widespread pits, about 190 pm diameter, ard some cruses
are visible at rhe surface and comespoad to locakized
cottosien in the active regiva as shown by voltsmmerry.

2.1.2. Voltumeograms oblained with fluoride present

The effect of tluonde and pH vanuuons on Jocalized
corren currents are given i Fig. 4. In these cunves, pH
ncreases with the setected fluonde conventrations between
1077 and O.! mol dm ' w reach pH 35 (Table 2)
coresponding to the p& | of the fluortde - hydrofluornic acid
buffer. o comtrast fo chiorde. the anadic cuments arc
higher when the pil invecases: this fasults from the Huo-
ride coraentration increase with pH. As with chlondes, the
anodic peak is observed in the lovaiized comosion region.
In the backward scan, the comosion products reduction
peak coment increases with fuoride concentration like that
in the anodic peak. SEM exananattons were cammied out at
the active-localized corrosion potentials. The Inconel 600

FRIE-EY]

£ {V.SCE]
-4 i
i@» £

j’\}‘e\; 2

i ‘\‘\,4;3

£

Fig. 4 Volummetne canes of Inconet $080 surfaoe areas 6.2 cm’,
wemperatare: 20°C. wan rage: 6.2V s 'L w NH6 rpm. clfect of
fuonde (11 107 moldm L pH 11256210 7 moldm ™ ', pH
P93 8> 10 mwldm . pH 23 (3% 01 moldm ' pH 3S.

surface appearunce on applying a potestial of 6.1 V/SCE
v shown an Fig. 3. Some pits and micrestacking are
obwerved, which result from fluonide fons at wid pH.
Microcracking and pits would be induced by “H” reduc-
tion with formateen of gascous hydrogen isotepes in tips of
pits and in grain boundanies (Fig. 6) for the active region:
these lead o embrittlement as shown by Wiechowski et al.
{21] and Ford et al. [227 in radicactive media. To explain
this attack. Puckerng et al. {23 show that hydrogea is
geneiated within the grain boundary even though the alloy
surface is shout 200 mV more noble than the equilibrium

Tab: 2
Efteci of F onpH
Foimoldm )

W 3R10 ° 6210 ° 8§x10 ° 9x30°° 10

P i3 19 23 31 s
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Fig. 5. SEM photograph of Inconel 600. £: 8.1 ¥ /SCE, F: 0.1
mol dm ', pH 35,

potential of the hydrogen evolution reaction in the bulk
electselyte. As indicated by Ballinger et al. [24], the near
grain boundary chromium concentration of Inconel 600
exhibits a degree of variability but in general is lower with
respect to the mainx and the grain boundary. Pinard-Legry
et al. {25]) showed tha the intergranular microcracking
hinked to hydride formunon ohtaimed by electrolyas is
observed on Inconel 600. As in the ferritic steels. hydrogen
preferentially accumulates znd diffuses in the perturbed
regions such as the carbide-grain boundany interfaces lead-
ing o intergranular commosion. To show the mosphology of
the microcracking induced directly by tritium. the surface
of Inconel 600 was examined by SEM. Figs. | and 7 show
the cross-sectional photegraphs of 1wo Inconel 600 mem-
branes. one withowt (Fig. 1) and the other charged with
witium (Fig. 7(a), (b)}. Withoun writium charging, there is
no loosening along grain boundaries. The intergranul

grooves i Fig. 7(ab oMained after trittum charging are
clearly more visible in-depth. which shows deeper local-
wed commoston by stresw cracking of grain boundaries in-

Fig. 7. ing cl py. Localized comrosion in grain
boundaries induced by tritium in cross-section of Inconel 600
membrane. (a) arows showing grain boundary loosening and
highly lecalized grain attack. {b): detail of photograph (a) showing
broader attack of the intergranular groove by tritium diffusion
(arrow).

duced by tritium diffusion and absorption. Small cavities,
about 0.2 pm diameter. are gvident within the grains, with
their popul density dependent on the particular grain

Fig. 6. Schematic of various species in pils associated with truium embritticae Uin aqueoas environment, X represents Cl and F7.
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selected. Fusthommore, cavities are preferenuially located
adjacent to the grain b ies. They can commespond to
heterogeneities, for example. carbide orecipitates. most
probably Cr-sich carbides. depleted around, and inside the
greins. Maore detailed examination cn photograph (b) (Fig.
7} shows thay locally there iy a broader attack of the
intergrasular groove in sorme gran boundasies. This must
be due to wewkening of the boundary by pref sal
mitium diffusion. From these examinations of the Inconed
600 and discussions in the literature, it 15 clear that nitium
penetrates Incone! 600 by grain boundanes inductag inter-
granular microctacking. Thes SEM examinations in Fig. S,
suppornt the formation of localized comosion and cracks
under these conditions.

{a)

! with okl

3.13 Vol s i
presesr

ide and fluoride

3.8.3.1. Fluoride and pH effects. These specific cases of
loczhized comoston by Ci7 or F7 wath two comvense
behaviors for the same pH variation will help undersiand-
ing the change m the vollammograms fora #°, CI7 and
F~ mixture where €17 i ket constam {5 X 102 mol
dm ') while F~ vanies (1877 10 6.1 mol ém ™ *) with pH
up to e value of pK,, i, 35. In Fig. B{a), the anodic
peak decreases then increases when the F~ concentration
and pH increase. This suggests fing, that there are o
influences: a slight B ion of Incone! 600 localized
corrosion due o the fact thas the pH increasss and the F~

1{mA]

1 {mA]

55 -

[’

E [VISCE)

©

Fig. 8. Vollammetric and poburizatinn cueves of Incanct 600 (a. b). voltammetsic curves: surface arca: 0.2 cm’ . temperatarg: H5C, scan rase:
02V s ' @ 20 mpm Cl -5 x 107 mol dm . effect of fluonide and pH: 1% 1077 moidm™ " pH 3. €22 6 x 18™° mol dm ™. pH

23,030 8x 1077 mol dm L pH 29.43) 01 mol dm . pH 3.5.95) 612 mol dm . pH 35, - - forward scan.

— backwad

scan. (c): polarization curves: surface area: 0.2 em’. temperatu.e: 20°C. scan rate: S mV s~ °. w: 2000 rpm. initial pH: 1. effect of fluorids
and pH: curve (1) pH 1. without C1” and F . curves (2} w0 (6) with 3x 107 mol dm ™ €17, 2) 30" mol dm™* 7. pH 1. 3k
6X10 moldm 'F .pH23. 3k 8x 167" moldm 'F ,pH 29.(5) 0.1 moldm™* F~ pH 35.(6X 012 mol dm™* F™. pH 36.
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and Ci~ concentrations mu« be high ercugh 10 produce
more localized comosion. In addition, the gradual increase
tien decrease of localized comosion current, as the fluoride
concentration increases. comesponds to the same vanauon
of the cathedic peak (—05 V/SCE) atiributed to the
reduction of comrosion preducts. This experimental obser-
vation zlso clearly indicates that the elecirode process is
controlled by the surface mechanisms. In second measure-
ments, the effects of fluonide and pH are seen in the
voliammograms realized at a higher cumwent scale in order
to obain better observation of pidting cuments in the
passive and transpassive regions (Fig. 8(b}). Before the
reversal scan, the pitting cumen! obtained with chioride
decreases then increases when fluovide concentration in-
creases showing an untisual hysteresis shape in the pres-
ence of pitting. The fluoride ions are expected to form
products adsorbed on the oxide layer that initiate pitting
with respect to pH hike chlonde iors 1n 2greement with the
reaction given by Farvague-Béra and Leistikow {26}

Me(O'H), + X = MeO'HX  + O'H . )

where X7 is CI7 or F™ and Me represents Inconel 600,
Increasing pH and F~ concentration may modify the sur-
face by two ways: this could be examined later by scan-
ning electron microscopy and impedance spectroscopy.

To facilitate the selection of the anodic peak p sal

i[mA]

G4 4

for chtaining imped diagy P ion curves were
plotted using a lower scan rate (Fig. 8(c)) and for the same
F~, C1™ concertrations and pH (cirves 2 10 6) as those in
Fig. 8(a), (b}, and also withowt C1™ and F~ (Fig. 8, curve
1). These curves can be used 10 justify earlier statements.
The arodic peak is found more precisely @t 0.05 V /SCE.
and the »light difference with vollammograms wouid ap-
pear to result from the scan rates, therefore due o reaction
kinctics. In these curves. a high localized corrosion current
is maintained even 3t a low scan rate. At low scam rates,
chloride and fluoride are more easily adsorbed and subwe-
quently diffuse in the oxide layer leading to localized
ct ion tn C ity with adscrption and diffusion ki-
netics. In the anodic peak and pitting region, it is scen that
the cumrent decreases. then increases when the F~ concen-
tration and pH increase; the interpretation is the same as
that given for the voltammograms (Fig. 8(a), (b)). It can he
seen that the comosion potemtial (£ = —0.075 V /SCE)
is the same at different F~ concentrations. Polanization
curves {Fig. 8) show a well defined localized corrosion
region over 2 wide range of potentialy going from the
comvosion potential up to the transpacsivity in the forward
scan. The fepassivity polential in the backward scan is near
the commosion potential. This indicates a comrosion risk by
crevices with pitting.

3.1.3.2. Effect of varving sticring and scan rate. In Fig. 9.
stirring incieases the anodic peak and shifts the negative
current 1 the shoulder toward pesitive values. whereas the

/ E [VISCE]
1 600 surface area: 0.2 cm”,

Fig. 9. Vol ic curves of k

temperature: 20°C. C17: 5% 107° mol dm™*. F: $x107% mol
dm . pH 1.7, scan rate: 20 mV s~ ', w: (1): 500, (2) 1000, (3):
2600, (4): 3000 rpm.

corrosion product reduction peak does not change indicat-
ing that a superficial oxide layer would favor crevice
corrosion. Evidently the anodic peak is affected by active
behavior, and the cathedic peak is essentially related to the
oxide layer. Plotting the anodic peak curmrent versus stir-
ring. a straight line 1s obtained which fits the Levich
equation:

i = 1L2UFD T " Au’"C,,. (8)

where ¢ is the scan rate. w is the electrode rotation rate, D
is the diffusion coefficient, A is electrode surface, 7" is
the dynamic viscosity, F is Faraday's constant and C,, is
the species concentration. An experimental value for the
diffusion coefficient of 5 X 107 cm® 57" is then found.
This value would depend in particular on the absence or
ihe presence of oxide, but it is close to the usual values
obtained for aguecus media [27]. The integrated charge
() for the cathodic peak is higher than those {Q,)
obtained for the active peak and the ratio, C./Q, de-
creases when the stirring increases. As the volume of
tritiated water is small. it is also deduced that a few species
would be rapped below the surface oxide layer and could
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E [V/SCE]

Fig. 10. Voltammetne curves of Inconel 600 surface wrea: 0.2
cm’, emperature: 20°C, w: 2000 rpm, C17: 5X 10 * mol dm
F7:5x10°* mol dm™ ., pH L7, 02 (1) 20, (2): 40, (3): 60, (4):
80, {5} 10O mV &'

favor crevice corrosion. It can also be seen that the Jocal-
ized corrosion current varies in the opposite direction to
that of the anodic peak with stiming. Adsorpticn of Cl1~
and F~ followed by diffusion in the oxide layer by ionic
vacancies or the 07 lattice [28] would be slowed down
due to the soluble hydroxide-Cl™, £~ complex removed
by stirring, which subsequently limits localized corrosion.
Consequently, the localized corresion rate is dependent on
the intermediate species (e.g.. MeO'HX . local 'H™)
remaining at the surface of the Inconel 600, ic.. on the
species kinetics. The soluble hydroxide-Cl™ or F~ com-
plex formed locally dissolves the oxide layer up to the
alloy which is corvoded according to

Me + 2'H,0 - Me(O’H) , + O H " +xe . )

This reaction leads 10 increasing the acidity in pits which
dissolves the hydroxide and acceterates localized corrosion
in absence of stirming.

In Fig. 10, the scon rate was varied from 20 to 100 mV
s ' An increase in th ate feads to increasing anodic
and cathodic peaks. decreasing pitting currents and does

not significantly change the current in the shoulder which
can be the result of adsorbed tritium.

With increasing scan rates, the two peaks are dispiaced
in positive and negative potential directions. respectively.
Plots of the logarithm of current in the anodic peak versus
logarithm of scan rate give a straight line with a slope
close to 0.5, Plots of peak cusrent versus the square root of
scan rate have also been performed. For the anodic peak, a
good strasgh fine was ebedned: the slope is about 4.5 mA
em 7 VU ung oresponds W the value caleukated
from Delahay™s equation for a reaction controfled by ionic
diffusion [27]. Thus, these peaks correspond well to the
classical faradaic and capacitance curent equations given
in voitammetry, ic., an active behavior. The value calcu-
lated from the active peak is about 2.5 mC cm . and
consequently idicates the formation of a multi-oxide layer.
Effectively, X-ray photoeleciron spectroscopy examina-
tions made by Moftat and Latsnision [29] indicate that the
monolayer equivaleat charge is abouwt 0.6 mC ¢cm™ . In
locatized comosion. at low scan rates. chioride and fluoride
ns are more readily adsorbed and subsequently diffuse in
the oxide layer foliowing adsorption and diffusion kinetics.
Local dissolution of the oxide lusyer by complex hydrox-

A%
3 -3 W A

Fig. 1. SEM photograph of Incone! 600. £: 0.1 V/SCE. Cl":
5x1077 mol dm™ ' F ;0.0 mol dm™ ', pH 3.5,
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Fig. 12. Impedance diagrams of Incone! 600 surface area: 0.2 o, temperature: 20°C, @@ 2000 pm, pH: 1, C17: 5% 1077 mol dm™ ",
potential effect: {1): 0. {2): 0.025. (3% 0.065, (4) 0.08. (5): 0.1 V /SCE.

ide—chloride and fluoride and localized attack of tuc un-
derlying alloy by acid formation are also involved here.

Interpretation of the previous voltammograms is not
casy. On increasing the fluoride concentration in the pres-
ence of chloride, the pitting currem should increase, and in
fact, this decreases, then increases. These surprising results
require SEM examinations. Inconel 600 potentiostated at
0.1 V/SCE shows localized corrosion in the active peak,
with the formation of cracks or crevices as indicated by
Pickering {30] and Cho and Pickering [31], and oxide
crusts and grain decohesion of the oxide lzyer (Fig. 1))
which can lead to porosity and the resulting ionic diffusion
in the oxide layer, then sublayer corrosion. Finally, the
results obtiined by voltammetry and SEM eximinations
show that Inconel 600 is comroded at the same time by
active corrosion and focalized corrosion in the anodic
peak.

3.2. Electrochemical impedance spectroscopy

3.2.1. Spectra obtained with chloride present
The impedance diagrams obtained with 5 X 1077 mol
dm~* CI~ are shown for different potentials (Fig. 12) in

the overlapping active and localized corrosion regions,
more exactly at the pitting beginning potentials, and differ-
ent chioride concentrations between 5X 10°" and § X
1077 mol dm™* for pH | (Fig. 13). The diagrams show
two capaciiive seii-circles at high and fow frequencies:
these are separated by a loop for higher potentials or C1™
concentrations. These semi-circles indicate two mecha-
nisms as mentioned in Section 3 2.3.

The loop can be ascribed to adsorption phenomena. As
shown in Figs. 12 and 13, each capacitive semi-circle
decreasca when the poieivials are slightly shifted to more
nositive values or when the chloride concentration in-
creases.

The impedance diagrams in Fig. 14 were obuained at
different pH between 1 and 3.5, for a constant C1 ™ concen-
tration (5 X 10 % mol dm™?), and a potential located in
the anodic peak. In these spectra, two capacitive semi-
circizs are obtained. Their size increases with pH, suggest-
ing that corrosion decieases at higher pH. The capacitive
semi-circle obtained at a low frequency can be followed or
preceded by an inductive loop. Its origin is the same as
that for Fig. 12,

- 2. (Q cm’}
I Hz
100 10Hz 1 o
10 Hz ‘
504 . 2
0 }‘:zl 0.1 Hz 250 500
Zeea [Q o]

Fig. 13. Impedance diagrams of Inconcl 600 surface arex: 0.2 em”, semperaiure: 20°C.

S 107 (221073, 32X 1072 (D 5X 1072 mof dm

w: 2000 rpm. pH: 1. £ 0.05 V /SCE. effect o CLT:
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Fig. 14. Impedance diagrams of Inconel 600 surface area: 0.2 cm?, temperatere: 20°C, : 2000 rpm, E: 0.15 V/SCE, C17: 5 X 107 mol
dm™?, effect of pH: (1): pH I, (2): pH 1.5, (3): pH 2, (4): pH 3, (5): pH 3.5, (6): pH 4.

Z e [ cm]

Fig. 15. Impedance diagrams .f In-onel 600 surface area: 0.2 cm?, temperature: 20°C, w: 2000 rpm, £: 0.05 V /SCE, cffect of F™: (1):
1072, pH 1, 2% 6 X 1072, pH 1.9, (3): 8 X 1073, pH 2.3, (4): 107! mol dm~*, pH 35.

~Zn [ cm?)

Zea [Q em’]
7 T T T ¥ T T
1004z |01tz 100 200
10H=
Fig. 16. Imped diag of k 1 600 surfzce area: 0.2 cm’, temperature: 20°C, w: 2000 pm, C17: 5 < 1072 mol dm™*, F™:

5% 1072 mol dm™*, pH 1.7, potential effect: (1): 0.03. (2): 0.05. (3%: 0.07, (4): 0.1 V/SCE.
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3.2.2. Spectra obtained with fluoride present

The impedance diagrams obtained with different fluo-
ride concentrativns between 107* and 0.1 mol dm™* and
for 0.05 V/SCE are shown in Fig. 15. At this potential
chosen in the anodic peak, it is seen that the size of the
two capacitive semi-circles decreases when the fluoride
concentration increases. The last semi-circle is terminated
by an inductive loop at low frequencies that very definitely
signifies the presence of adsorbed species.

3.2.3. Spectra obtained with chloride and fluoride present

3.2.3.1. Potential rffects. The impedance diagrams in Fig.
16 were obtained at constant 1~ and F~ (5 X 1072 mol
dm™?) concentrations and pH 1.7 but at different poten-
tiats in the localized corrosion region corresponding to
each side of the anodic peak (Fig. 8¢). Two capacitive
semi-circles are seen at 0.03 ¥ /SCE (spectrum 1). These
semi-circles are characteristic of reactions in a porous
oxide layer and an oxide sublayer {32} as shown in Fig. 17.
At the potentials corresponding to the maximum height
and negative slope in the anodic peak, only a capacitive
semi-circle (spectra 2 and 3) is observed at high frequen-
cies, then the capacitive branch tends towards a high
imaginary impedance value at medium frequencies, and 2t
low frequencies, this bends to negative real impedan ¢
values. In spectrum 4 obtained at 0.1 V /SCE, a capaciu.ve
semi-circle is seen at high frequencies. The semi-circle
diameter increased with respect to the preceding diagrams
(spectra 1 to 3) definitely signifying comosion product
accumulation partially protecting Inconel 600. This sem’-
circle is followed by a straight line at low frequencies. It
may be a Warburg straight line corresponding to diffusion
in oxide, but its slope is slightly different (~ 45°), and
also, for these experimental conditions, the passive oxide
layer does not form. The straight line would appear to
signify an anodic reaction accompanied by ionic diffusion
through the oxide layer as suggested by SEM examinations
(Fig. 11).

3.2.3.2. Fluoride and pH effects. The impedance diagrams

in Fig. I8 were obtained at constant potential {(0.07
V/SCE) and CI~ (5 X 107 mol dm~?), but at different

-Zm [Q]
rous oxide fayer
= Y

. oxide sublayer

1] +— Inconcl 600 5\‘
B

Fig. 17. Schematic view of oxide layer system and comesponding
imped diagram in the lex plane.
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'1 -Zn [0 om’)

Fig. 8. Impedance diagrams of Inconel 600 surface area: 0.2
cm?, temperature: 20°C, E: 0.07 V/SCE, w: 2000 pm, CI~:
5%107% mol dm™?, effect of F~ and pH: (1): F™: 10”7 mol
™Y pH: 1. (2): F7: 2% 1072 mol dm™3, pH: 1.2, 3% F: 5
077 mol dm™*, pH: 1.7. (4): F~: 7 1072 mol dm™?, pH: 2.1,
(5): F : 0.1 mol dm™?, pH: 35, (6): F: 0.12 mol dm™?, pH:
6.

F~ concentrations and pH in the localized corrosion region
corresponding to the anodic peak (Fig. 8(c)). The
impedance diagrams obtained with 1072 and 2 X 107?
mol dm™* F~ are shown in spectra ) and 2. Two capaci-
tive semi-circles at high and low frequencies separated by
a loop are observed. Their origin is likely to be the same as
that for Figs. 12 and 13. The impedance diagrams are
different for 5 and 7 X 1072 mol dm~* F~ (spectra 3 and
4). For spectrum 3, the capacitive branch tends rapidly to
high imaginary impedance values at low frequencies. Fi-
nally, for still lower frequencies. this approaches negative
real impedance values. According to Laihonen et al. [32],
Rouquette-Sanchez et al. [33] and Keddam [34], these
diagrams would resalt from adsorption, reactions with
diifusion through oxide layer, active dissolution and disso-
lution with localized corrosjon. For a fluoride concentra-
tion of 7 X 10~* mol dm~? (spectrum 4), the impedance
diagram consists of two capacitive semi-circles; the second
semi-circle lies along the real impedance axis at the low
frequencies. Finally, for spectra 5 and 6, obtained at 0.1
and 0.12 mol dm~* F~, the second capacitive semi-circle
is terminated at low frequercies by an inductive loop. In
spectra 1 to 4, the semi-circle size increases at high
frequencies whereas in spectra 4 1o 6, it decreases when
the fluoride concentration increases. These different dia-
grams show the dependence of modifications of Inconel
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600 behavior on the fluoride concentration. Depending on
the pH and oxide layer. the localized corrosion by Ci~ and
F~ ions must slightly decrease or increase as noted previ-
ously in ie anodic peak region (Fig. 8).

4. Discussion, equivalent circuits and value determina-
tion

4.1. Discussions

These experimental diagrams can be interpreted follow-
ing the explanations given by Keddam [34], Epelboin e1 al.
[35] and Jouanneau and Keddam [36]. Equivalent circuit
models were proposed by Epelboin [35] and by Chu-Nan
Cao [37.38] In the interpretation, the current (i) is a
function of the chosen potentials in the anodic peak and a
parameter { x) depending on adsorbed species and oxide
layer [32]:

i=f(E, x). )
With adsorbed species. the faradaic impedance is
1/Zz=1/R, + fib/(jo—a), ay

where f;. = (8i/8E), is the ruuv of the current to potential
variations, R, the charge wransfer resistance. w angular
frequency and a and b are dependent on

a=(¥dx/dt)/ox) =7 ". (12)
b={ddx/dt)/IE),. (3)

where 7, is the tirne constant for a given value of x. From
these equations, for a sufficiently high frequency with
@ 17! the expression fi.b/{ jo — a) tends to zere, and
we have

(]/ZF),Hr: 1/R,- (14)

=1
[

At very low frequencies, with @ << 7' the current varies

with the potential. and we obtain
(V/Z)an=1/R, - 1/¢= I/Rp' (15)

where R, is the polarization resistance and 1/¢ depends
on fpbsa. At the high-frequency limit, the impedance is
equal to the electrolyte resistancc. At the low-frequency
limit, the faradaic impedance, i.e.. R;. can be comsidered
equal to the slope of the polarization curve (3i/3£) at the
steady state.

From the previous equations (Egs. (10) and (13)), the
adsorbed species also play a role in these spectra. For this,
Jouanneau and Keddam [36] showed that the OH™ iens
adsorb on :netal forming 1 Me-OH dipule aliowing elec-
tron trans’‘er at the reactive interface. According to these
authoss. 1ne oxide layer would provide adsorbed OH™
ions. For another adsorbed species, e.g.. X~ anion which
could be i~ or Cl7, there is competitive adsorption with
OH ™ ions, and this can lead to oxide Jayer modification,
depassivation, active dissolution and dissolution with local-
ized corrosion. On the basis of the interpretation given by

Jouanneau and Keddam [36], a reaction scheme can be
written for competitive adsorption, oxide layer modifica-
tion and depassivation:

o'n o'n

Mc  —  Mc-O'H, -

El

OM g om sl
om X pdix Tdiwo.

o'n e A ~t B
K-Me . B oM N o Me-O'H
~

OH

(16)
In this scheme, *of is the oxide layer formation, ‘om’ the
oxide layer characteristic modification. “pd’ the primary
depassivation and “sd’ the secondary depassivation leading
to the dissolution reaction (disso.) of Incone! 600 by active
and localized corrosion. This reaction scheme would in-
volve several steps beginning with adsorption, and where
pH, oxide layer and potential may also have an effect.

4.2. Spectra obtained with chloride present

The general simplified equation (according io. for ex-
ample, Bessone et al. [39]) corresponding to an oxide layer
is

Z=Ry+ (JCau+Z:") a7

where C,, represents the double layer capacitance, R, the
electrolyte resistance, w=2nf. f being frequency. and
Zp the faradaic impedance including several electrical
components. In Fig. 19(a), the faradaic impedance consists
of charge transfer resistances (R,) with a small diffusion
term, an inductance { L) depending on bfy., and finally the
resistive term, ¢, in addition to the inductance. The resis-
tive term. o, will have little effect on simulated diagrams.
According to these, the faradaic impedance is
JjolR,

Z.=R +——.
R, +jwl

(18)
The simulated spectra corresponding to Figs. 12 and 13 are
shown in Figs. 20 and 21. The frequency of the top of the
first capacitive semi-circle increases with a higher C1™
concentration (e.g., curves 1 and 2 in Fig. 21) and depends
on pH. The size, shape of semi-circles or ioop, and posi-
tion of the frequercies coincide with the experimental
diagrams, and thus allow the determination of parameters
from the Circelec software program written by Diard et al.
[11,12]. The values of the main equivalent circuit elements
are given in Tables 3 and 4. As the potentials or CI~
concentration increase, the values of resistances decrease;
this is the result of the corrosion increasing. Also, accord-
ing 1o Fig. 14, the comrosion is lower at bigher pH.

4.3. Spectra abtained with fluoride present

The curves obtained with different fluoride concentra-
tions and for 0.05 V/SCE (Fig. 15) can be satisfactorily
explained on the basis of the same equivalent circuit
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Fig. 19. Equivalent circuits for impedance simulation (a) follow-
mg Fig. 11Fig. 12Fig. 16, curve: 1. Fig. 18, curves: | and 2. R,
and R, clecurolytic and charge transfer resistances. Cy: double
layer capacitance, L: inductance. (b} following Fig. 16, curves 2
and 3. Fig. I8, curves 3and 4. R and R: clectrolytic and charge
transfer resistances. Cy and €: double layer capacitance and
capacitance, (c) following Fig. 16. curve 4. R, and R : clec-
trolytic. charge transfer resistances. Cy;0 double layer capacitance.

CPE: constant phase element. (d) following Fig. 18, ciives § and

6. R, and R clecuolytic. charge wransfer vesistances. Cy:
double fayer capacitance. £L: inductance.

approach presented in Fig. 19(a). From these. the simu-
lated spectra (Fig. 22) have two capacitive semi-circles and

an inductive loop at low frequencies. The mean error in

spectra is less than 59. There is therefore very good

agreement between the experimental and fitted data. The
values of the equivalent circuit elements are given in Table
5. The charge transfer resistance decreases at higher fluo-
ride concentration: this is the result of corrosion increas-
ing. From the general equations giving the rvelation be-

- Zn [£2 cm?)
10 Hz 1
50° 1 Hz
;2 10Hz
L ornt 1 bz 0.1 Hz
. ! " 1 He
10 7y 0 t1Hz
5 1Hr 50 100 Zoa (0 ]
Fig. 20. Simulated imped: diag for comparison with Fig.

12.C17: $X 1672 mo dm~ . potential effect: (1): 0, (2): 0.025,

(3): 0.065, (4): 0.08. (5): 0.1 V/SCE, parameter values in Tabie

3.
- Zn [$2 cm’)
)
| Hz
0
190
10 Hz 2 01Hz
sof pootz 18z oo
3 3 \ Zoeat [Q em?]
10Hz 01 Hz 250 500

Fig. 21. Simuluted impedance diagrams for comparison with Fig.
13. £: 0.05 V/SCE, effect of C17: (1): 5X107°, (2% 107% mal
dm7 L (3): 2X 1072 mol dm™ %L (4% 5% 107 mol -m~*, param-
eter values in Table 3.

Table 3
Effect of potentiai for 5x 1077 mol/dm® €1~

E/V/SCE

0 0025 005 0065 OO 01
R, (2 em?) 8 7 7 6.5 6 6
R, ( em*) 140 60 12 2 1" 6
R, (Q em?) 9 17 7 9 7 6

CApFem %) 250 200 120 160 160 160
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Table 4 Table 5

Effect of CI” a1 0.05 V/SCE Effect of F~ a1 005 V/SCE

CI™ % 1077 mol/dm’ 0.5 1 2 H F~ % 107* mol/dm® i 6 8 10
&8 em?) 10 8 6 4 R, /£ cm?) 16 7 55 4
R, (£ cm®) 300 140 20 9 R, (S cm®) 15 1t 7 5
Ry (52 em™) 250 90 45 7 R, (2 cm?®) 60 a5 3k 39
C/GFem™?) 150 150 50 120 C/uFem™) 10 25 30 40

tween the diffusion coefficient and the diffusion thickness
{40} and the experimental results obtained by the Circelec
program {11]. the expression for the diffusion coefficient is

D/8*=0.1, 19)

where & is the diffusion layer thickness. If we take the
previous value of D, the thickness is a few pm.

4.4. Spectra obtained with <hloride and fluoride present

4.4.1. Potential effects
As indicated by Al-Kharafi and Badawy [41], the main
advamage of electrochemical impedance spectroscopy is
the use of an electronic model to represent the metal-elec-
trolyte interface. An interface undergoing electrochemical
reactions ix typically analogous to an electronic circuit
conzisting of a specific combination of resistors. capacitors
~d inductors. and hence an ¢lectrochemical system can be
characterized in terms of its equivalent circuit. For a given
electrochemical system, impedance plots can be correlated
with one or more cquivalent circuits. The comelation is
used to verify models for the system. Once a particular
model is chosen, physical and /or chemical properties can
be comelated with circuit elements and numerica! values
are obtained by fitting experimental data to the equivalent
circuit. Simple equivalent circuits genmerate relatively
straightforward results to present metal-oxide—electrolyte
systems. It is essential to subject equivalent circuit madels,
that are found to represent a good approach to electro-
chemical systems to obtain reasonable matching of data.

-2 [0 e}

Fig. 22. Simulated i § di for comparisoa with Fig.
15. E: 0.05 V /SCE. el'feclufF' (I) 1072 pH 1. (2): 6x 1072,
pH 1.9, 3): 8x 1072, pH 2.3, (4) 16™' mol dm™*. pH 35.
parameter values in Tcble 5.

The experimental diagrams (Fig. 16), obtained at different
potentials in the anodic peak and with constant Ci~ and
F~ concentrations and pH 1.7, can be satisfactorily ex-
plained on the basis of equivalent circuits (Fig. 19(a)-(c))
according to the expl given by Epelboin et al. {35]
and Juuannenu :md Keddam [36] In Fig. l9(b) the faradaic

dance i es and a capacitance linked to
ar, ,’bR - me this, the faradaic impedance is given in
Eq. (20%

R,

=R, 4 2
Ze =R, | + jwR,C 0

where R, is R, in Eq. (11} and R, represents
R:/{(a/bf;) — R_). The simulated spectra proposed in
Fig. 23 are compared to those obtained experimertally in
Fig. 16. The simuiated specerum 1 corresponds to resis-
tances and an inductance (L) in the equivalent circuit (Fig.
1%a)). Spectra 2 and 3 c pond to a resi in
parallel with a capacitance (Fig. 19%(b)). Spectrum 4 shows
a capacitive semi-circle followed by a straight line at low
frequencies. The straight line is a depressed semi-circle
with a very long time constant represented by a constant
phase element (CPE). It is due to a partial ionic transfer
and indicates a reaction in a porous and duplex layer that
does not guarantee good corrosion protection. The diffu-
sion of the dissolving species through the layer limits the
corrosion rate. The equivalent circuit (Fig. 19(c)) corve-
sponds to the double layer cap charge fe
resistances. and constant phase element defined as

ZCPE=B(j2“f)_“ (21)

in which « is a slope betweenOQand 1. j=v—1.and B is
a frequency-independent constant considered as the recip-
rocal capacitance only if a = 1.

Tabl: 6
Effect of potential for 531072 mol dm™* CI~ and 5x 1072
mol /dm* F~

E/V/SCE 0.03 005 007 0.1

R, (Qcm®) 7 9 9 10
R, (2 em’) i5 40 40 120
Cy (wFem™) 50 25 30 45
T(s) 8 5 10 -
Z{‘Pl—. - - - 0.02
a - - - 0.6
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Fig. 23. Slmulated impedance diagrams for compamon with Fig.
16. C37: 5x 1072 mol dm~* F7: 5% 107 mol dm™*. pH 1.7,
potential effect: (1): 0.03, (2): 0.05, (3): 0.07, (4): 0.1 V/SCE,
parameter values in Table 6.

These difierent diagrams show the complexity of the
system studied and the change in the equivalent circuit
with potential. One of the aims of plotting the diagrams
was to find the values of the main electrical elements and,
if possible, to interpret them as a funcrion of potentials.
These are given in Table 6: the value of the double layer

- Zan [ c’]

w

50

./ 10HZ1G 1 Hy 10Hz 10Hz 100
10inz 1B 5
Fig. 24. Simulated d diag for comparisen with Fig.

18.CI7: 5% 1072 mnl dm™} E 0.07 V /SCE. effect of F~ and
pH. (l)‘ F~: 107% mol dm™%, pH: 1, (2): F7: 2X 1077 mol
dm™* - pH: 12, (z) F~: 5x 102 mol dm" ", pH: 1.7 (4): F:

7% 107 mol dm™?. pH: 2.1. (5): F~: 0.1 mol dm~ ", pH: 35

(6): F~: 0.12 mol dm~*. pH: 3.6. parameter values in Table 7.

Table 7
Effect of fluoride concentration, for 5x 107% mol dm™* CI-, at
0.07 V/SCE

F x10""'moldm™* 01 02 05 07 | L2

pH 1 12 &7 2F 35 36
R, (S cm?) 7 8 10 9 8 7
R, (2 cm®) 8 3 2 60 50 15
Cy (WFem™7) 100 70 16 10 20 50

capacitance corresponds 1o a normal value according to
Bard and Faulkner {40]. Its variation signifies lower corro-
sion and then corrosion enhancement. The charge transfer
resistance is small and slightly increases with the poten-
tials signifying then a very slight oxide iayer improvement.
From the simulated diagrams obtained by the Circelec
software programs and according 10 Eqgs. {(10)—(15), the
fowest frequency branch which bends towards the negative
real impedance value corresponds to the negative 3i/3E
slope obuained at point C in voltammetry (Fig. 8(a), (c))
this appears to agree with the theoretical interpretation
proposed by Keddam [34] and Epelboin et al. [35] for 2
negative polarization resistance.

4.4.2. Medium effects

The experimental diagrams (Fig. 18) obtained in pres-
ence of C1™ and at different F~ concentrations and pH can
be satisfactorily explained on the basis of equivalent cir-
cuits (Fig. 19(a), (b} and (d)). From these circuits, we drew
the simulated diagrams (Fig. 24) which coincide exactly
with the experimental diagrams to ascertain the suitable
electrical elements using the Circelec software program.

= i[mA em?*10™")

10
F [mol dm? * 169

Fig. 25. i and Ry’ versus F~ from Fig. 8(a). (c) and Table 7.
(1): impedance 27! cm ™2, (2): cumrent mA em ™.
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The values of the equivalent circuit clements are given in
‘Fable 7. It can be seen that the charge transfer resistance
(R,) increases then decreases when F™ concentration and
pH increase. It can be also seen that the value of the
double layer capacitance varies inversely. Fig. 25 presents
the variation of R, ' and § versus fluoride conce atration
from impedance and voltaminetry measurements (Fig. 8a,
¢). As shown ia this figure. the values R, ' and i decrease
at fower F~ concentration. and then these increase stanting
with the same F~ concentration. This mean that the rate of
oxide layer corrosion changes as predicted with the F~
concentration and pH (=35X 107 mol din *). This
change indicates that pH. adsorbates. F~. C1~ concentra-
tions modify the nature of oxide layer ang corrosion mode
in overlapping active and pitting regions.

5. Conclusions

it is possible to interpret the cyclic voltammetry and
electrochemical impedance spectroscopy results for the
active and localized comosion overlapped regions of In-
conel 600 subjected to tritiated water containing chloride
in which fluoride concentration and acid pH vary. The
polarization curves show a well defined localized corro-
sion region over a wide range of potemtials going from the
corrosion potential up to the transpassivity. Two influences
are then chserved in the overlapped regions during the pH
increase: the first gives a shight decrease in corrosion. for
the second. the F~ and C17 corcentrations must be high
enough to produce more corrosion. It can be thought also
that the adsorbed species such as OH™, CI7, F~ lead to
active and localized corrosion. The interpretation of the
impedance diagrams was made by proposing several
equivalent circuits where the main electrical component
values are determined. The characteristics of the oxide
layer were found to depend not only on the nature of the
electrolyte but also oa its concenrration. The oxide layer
should therefore have a complex structure, this is shown
by equivalent circuit elements which depend on the ad-
sorbed species. In addition to important conclusions con-
cerning the influence of chloride and fluoride in highly
radicactive aqueous environments on localized comrosion,
the work described here is an advantageous approach to
the problem of localized corrosion based on purely electro-
chemical methods.
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