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Vol~mrnetric a~td impc~am. ' e  mea_~ure.,nents v~'ere ~:amed ¢~t t=~ stud} Ihe ~:~m)~ion behavior of lnconel 600, a c;'ndidate 
material ear r,~liozu:tl~e plants u~mg acid mtiaa~d waler soiumms containing CI and F ions. The polari#~iion and 
vollammeiric craves ,ho~' the Ic~'~li#gxl c~n'o~i~ ~egion over a ~~de gange of i~:enliais gaing from the corrosion potential 
up !o the passivity and lrzm~pa~si~it}. This indic;al6 thai lh¢ ;.~-aliled corro~ioil ~:culs in Ihe aclive potentials. The 
~oh=mn=¢l~'ic cur~es ar~ ¢le¢Iri~hcn~ic+al impedance diagrams ,,ho',~ + the eftetl of p+~enlial, pH+ C!-+ and P " concenlralions 
em lncenel 6(~) behavior in the overlapping m'~ive and hvzalizcd c=~rro,ion reginns. T h e ~ e  indicate Ih;+t there are definitely 
reactions .,~-ilh =he o~Jch: laye~r and th~ d~re are wcveral pr~vce-+~cs ,recurring ~imuhuneously: adsorption of C I -  and F , 
h~.'alizcd a+'uJ ~'ti~e c~'n~,~m. ~,xide layer dis~|utiem ~ ionic dfffu.-ioa The experimental data and simulaled spectra were 
fitted by eqm~alent circu~Ix and the c+m~[m..-+ent ~aiae, were determn.ed. 

I. l~Ir~u~'l~ 

Nickel-ba~:d alloys are e~tensi~ely u~cd jn d~  nuclear 
indust~' fi~r their c<~rr~hm resistance. M~sl frcquc~it}, ff~ 
i ,~al~ed c~wrosmn re~i*+~nce i~. the rca,.on for thi~ cho;ce 
Ne~ea~heles~,. all nic~.el-based alloys ~ e  ma equivalen! and 
io a~oid ent~p<~ur,,e ~=~lem'-.  there must !~: a judicious 
,~etccikm founded on ~ c u ~ t e  knou.'ledge of lhe medium 
~z~ alia) chara~-ler=~tics. Among Ih~,¢ alloys. Ike Incon~l 
f~0, 690 and X-7~) can be posilioned ~n Ihc ,,ame farad 3 . 
Thi~ stud} concerns iocali#~d corrosion in the ~.iive re- 
gion ~d Intone! ~lO (UNS NIIfff~l{}~ fur nuclear repn~ess- 
ing in,talismans u~ing highly radioaclite uqueou~ snlli- 
lillll~. ~l~cifically in~l lhing lnlialClt t ~ r .  Tritium dei~a) s 
iL'. emission af a ~ panicle and a i{ anlincutrim~_ The 

" ('~e~mcling ;Jmh<mr. 

prt~.luctinn of significant c,~nccntralinns (ff radiolytic hy- 
drogen r~roxide and dissolved oxygen, particularly if the 
trifialed ~alcr is conccf,:rated and siured l-or long periods 
in clo~cd containers: 

~ t l . O ~ , 2 ; H e +  f) -~ 2[~ ÷ I',. E ..... = 1 8 . 6 × 2 k e Y .  

(I) 

2~H+O+ ~ - , = H . ~ H ( ) ,  .~HO . . . .  - + ~ H : O : + 2 " I ! .  

(2 )  

Tht: el lee t of the I$ panicle,, and the action of the 
h~drogen peroxide im lhe passive oxide layers have been 
rel~rlcd previously [1.2]. Slrcss curnlsion cr~king by 
tr+lium in stccl~ was su,died hy Ch~.nc el al. [3.4] and in 

our lah~:ralorie~ 15.6J. In tri[iated wmer. a high radiolylie 

gas pressure leads in mare I~lSilive values for the con-asian 
.l~tentia! and free t~t..=ntlal. An acidic medium was se- 
lected since rc[aUv¢ly c~mcentrated acid solu[igns are pro- 
duced in mtialcd waler reproccssing installations during 
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and fiaeb d h ~  V-M~dmm The acidify-ahem i~ cx- 
#a~,~d b~ t l~  e~t~-et o[ ~ p.an~k~ ~,n d~: niu'ogen in the 
~+; tV~. r ¢ ~  ~c. from Bmgg~-n~n d al [TL Bums 
.Mo~re [8~, Lm.~:~e ~ Xl~-~h [9~ Wngh! et al. [IO]. 

N. + ~- --- 2 N .  (3 )  

N + 3+HO; ~+HNO+ + +H,O +- 2 0 .  (4 )  

The +HO,: radg'--M is ~ t m ¢ ~ i ~ ¢  ~pe~zie~ p~od¢cod 
m ~ - ~ "  ~ k ~ y s ~ s _  Th~s. the final ~r~ ,~ ls  from the 
c~M.~m ox~.~m~ +.~ck~ g:~e an ap~eciab~e ~H" co.~en- 
tr~ion. As ~th wa~r. ~ [~ pa~th:le energy d¢-compo~ 

~ ~ : t .  If ~ ¢ ~  p~flym~,s hate K-F ~ R-CI kinds, th~ 

R - F + ~  - , F  + C O . + i f - - .  { 5 )  

R-C|  + I~ ---C| + CO, + R'-. ( 6 )  

Ni + ~E1FE t~ PVC C~m~r,,it¢-. Pg'.,,t~'d ~n tmr |~b~'-atone- t~, 
~,isib~C a t ~  t~o tmm~hs amJ ~ ¢~mcen~Jed lr/ti~ed 
~ r  UL'~ (~.e.. lO " ~  cm +) ~2x:tm;es bro~nish dunng 
~he d e ¢ ~ i ~ m ,  if lhe P~FE ~r PVC is sub~quenfl~ 
remo,+e~ [rt~n the tn~iak.~ ~ e r .  the sotuti~m ~ ' o n ~ s  
c~k'~s. TI~ p*~,~a', fi~rnk-~ h i e  been "digested" by the 
tmmt¢~ mme~. T~++ c ~ m n s  m app~ ' iab+  cm-entmtum 
of C| - and F- {5 x IO  : mo~ dm ; )+ C~l.~,eqh~nt|~r. the' 
effects of F + :m~ Ci ++ms ~t ~-+d pH v+cre s+u~ie~, first 
~pm~ciy.  then i ~ t h e ~  Lzel~ng a ¢onq~mt Ci c t ~ e n -  
tr~ien and comr~|in~ ~2 pH +.~,'vJ f l m m ~  ctmcenu-ation 
fo~ the ve, ng¢ of h ~ l z c d  ¢orrm~m lx~crdiajs in the anodi¢ 
pe:gk ~ the active regKm. 

T k  in|ram c~+.ncemra~o~ in in|rated ~~cr  gas de~er- 
m i ~  using a Komr~m SL.~IIO liquid ~cimiHalmn sl~c{m- 
i : ~ t t m ~ t ~  ,~ wetl ~s a Ceh~'~m RF64 micr~akmme~o. 
The e|~'trca:~em~c~ eqmpraem c~msisted o[ a T~-us~-! 
bipomm~os~I a~i tnangul= signal ~cn~.=t~ (PRT-20 and 
GS'I'P3) cemaected to a T e k t r o ~  22~) d~gita! o-~i[|o~+;tq'g: 
to display the currents obtained ~ h~gh ~an  rmes in cychc 
~'ohammetry. After s i l age  in the c~ciIh~,cope, the t u n e , ,  

~'e,'e recorded on a He~et l -P~kard AXY HP 7440 plot- 
ter. The ¢~¢ctrocbcmica~ ~mg:~d~:e d;.agrams ~ere ~g'~- 
lamed with a T~ussel ZCP ! .~) T generat~,r c+m~rolicd by 
z, Hewlett+Packaz,~ 486..'n~+.aro-com[mter monitored by a HP 
82324 ct~g:e.~.~'~r. I"o analyze ~t~ eK~lmchcmica| pvo- 
ce~¢s t ~ u g h I y ,  it ~s e ~ e s s , ~  to measure il~ impedance 
over a l~ge frequency range. Thu~, the frequency scans 
were m,xte ~aning from |O s HL down to |O : H~ with a 
sinum~da| amplitude of 5 mV a.'~f fi%e htel~ l:~r decade. 
The spectra ~er¢ judg¢+d to be satisfa~lory ,,,shen two tests 

T , ~  

L ~ c m  

Cr [¢ C M~ S+ C~ d T~ hz 

%%:'; 16 ~7 ogg o2 qi2 o2 ¢~2 {)2 va~. 

nm~m~ it p~...b~_ h~ obr+mn ~ ~ abe ¢qm~men~ circ~n 
~leruem~. ~ the e~e~-~Jc~ ~mr~-ac~.-_ The retLerer.:~ and auxiF 
tory c k - c l r o ~  ~ r ¢ .  r e , ~ - t i ~  ~. ,~tura~ed c - ~ ]  {SCE~ 

leM_ Th~ ¢ - i ~ P , ~ l ~  off fl~k~-~'&~ J ~ ]  ~ p, ~l~,L~t'~ 

H~01e [li4] a~J Du~mm~ ~ V~rn~m [~5]. coppe~ ~m- 

p l~ in~ ehe l~lling ¢om~son ~o°-n~i~ ~o hig~w ~'M~. 

mi~ed ~ , - ,~e  ~,~ide ]=~er_ Taxi+am ar~ ai~mm=m arc 
¢~cnliat f ~  precq~ht~on in lhe .'~lim cc~.~butin~ to le~ 

dergo inlcrgranu]gr ~l l~k  m cxrcu.q1~12~h:~s .~m~l~ lo @os,~ 
c4 ,,L~in~e,,,, ,4eel,_ "F~- :lll~-k ~ f ink~i Io cF~r,'~rmum 

tmn of chromium-rich ca.-r~d~,. Th~ h~:M c~ommm de- 

pa~ivit~ threshold_ The ,~lulum~ ~ - ' d  ~¢ ~ + ¢ ' M  to 

- limit the carb~m cc~:¢ntr-~ca: l e a  lo~ l~e] to ~e~em 
chromium ca~cle fi~,,~|ma. 

• ~ clement~ in ~d~r to titan m~m: ,a.~ble ~ d ~ k ~  
Cr:~C~ in gr-~n ~ n d ~ .  
The ~l~c~ t~ d=e ~o ~h. f ~  ~,~ it c~mi~ w~ i~ 

avoided ~=~ ~t ~ a~kk'd to ~m[m~.-¢ the c~mrm~e,n rcxiq,x~c 
in an oxidizing n~dium u,~d ~ high teml~r~mre~ ~hen iIs 
c~xentml~on i~ .~t~rec~b~e {o_g- "~ ~It~,~_ From v i , ~  
e~amin~i~m~ by a C ~ g e  590 ~=~nmng eh~-~mn mi- 

ished '~-as c~r~-tcr~zed b~ g r ~  s~zes b~wecn :5 and 20 
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Fig. !. S c r a g  ~ r ~  [~tmsl~h of cl~-'~rcT~- 
i ~ !  i.-~om~! ~ ~lo~-ing .~r-~.r~. (rougi~y $-20 dia~leter). 

rap~l)  air coohat (hy~ertrempe) in o t ~ r  m homo~e ,iz~e 
the face cubic ccmered ~usieniiic _,arm.'~re. 

The e l ¢ c t r ~  c~Rained F . C I -  ~ ~H" ions "and 
meir co~cemialimls were me,~_~ured wi th  .specific .lec- 
l r . ,~s  in or~"r to &+~e~rmine Iheir re~peclive effect, on 
lnconel ~ beha~h~r. Prit~r to each u ~ ,  the disk elec~;-ode 
was rm:chanically pol i .sh~ on 2000 m~h  grade silicon 
curb/de sheets, fl~en with dignamd pa_,,1¢ down to i pLm and 
w~L,,hod with deamized v,,'~er. The t tmghn~s factor for 
p~lished lnconel 6~l  is e~ imaz~  m be in the range I - 1.2 
from Schulze and Macagno [16] and Ken-ec et -,d. [17]. In 
this way. the electrode acquired a re~oducible silvery 
brighl .,,u~ace. The impedance measuren~qts ~er¢ made in 
the ac n a ~ ,  after i m r r ~ i o n  in the elec~ro;y~e deaera~ed 
by bubbling nitrogen far 10 rain. pit  was m e n . r e d  using a 
Tacussel Minisis 5tl(gl pH me~r taking iron account the 
difference b~ween II~ pK (dissociation constant) of ligh~ 
and Irhr, ized I~aler ( p K . . .  = 15.21) to ealibrale file pH 

3. Exl~rimcn~ resulls 

To suppress any uneerlainl~s, lh¢ study ~r~ C ~  ~ !  
alto ltecompr~iti~m of Ihe r~.~lioly~ic hymogc. I~coxide 
and d i s ~ l v ~  oxygen al - - l .~  V / S C E  ~'co~ding to our 
~:-~i~us study [18j. The [-ilium concentralion ~r~ kC~ 
ccm.~lanl {lO TBq cm '), to ensure thai there was no 
variation in tt',c araount of r, uli:,1hm energy arriving a~ the 
oxide layer. 

3_ I. Cyclic rldtammetrv 

3. I . i .  Voltm~mu~grams ~d~lamed ,id~ chb,ride pre.,ent 
The use of relativeJy fasl scan rate~ i~ unusual in 

cl~rrosi,a<n le~!ing, and t t~  juslificatioa fol this technique is 
given by M~Tis and Scarbcrry 119]. With rapid-~-an curves 

it is caster to reveal peaks where inflections in the slow-scan 
curves suggest they might exist. The experimental voitam- 
mograms given in Fig. 2 were obtained for Inconel 600 
and with chloride concen!ra~i.nn kept co~:qa.i ai .5 × 10- :  
n,Ji dm ~ ~..~'-:'~ "".,~ pH varie.d between I and 3.5 (curves 
2 In 5). For comparison, a curve was also drawn without 
chloride {curve ! ). In this curve, the active peak is .seen at 
0.2 V/.¢d':E "and the passive region extends from 0.2 to 0.8 
V / S C E  When the potential sweep is reversed at ! V/SCE,  
the prcso~ce of a calhodic peak shows that the passive 
oxkk |ayer can he reduced to around - 0 . 5  V/SCE.  The 
large potential diff¢rcnc¢ between caahodic and anodic 
peaks signifies thai the passive oxide is difficult to reduce. 
In curves 2 to 5 obtained with CI- ,  the anodic peak is 
observed in the localized corrosion curreaL which in- 
creases at lower pH, and continues m be preduced during 
the backward ~an  In reach the corrosion prnducLs reduc- 
tion peak, whose height slightly decreases with increasing 
pH. In the forward and backward ~ans.  the respective 
different currenLs depend on pH. In these curves, t ~  
difference between anodic and calhodic charges is grealer 
tha .  that m curve I.  Tnis difference is not due to any 
difficulty in reducing d ~  pas.,~ive oxide layer unde: the 
localized corrosion conditions, since i t does not form. 
Stirring would contribute to sweeping away corrosion 
prnduc~ from the c~ec.trolyte-oxide interface [20], Conse- 
quently, an anodic reaction accompanied by ionic diffusion 

2 \  

limA] 

2 

05 / ~1 

.0 ~ L / ~ x .  7 £ [v/sc£] 

M ~ / ~  

Fig 2. VolL~mmetric curves of [ncorm[ 6~0 surface area; 0.2 ¢m 2. 
h.-m[,eratur¢: 20°C. ~can rate: 0.2 V ~ I, m: 2~]0 rpm, curve (I):  
l~'Jb, hcd Incor~'l 6~0. withma CI . pH 2, cun'es ,~2) [o (5): wRh 
t ' l  : 5 × I0 : real din- ~. (2): pH I. (3): pH 2. (4): pH 2.7. (5): 
pH 3.5. 
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~ ~  ? . . . .  

~ | d  ~:g~r m the oxide la~ez. After zhe~e results ~e[e 

b~ scaanm~ e t ~ n m  m~.3"o,,~V) ~SEM) by ap#)mg a 

Fig .  3. N ~ e  thai shallo~, b~e~ad ~ nume~ts  ea~ tlies a~ 

~ d e ~ e ' d d  ~Is. ab*~ I0 ~.m diameteL and some cru,t~, 
~.~e s'is~b~ at ~hi,, ~ur[~2e "and c,:~respa}ml Io Iocah~ed 
cc,¢~o~,hm in the ~ctl~c region -',~ s~,wo by ~hammelQ.  

~. 1.2. Volt~mum,¢r,u~s ~,h,'~b'.ed , m h  flm*r~de pre.sctl~ 
The effect of t ]m~Jc arm pH ~arla~ions on h~ca|itcd 

c~r~ i~  c u n e n t ~  ~ e  g i v e n  m F~g. 4 .  In t , ' ~ e  cur~e,, pH 
~g~'e~.,,c.s wilh the scgcc~¢d ll~i,~ ¢na~:cmr~i,_*ns bezgeen 
H)- :  ~nd 0. |  mol dm ~, to rea~:h FH 3_5 ('fable 2) 
ce~esDmdm ~ to ~he p K -) ~he f~u~,~k--hydrofl~on¢ acid 
buffer. In c~mtra,~ ,o ¢hk~,de. the a~g~dic ¢ur~enls arc 
higher ,~hen d'~ p|[ ilg:f¢,~,~'~; th~s resuhs fr,~m |~." |]u~I- 
n~c ce".,,~entra|hm ~reg~e  ~i ;h  pH. As ~d~h chhmdes, the 
amxl~." peak ~s ~bser~ed in ~he h~caib, ed ~orrosion region. 
in the lx.~:~<w~d ~an. Ihe c~m'os~m ~odL~-~s redac~nm 

peak currem W~zre~,e~ ~i~h f iu~nde co~'~.:~|Ytral[t)~ l ike tJ-,al 
~n t ~  ~m~ peak_ SEM exarninali~,,, ~erc earned ou! a! 
the acti,e-locM~zed ¢~,~h}n p~cmbaIs. The lnc~mel 6{~} 

- 'b 5 _. ~_' 5 

su~a~e appe~ra~e ~m appa) mga p~ge.~m~d of 0.2 V / S C E  
Is s ~ n  in FQ~_ 5_ Some phs ~ m~'m~'r~:k]ng ~re 
~-,~erved. ~h~ch re~uh from f l ~ / d e  i~e.s ;g aggd pH. 

ti,m '~.ith l~rrna~e~ of ~ a ~ x ~  hych'~gen i s o ~ s ~  in ~ps 
piZ~, arid in gr:qn ~ n d ~ e s  (F~g. 6} fc~ ~ ~ c ~ e  region; 
Ih~" I¢;~d ~o cmhcm]emcr~ ~LS s~'m~n b) Wb:cko~ski e~ ~.  

{211 a ~  Ford el ~1_ [22] in r~,~- '~i~c m~&~. To e ~ n  

generated ~]lhm ;he g r i n  b ~ l a ~ ,  e ,en ~ h  l~e ~]o)- 
- . u~ -e  1~ ~'~mt 2(~) mV more rmh~e ~han the eq~:,hb~m 

T~bl,." 2 
l~H¢~i ,q F ~m pH 

F {rm~|dm ~; 

1 0 :  4 ~ 1 0  " 6 × ~ 0  = $ × | 0  : 9 × ~ 0  : gO -~ 

pH I I.~ 1.9 2_} 3.! 3_5 
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Fig. 5. SEM ~ aft le~ca'~l 600. E: O.! V/S~L~., F- :  0.1 
nmt dm . pH 3.5. 

l~¢mi-al of |he h)drc~en et-olmion re..~'tion in lhe bulk 
electrol)ie. As i n d i c ~ _  by Ballinger c~ al. [241. ~ near 
grain boundary chromium conce : ra~a~  of  lnconel 600 
e~hibks a degree o f  v~i~bility bm in gener~ is lower with 
respecl to the m,~nx and the ~ n  h - m n ~ ' .  Pir~rd-Legry 
el al. p.~5] sho~ed tha~ lhe in~ 'granu lar  m i c r ~ k i n g  
linked Io hydride form-~c.n etga/ae._d by ele~.~olysis is 
o{~cned on incone1600. As in the fermic sleels, hydrogen 
prcfercmi;~ly accunval~s  "',rod diffu.~.,, in the perturbed 
regi,m~, .such as fl~e c~.rbide-~rain boum]zay imedaces lead- 
ing Io in~rg~nniar  c~mroshm. To show ~ morphology of 
the micn~:r,~cking induced directly by mtium, the ~r face  
o f  lm:~m¢! 6W,) ~~s e ~ n i n e d  by SEM. F/gs, I and 7 show 
the ~.TOSS-.,,eclionM phmograF~s of two |nconel 600 mem- 
O .  ,me v, i , .h~t  (Rg .  ~) arid the o~e r  c|~xrged with 
m~ium {Fig. 7{ak (b~k W i ~  tritium charging, there is 
~) loosening along gr, un boundaries. The mmrgranutar 
gnx~ves in Fig. 7(a) ~*tai~_at ~fler mUum chmging arc 
ck.~lrly retire viMb|e inMet~.  ~aich sho~s deeper local- 
*zeal com,si,m by slres,, cr, a:kmg o~" gr,.fin boundmfies in- 

Fig. 7. Scanning electron m/croscopy. Localized corrosion in grain 
Ixmnda,-ic~ induced by tritium in cross-.section of Inc(mel 600 
membrane, (a): arrows showing grain boundary loosening and 
highb Iocaliled grain al|aCk. (b}: detail of ptmlograph (a) showing 
br~ak'r attack of t ~  in~ergranular graove by tritium diffusion 
(arrow). 

duccd by ~ t ium diffusion and absoq~ion. Small cavilies, 
about 0.2 lain diameter, arc evidem within the grains, with 
their lx~pulation densily dependent on the particular grain 

electrolyte t 

: pit 

= m F` CIm " " 

.. -. 
• " 4 . 

ii 

alloy 

F, CI 

Me" ". 

Fig 6. S~hcf,-~lic of ~ri~m~ ~q~.:'cic.5 in pil~ ~:~:;,atcd v, ith Irnium L'mbrfltlcm:, I in aqucou~ cn~,mmmen[. X rcprc~cnl~ C I  and F -. 
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~ t j ~ - e m  to ~ S r ~ n  ~ _  TI~> can  cone~pm~d to 

he te re~e~e i~es ,  f ~  ex~ -~4~ ,  c ~ k i e  ~ d p ~ e s .  m o ~  

i ~ - ~ : , l y  C~'-fich c ~ ,  ~ l ~ e ~  ~ r ~  and  ms,de th, 

7) s [ m ~ x  tha~ k~:all~j these  b, a ~ - ~ r  a n , ~ k  o f  the 

~mer~'a~mL~ g r o o v e  m ~ ~ , m ~  b o u t s .  This m u ~  

be d u e  to  we=&em~g e~" k~.. ~ , a . ' ~  by' p ~ f c r c m i a l  

m ~  d l f f ~ m .  F r o m  ~ e x ~ n i ~ o n . s  M the  | n c ~ i  

(~O and  discus.sm~,~ in ~'~ l~le~'.'.'.'.'.'.'.'.'.~e, i~ is c k ~ r  l h ~  t r i t ium 

~ s  |~tcc,~e, ~ ~ by g ~ n  b~m~i~des i nduc ing  i n ~ -  
L~mm~ ~ ' l ' ~ c i i n [ .  Th~s S E M  e x ~ m i n a l i o n s  in Fig. 5, 

t he  fmammmm ~[  b ~ k e e d  c o r r m h m  and  ,.ara~k~ 

m ~ k ' t  zhese c o , i m p .  

3.L3. Volt~mm~gr~n.~ ~ n e d  . i t h  ctffo~ide and  f l ~ c ~ d e  

beha~me, f ~  the ~ pH t ~ . I m ~  ~f l i  help ~ e r . . t , x ~ -  

mg the change m O~ ~ ~ ~  [ ~  a H "  C~- and 
F- m i ~ m e  ~ - ~  C1- .,~ ~ c , . ~ t ~  ~5 × 102 me4 
d m  ~ ) ~ h i l e F  ~ a n e ~ ( l O  : ~ 0 . 1  n ~ d m - ~ ) ~ i l b p H  

p ~  dec~e~,,e~ ~ n  m c m ~  ~ the  F -  

a r ~  pH m~rea-,e. " i~ ,  s ~ g ~ s  f ~ a .  t i m  there  ~ e  ~ o  

inf luences :  a ~ l i ~  ~ i . ' ~ m h ~  o f  h~'~me~ ~ k~mlieLn:! 

cotto~i,m ~ e  io f l~  f ~  ~ fl~e pH m c r ~  arm the F -  
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2.3. (3): g × IO -2 i t ~  dm " ~. pH 2.9. 14) O ! tool dm ~. pH 3.5. ~5): 0_12 rim| d i n  ~. pH 3.6. - - -  f i~ '~xd scata. ~ _h~'~mmd 

~xl  pH: cur~c ~i): pH I. ,~tl'~.-m~ CI" amt F . cu~¢,,  (2) to If, l: with 5 × 1 0  z tool din-  ~ C'~-. ~2)- ~O-: n ~  din" ~ F - .  pH 1. ~3k 
O>:. IO .2 m o l d m  ~ F . p H  2.3. [..t.k B×  |O-"  r m ~ d m  -~ F . pH  ? . 9 . ( ~  O_1 m l d m  -~ F - . p H  .~_5.~[O~ O ~2 n ' ~  dxn -~ F - .  ~ '!  3.~. 
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and O -  concenammo_s rim; be high eramgh m produce 
nmre h~--~ited cmrosion. In ;glBit~on, the g ra~a l  increa_se 
then decrea~ of lacalLzed conosion ctm, enL as ~ fltamde 
conccnm~.on increa_~ c ~ , ~  m the same vmalion 
of the c~h~,a~ peak ~-0 .5  V/SCE) anrihae~ to the 
~ i o n  of con'o~ion ~edeg-ts. This experimental o~ r -  
v a z ~  also clearly ~ d g : a ~  that the, electrode Im~.'e.v, is 
controUcd by the smface mechanisms. In sccc~ meg~re- 
~ n ~ .  the effcc;s of f l u m ~  ar~ pH are seen in the 
s ~ ~  r ~ i z c d  ~ a h i g l ~  cunem : ~ ¢  in order 
to ob~in heRer ~ m i o n  of piiling currents in the 
passtve and uanspassive re~ons (Fig. 8(bD. Before the 
revers~ ~ the pining cu~em daa/.~ea w i ~  chloride 
decn'c~.~ then i~"u'e;~ses ~'hg~r~ th,mrgch: ~ u ' ; ~ 6 o n  in- 
ctease~ shmving an u ~ - ~ a l  hy.~.._~esis shape in the ~ -  
er~ce of l~tting. The lhm6de ~ . s  are e~pected to fc~rm 
pooches ~ on the oxhk  |ayeT lh~ initiaI¢ [fitting 
¢,ith ~ m pH like chloride foes in agreement ~ i ~  
reaction given by Farvaque-B6ra and Lei~ikow [26]: 

M e ( O ~ H ) 2  * X -  --, MeO~HX~,~ + O~H (7) 
~her¢ X-  is CI -  ~r F -  and Me reWesents Incond 600. 
Increasing pH and F ~ com=erm~ion may modify the ~'~m- 
face b )  ~wo ~ays:  this couid be examined l a ~  by .scan- 
ning e~ctron microscopy and impedance _,..p~_-"tros¢.opy. 

To f ~ l i m ~  the s ¢ ! e c ~  of the anod~c peak l~emia l s  
fm c ~ i n i n g  impedance diagrams, polarization cu~-es were 
~R~e0 using a lo~er  scan r-de (Rg. 1~c)) and for the 
F - .  C! - ctmc.entr~c~s and [ffl (curves 2 to 6) ~s those in 
F/g~ ~a) .  (b), and M ~  ~iL~.~! CI -  and F- (Fig~ 8. cu~'e 
i ). These ourves can be used m ju~ffy earlier s~ements .  
The ~mdic peak is found more precisely ~ 0.05 V/SCE.  

the ~|ighl differerme wi~h v o l ~ s  would ap- 

pear to result from the scan r~e~, therefore due to reaction 
km¢1k-s. In ~ curves, a high localize~,i co~osion current 
is ma/r~firg~d c~,en at a Io~,- s~an rme. At low ~ ra~s. 

chh~'kt¢ and P.tani~. are more eZL~ily a d ~  and subse- 
qtmmly diffuse in the oxide layer lead/rig to localiz~:d 
corrosion in confon'nity ~i th ad.-;o~ion arid diffus'~on ki- 
n~,/cs, I~ the a n o ~  peak and ~fitting region, it is .~¢n thin 
the currem decreases, then increases when the F -  concen- 
a,-~mn argl #4  i ~ ;  the in~j~retation is the ~ame ~s 

~ivelrl foe the vdtarm'~3~f~s  (Fig. ~a}. (b)). [! ~ he 
~een L~,~t the con-osion pt-aential { Eo, . = -0 .075  V/SCE)  
is the same at diffetem F -  concentmlkms. P~ianzaiion 
curves (Fig. 8) show a well defined loc~li/~ corrosion 
region over a wide range of  pmeraials going from the 
c~rros~m imtemial up m the ~anspa,,d~.,ity in the fc~rv,,ard 
scan. "! .'V£ repa.,sivity po~emia~ in the backward ~an isl 

~ o ~ i o n  p~entiai. This indicates a cm'rositm risk by 
crevices ~'i~h #Ring. 

3.1.3.2. Effec: o f  van ' tng  stirring and  .scan rate. In Fig. 9. 
~iIT/ng i~Ya:i;~i~.ses h"~ i~od~c ~ and shifb ffae negative 
curtain m the shauldcr toward p~.sitive values, whereas the 

i i in-,x] [ ,2 

4 

Fig 9. Vo|lammelrm cu~'e,~ of lncone1600 surface aw.a: 0.2 cm". 
tcmpcr~arc: 20=C. CI-: 5x I0- :  tool dm- t. F- : 5× 10 ̀ 2 tool 
dm ~o pH 1.7. sclm rate: 20 mV .~- ~. ta: (1): 5410. (2): I000. {3): 
2J.g)O. (4~: 3000 ~m. 

corrosion prodm.l 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 cathodic peak is essentially related to the 
oxide layer. Plotting the anodic peak current ~ersus stir- 
nng. a straight line is obtained which ills the Levich 
equation: 

ir  = 1.24 FI): / ~1" v o .s A o~ o -~ C,p . ( 8 )  

where t is the ~an  rate. ~0 is the electrode rotation ra~e, D 
is the diffusion coefficient, A is electrode surface, 'Y' is 
fl~e dy~;amic viscosity, F is Faraday's constant and C~o is 
the species concentration. An experimental value for the 
diffusion coefficient of 5 × I0-  .s cm" s J is then found. 
This value would depend in particular on tile absence or 
the presence of oxide, but it is close to the usual values 
obtained for aqueous media [271. The integrated charge 
(Q, )  for the cathodic peak is higher than those ( Q )  
cd~aim:d for the active peak and the ratio, (?~/Q~ de- 
crea_~s when the stirring ira:teases. As the volume of 
tritiated water is small, it is a l ~  deduced that a few species 
would be trapped below the surface oxide layer and could 
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Fig. IO. Vollammeln¢ cur,,e; ~,f Inctmct 600 ~urtace ~rea: 11.2 
cm-', temperature: 20~C. ~o: 211(~) rpm. CI : .5 × IO : rod1 dm '. 
F-:  5x  IO- : tool dm +. pH 1.7. i:  (I): 20. (2): 40+ (3): riO. (4): 
8[), (5) :  I ( ~  mV :, I 

not significantly change the current in the shoulder which 
can be lhe result of adso~rbed tritium. 

With increasing scan rates, the two ,neltks are displaced 
in p~,'sitivc and negafve potential directions, respectively. 
Plots of lhe Iogarilhm of current in the antalic peak tcrsus 
h,garilhm of scan rate give a straight line with a slope 
clo,,e Io 0+5_ Plots of peak currenl vernu.~ the square root of 
scan rate have also been performed. For the anodic peak.+ a 
good slrasghl line wa~ ~b~a~ned:. the slope is ab.:ml 4.5 mA 
cm 2 V l l 3  Stl'~ /~lld ~.,,n'dgponds 1o the value cal~:ulated 
Ihtm Delahay'g equation fi+g a rea~:tion controlled by ionic 
dnffusitm [27]. Thus, these peaks correspond well to the 
classical faradaic and capacitance cun'ent equations given 
in voitammetry, i.e., an active behavior. The value calcu- 
lated from the actixc peak is about 2.5 mC cm : and 
con.~quently indicates the fort,tartan of a muhi-oxide layer. 
Efl'ccti~ety, X-ray pho|-~electron spectroscopy egamina- 
lions made by Moffal and Lalanision [29] indicate that the 
monolayer equivaleat charge is about 0.6 mC cm + :. In 
localized conosion,  at low scan rates, chloride and fluoride 
ion~ are more re;Jdily adsorbed and ~ubsequently dit~bse in 
the oxide layer fi),~h~wing adsorption and diffusion kinetnc.-.. 
Local ,,lissolution of the oxide layer by complex hydrox- 

favor crevice corrosion. It can also be seen that Ihe local- 
ized corrosion current varies in the opposite direction to 
that of  the anodic peak with stinting. Adsorption of CI 
and F -  followed by diffusion in the oxide layer by ionic 
vacancies or the O-'-  lattice [28] would be slowed down 
due to the soluble hydroxide-CI-,  F -  complex removed 
by stirring, which subsequently limits localized corrosion. 
Consequently, the localized corrosion rate is dependent on 
the intermediate species (e.g.. MeO~HX -. local ~H +) 
remaining at the surface of the Inconel 6tR). i.e., on the 
species kinetics. The soluble hydr~+xide-CI- or F -  com- 
plex formed k~ally dissolves the oxide layer up to the 
alloy which is corroded according to 

Me + x+H +O ~ Me(O~H) ,  + .~H" + _re . (9 )  

This reaction leads to i~creasing the acidity in pits which 
dissolves the hydroxide and accelerates localized corrosion 
in absence of stirring. 

In Fig. I0, the :~can rate ga:+ varied from 2(} to l(X) mV 
s - n. An increa.-e In th~ ~J::~n rate leaa.s to increasing anodic 
and cathodic peaks, decreasing pitting currents and does 

Fig. I I- SEM photograph of Incone! 600. E: O.I V/SCE. CI : 
5× IO z mol dm- ~. F :  O.I mol d i n  +. pll 3.5. 
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5ol . z~.  [ o  cm 21 

~ l b l z  

3 4 t 
I Hz 50 100 150 

Z~, [~  cm ~] 

Fig. 12. Impedance diagrams of Incone~ 6(IO surface area: 0.2 cm -~. temperature: 20°C. to: 2(Y00 rpm, pH: I, CI-: 5 x I0-" tool dm -~. 
potential effect: (I): 0. (2): 0.025. (3;: 0.(165. (4) 0.08. (5): O. I V/SCE. 

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

Interpretation of the previous vol~ammograms is not 
easy. On increasing the fluoride concentralion in the pres- 
ence of chloride, the pitting current should i n t r e a t ,  and in 
fact, this decreases, then increases. The~  surprising results 
require SEM exami,mtions, lnconel 600 potentiostated at 
0.1 V / S C E  shows localized corrosion ia the active peak, 
wifh ~ e  formation of cracks or crevices as indicated by 
Picketing [30] and Cho and Picketing [31], and oxide 
crusts and grain decohesion of the oxide layer (FIE:. l l)  
which can lead to porosity and the resulting ionic diffusion 
in the oxide layer, then sublayer corrosion. Finally, the 
results obtained by voltammetry and SEM exzminations 
show that lnconel 600 is corroded at the same time by 
active corrosion and localized corrosion in the anodic 
peak. 

3.2. Electrocl,,'mical impedance .wectn).,copy 

3.2.1. Spectra obtained with chloride present 
The impedance diagrams obtained with 5 x I0--" mol 

dm -~ CI-  are shown for different potentials (Fig. 12) in 

the ovvrlapping active and localized corrosion regions, 
more exactly at the pitting beginning potentials, and differ- 
ent chloride concentrations between 5 x I() -3 and 5 x 
I(1-2 tool dm 3 for p H l  (Fig. 13). The diagrams show 
two capacitive semi-circles at high and low frequencies: 
these are separated by a loop for higher potentials or CI-  
concentratiotis. The.~e senti-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 
decrea:c.~ v, hen the poie~i;ials ,are slightly shifted to more 
.rrositive values or when the chloride concentration in- 
creases. 

Tbe impedance diagrams in Fig. !~ were ub:ained at 

different pH between 1 and 3.5, for a constant CI - concen- 
tration (5 × I0 -" mol dm-"~), and a potential located in 
the anodic peak. In these spectra, two capacitive semi- 
circies are obtained. Their size increases with pH, suggest- 
ing that corrosion deoeases 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. 

IHz 

loo. 1 o ~  o 1 Hz 

50. ~ ~ ~ ' ~  
41 0'l Hz 230 500 

10ltz Z~,l [ ~  ¢m 21 

Fig. 13. Impedance diagrams uf Inconcl (,,Of) smfacc art';*: 0.2 urn:. ~cmperature: 20'C. o~: 20tR) rpm, pH; 1. E: 0.05 V/SCE. effect of C[ -: 
(I) :  5 × I0 ~, (2): I0 2 (3): 2 × I0- 2 (4) 5 × 141 : tool dm ', 
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- Z= [ f lcm z] 

0 io0 ,z , ;  . ' ~ 0  ! ~ , " ~ . , - . _ _ ~ "  2 . . ~ . _ ~ _ j  
10 Hz ""0 01 [-[z - " "  Z ~  [Q cm ~} 
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Fig. 14. Impedance diagrams of lr~cor~'l 600 surface area: 0.2 cm 2. teml:)eralum: 20°C, ~: 2000 r[)m. E: 0.15 VJSCE, CI - :  5 x I0--" tool 
dm -~, cffcc! o fpH:  ( I ) :  pH I, ¢'2): ptt 1.5, (3): pH 2, (4): pH 3, (5); pH 3.5, (0): pH 4. 

2 ic. 0 
1 o:::j 

25 - .. / 5~" 

Fig. 15, [mpcdance diagrams ,~f l~):oael 600 surfacc area: 0.2 cm 2, tempcralur¢: 20°C, •: 2000 rpm. E: 0.05 V/SCE, effect of  F- :  ( I) :  
10 -2. pH I. (2): 6 x  I0 -z.  pH Lg. (3): 8 x 10 -2. pH 2.3. (4): iO -)  mol d in-* ,  pH 3.5. 

I 
- Z .  [ f l  cm2] 

1 ~  1 0.1 ~ "~ 0 IH.~ ~ 

I000 H z / I  to 31L L r~z \ 7" 
Y Z~, [O ¢m 2] 

ioo~ l a . , m '  l~o ' ' 2ao ' ' 
I0 I-l~ 

Fig. 16. ]mpedance diagrams of incon¢l 600 surface area: 0.2 cm 2, temperature: 20°C, co: 2000 rpm, C]-: 5 ~  ]0 -2 tool elm -~. F- :  
5 × 10 -2 tool dm --~, pi |  ].7, potential effect: (I): 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 concentrations between 10--" and 0.1 mol dm -~ and 
for 0.05 V / S C E  are shown in Fig. 15. At this potential 
chosen in the aoodie 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. !. Potential effects. The impedance diagrams in Fig. 
16 were obtained at constant Ci -  and F -  (5 × I 0 - "  tool 
dm -3) concentrations and pH !.7 but at different poten- 
tials in the localized corrosion region corresponding to 
each side of the anodic peak (Fig. 8c). Two capacitive 
semi-circles are seen at 0.03 V / S C E  (spectrum !). These 
semi-circles are characteristic of reactions in a porous 
oxide layer and an oxide sublayer [321 as shown in Fig. 17. 
At the potentials corresponding to the maximum height 
and negative slope in the anodic peak, only a capacitive 
~mi-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 ?t 
low frequencies, this bends to negative real i m p e d ~ ' c  
values, in spectrum 4 obtained at 0.1 V/SCE,  a capaci~,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 corrosion produc~ 
accumulation partially protecting lnconcl 600. This se~;~ 
circle is followed by a straight line at low frequeueic~ It 
may be a Warburg straight line corresponding to diff,~sion 
in oxide, but its slope is slightly different ( ~  40~), and 
also. for these experimental conditions, the passive oxide 
layer does not form. The .~traight line would appear to 
signify an anodic reaction accompanied by ionic diffusion 
through the oxide layer as suggested by SEM examinations 
(Fig. 1 I). 

3.Z3.2. Fluoride and pH effects. The impedance diagrams 
in Fig. 18 were obtained at constant potential (0.07 
V/SCE)  and CI -  (5 × 10--" mol dm-'~), but at different 

-z.  in] 
,~.~.ous oxide layer 

~ .  oxide s u b l a y e r ~  ~ 

Fig. 17. Schematic view of oxide layer system and corresponding 
impedance diagram in the complex plane. 

I00 

- z .  i l l  cm;l 

3 

1 ~lz*t 50 10 I-'Lz I00 
tOOHz O, IHz 

Hg. 18. Impedance diagrams of Inconel 600 s,~fface area: 0.2 
cm ~'. temperature: 20°C, E: 0.07 V/SCE, ~o: 2000 rpm, CI-: 
5XlO--" tool dm -], effect of F- and pH: (I): F-: IO -2 tool 
lm -3. pH: 1. (2): F-: 2)<!0--" tool drn -],  pH: 1.2, (3): F-: 5 
;',J--" tool dm -~. pH: 1.7. (4): F-: 7 10 -2 tool dm -'~, pH: 2.1. 
(5): F : 0.1 mot dm -3, pH: 3.5. (6)" F- : 0.12 tool dm -~. pH: 
L6. 

F -  concentrations and pH in the localized corrosion region 
corresponding to the anodic peak (Fig. 8(c)). The 
impedance diagrams obtained with 10 -2 and 2 ×  10 -2 
tool dm-3 F -  are shown in spectra I and 2. Two capaci- 
tive ~mi-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 × 10-" 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 result from adsorption, reactions with 
diffusion through oxide layer, active dissolution and disso- 
lution with localized corrosion. For a fluoride concentra- 
tion of 7 × 10--" mol dm -3 (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 tool din- -~ F- ,  the second capacitive semi-circle 
is terminated at low frequencies by an inductive loop. In 
spectra ! to 4, the semi-circle size increases at high 
frequencies whereas in spectra 4 to 6, it decreases when 
the fluoride concentration increases. These different dia- 
grams show the dependence of modifications of lncouel 
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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 ihe anodic peak region (Fig. 8). 

4. Discussion, equivalent circuits and value determina- 
tion 

4.1. Discusdons 

The~  experimental diagrams can be interpreted follow- 
ing the explanations given by Keddam [34], Epeiboin et 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 ) .  ( I0 )  

With adsorbed species, the faradaic impedance is 

I / Z  F = I/R,:, +.t~.b/( jca - a) ,  (!.'.) 

where S~- = (~ i l~E) ,  is the r, i ;o oi the current to potential 
variations. R,t the. charge transfer resistance, ca angular 
frequency and a and b are dependent on 

a ~- ( ~ d x l d t ) l a x ) ~ :  = r~ '. (12) 

b = ( a ( d x l d t ) / a E ) . . .  (13) 

where r ,  is the time constant for a given value of x. From 
Ibe~ equations, for a sufficiently high frequency with 
ca >> r~ t. the expression f ~ b / (  jca - a} tends to zero, and 
we have 

( l / Z v ) j . ~  = I/Rct .  (14) 

At very low frequencies, with ~0 << ¢~- ~ the current varies 
with the potential, and we obtain 

(I/ZF)t~,,= i / t L , -  1/go = i /R, , .  ( i 5 )  

where Rp iS the polarization resistance and I / ~  depends 
on f'L-b/a. At the high-frequency limit, the impedance is 
equal to the electrolyte resistancc. At the low-frequency 
limit, the faradaic impedance, i.e.. Rp. can be considered 
equal to the slope of the polarization curve (ai/t3E) at the 
steady state. 

From the previous equations (Eqs. (IO) and (13)), the 
adsorbed species also play a role in these spectra. For this, 
Jouanneau and Keddam [36] showed that the OH-  ions 
adsorb on metal forminl~ a Me-OH dipole allowing elec- 
tron transfer at the react;~e interface. According to these 
authors, me oxide layer would provide adsorbed OH-  
ions. For another adsorbed species, e.g., X -  anion which 
could be i ~- or Ci - ,  there is competitive adsorption with 
O H -  ions, ~nd this can lead to oxide layer modification, 
depassivation, active dissolution and dissolution with local- 
ized corrosion. On thv basis of the interpretation given by 

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

(i~ll O ~ H  

om ~ X Fd ~ X T dn~o. 

I ) ' l l  *~1 
X . _ ~ | e  ~d" . O ' 1 [  • q.lc, x ,  - -  .MJe - O ' n 

• r ,d 

() 'H 

( , 6 )  

in this scheme. "of" is the oxide layer formation. "ore" the 
oxide layer characteristic modification. "ixr the primary 
depassivation and -~r the secondary depa~sivation leading 
to the dis~lut ion reaction (d is~ . )  or  Incone1600 by active 
and localized corrosion. This reaction ~heme would in- 
volve several steps beginning with adsorption, and where 
pH, oxide layer and potential may a l ~  have an effect. 

4.2. Spectra obtaine'd with chloride present 

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

Z = Re, + (jCa, m-v Z f f ' ) - ' ,  (17) 

where Cat repre~nt,~ the double layer capacitance, Rel the 
electrolyte resistance, ca= 2xcf, f being frequency, and 
Z r the faradaie impedance including .several electrical 
components. In Fig. 19{a), the faradaic impedance consists 
of charge transfer resistances (R n) with a small diffusion 
term, an inductance (L) depending on bf~-, and finally the 
resistive term, go. in addition to the inductance. The resis- 
tive term. go. will have little effect on simulated diagrams. 
According to the~,  the faradaic impedance is 

j w L R ,  
z~: : R, + to_, +m--- - - -L"  ( i s )  

The simulated spectra corresponding to Figs. 12 and 13 are 
shown ia Figs. 20 and 21. The frequency of the top of the 
first capacitive semi-circle increases with a higher CI -  
concentration (e.g., curves I and 2 in Fig. 21 ) and depends 
on pH. The size, shape of ~mi-eircles or loop, and posi- 
tion of the frequencies coincide with the experimental 
diagrams, and thus allow the determination of parameters 
from the Circelec software program written by Diard et aL 
[I I, ! 2]. 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 to Fig. 14, the corrosion is lower at higher pH. 

4.3. Spectra obtained with fluoride present 

The curves obtained with different fluoride concentra- 
tions and for 0.05 V / S C E  (Fig. 15) can be satisfactorily 
explained on the basis of the same equivalent circuit 
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R ol 
(a) 

R el 
~ 2 D - - -  

~___~ ~-~ -3 (h) 

C 0 1 ~ ! ~  
Cdl 

"2 (c) 

Zr _ r'----"l 

" el 7----I ~ (d) 

Fig. 19. Equivalent circuits fi~r impedance simulation (a) fifllow- 
ing Fig. I IFig. 12Fig. 16. curve: I. Fig. 18. cu~'es: I and 2. R¢= 
and R~: electrolytic and charge transfer re.~i.~tance.~. Cal: double 
layer capacitance. L: inductance. (b) following Fig. 16. curves 2 
and 3. Fig. 18. curves 3 and 4. R¢l and Rn: electrolytic and charge 
transfer resistances. Cdl and C: double layer capacitance and 
capacitance. (c) lollowing Fig. 16. curve 4. R=.~ aqd R,=: dec- 
tm|ytic, charge transfer resistances. Cd~: double layer capacitance. 
CPE: constant pha.~ element. (d) following Fig. 18. ~:~i4,.c~ 5 and 
6. R~. I and Rn: elecu-olytic, charge transfer re~,i',tance.,,. C,t~: 
double layer capacitance. L: inductance. 

Z,, [fZ ern~] 

513 I Hz 

5 ! ~:, 50 100 Z~ [O. em 21 

Fig. 20. Simulated impedance diagrams tbr comparison with Fig. 
12. C] - : 5 x 16- -" tool din- ~. potential effect: (1): O. (2): 0.025, 
(3): 0.065, 14): 0.08. (5): 0.1 V/SCE, parameter values in Tat,|e 
3. 

Z~ [f~ cm ~} 

I0 

z,0 ;z ~ 1  ltz 

IOl':lz 01  Hz  250 50~ 

Fig. 21. Simulated impedance diagrams for comparison with Fig. 
13. E: 0.05 V/SCE, effect of CI-: (I): 5× 10 -~. (2): I0 - :  tool 
din- ~. (3}: 2 x 10 ..2 tool din- ~. (4}: 5 × 10--" mol .~m- ~, param- 
eter ~'alues in Table 4. 

approach presented in Fig. 19(a). From these, the simu- 
lated spectra (Fig. 22) have two capacitive semi-circles and 
an inductive loop at !t~w frequencies. The mean error in 
spectra is less than 5%. 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 resull of  eorrosk;n increas- 
ing. From the general equations giving the relation be- 

Table 3 
Effect of potential for 5 x 10- 2 mol/dm ~ C] - 

K / V / S C E  

0 0.025 0.05 0.065 0.08 O. I 

R~I ( i l  em:) 8 7 7 6.5 6 6 
RI (l~ cm 2) 140 60 12 21 I I 6 
R, (12 cm 2 ) 90 17 7 9 7 6 
C/ ( I tF  cm ' )  250 200 120 160 160 160 
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Table 4 
Effect of CI- at 0.05 V/SCE 

CI- x 10-: mot/din ~ {I.5 I 2 5 

R,:t(lq cm z ) I0 8 6 4 
R I ( ~  cm:) 309 140 20 9 
R, ( l I  cm-') 250 90 45 7 
C / ( l t F  cm- 2 ) 150 150 50 120 

Table 5 
Effect of F-  at 0.05 V/SCE 

F x 10 -2 mol/dm ~ I 6 8 10 

R~, / I I  cm 2) I0 7 5.5 4 
Ri (~] cm-') 15 I! 7 5 
R, (1~ cm-') 60 45 4I 39 
C / ( t t F  cm -z ) IO 25 30 40 

tween the diffusion coefficient and the diffusion thickness 
140] and the experimental results obtained by the Circelec 
program [1 I], the expression for the diffusion coefficient is 

D / a ' -  = 0.1, (19)  

where 8 is the diffusion layer thickness. If we take the 
previous value of  D, the thickness is a few i.tm. 

4.4. Spectra obtained with ,.4doride and fluoride present 

4.4. I. Potential effects 
As indicated by Ai-Kharafi and Badawy [41], the main 

advantage of  electrochemical impedance spectroscopy is 
the use of  an electromc model to repre~nt  the metal-elec-  
trolyte interface. An interface undergoing electrochemical 

reactions is typically analogous to an electronic circuit 
consisting of  a specific combination of  resistors, capacitors 
a'~d inductors, and hence an electrochemical system can be 
characterized in terms of  its equivalent circuit. For a given 
electrochemical system, impedance plots can he correlated 
with one or more equivalent circuits. The correlation is 
used to verify models for the system. Once a particular 
model is chosen, physical a n d / o r  chemical properties can 
be correlated with circuit elements and numerical values 
are obtained by fitting experimental data to the equivalent 
circuit. Simple equivalent circuits generate relatively 
straightforward results to present metal-oxide-electrolyte  
systems. It is essential to subject equivalent circuit models, 
that are found to represent a good approach to electro- 
chemical systems to obtain reasonable matching of  data. 

Z5 

7_~ [t'Z cmZi 

Fig. 22. Simulated impedance diagram.,, for comparison with Fig. 
15. E: 0.05 V/SCE. effect of F- :  (I): I0 - : .  pH t. (2): 6× 10 -z, 
pH 1.9, (3): 8×10 -z. pH 2.3. {4) IG -I tool dm -3. pH 3.5. 
parameter values in T=ble 5. 

The experimental diagrams (Fig. 16), obtained at diffecent 
potentials in the anodic peak and with constant C i -  and 
F -  concentrations and pH 1.7, can be ~tisfactorily ex- 
plained on the ha.sis of  equivalent circuits (Fig. 19(a)-(c)) 
according to the explanations given by Epelboin et al. [35] 
and Jouanneau and Keddam [36]. In Fig. 19(b), the farndaic 
impedance implies resistances and a capacitance linked to 

art~ bR[f~.  From this, the faradaic impedance is given in 
Eq. (20): 

R2 
Z~ = R, , ( 2 0 )  

I + j toR2C 

where R I is Rc~ in Eq. (11) and R 2 represents 
R ~ . , / { ( a / b f ~ ) -  R,t}. The simulated spectra proposed in 
Fig. 23 are compared to those obtained experimentally in 
Fig. 16. The simulated spectrum ! corresponds to resis- 
lances and an inductance (L)  in the equivalent circuit (Fig. 
19(a)). Spectra 2 and 3 correspond to a resistance in 
parallel with a capacitance (Fig. 19(b)). Spectrum 4 shows 
a capacitive ~mi-ci rc le  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)) corm- 
sponds to the double layer capacitance, charge transfer 
resistances, and constant phase element defined v_s 

ZCp E = B ( j 2 1 r f ) - ~  (21)  

in which a is a slope between 0 and I. j ~ ~ I . and B is 
a frequency-independent constant considered as the recip- 
rocal capacitance only if a = i. 

Table 6 
Effect of potential for 5× tO--" tool dm -~ CI- and 5x  I0 -2 
mol/dm ~ F-  

E / V / S C E  0.03 0.05 0.07 O. I 

R~, l [! cm 2 ) 7 9 9 I0 

R i (i~ cm-') 15 40 40 120 

Cal (gFcm -2) 50 25 30 45 

r {s) 8 5 I0 - 
Zcpz: - - - 0.02 

a - - - 0.6 
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- z +  [ ~  cr~ 21 

Fig. 23. Simulated impedance diagrams for compari~n with Fig. 
16. CI-: 5x)O -2 tool dm-3, F- :  5×10 -2 mol dm -~, pH 1,7, 
potential effect: (I): 0.03, (2): 0.05, (3): O.07, (4): O.I V/SCE. 
parameter values in Table 6, 

These different 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 function of potentials. 
The~  are given in Table 6: the value of the double layer 

I00 
- z .  l~ cm2l 

4 OlHz 

t ~  ~ M . - " - ' - - " %  \ / . \  
_..;~ K ~ r ~ \  0.t rlzOt ~ 4  

.,/ IOHz)o.iHz 50 lOHz lOHz 100 
I00 l-tz tHz 

Fig. 24. Simulated impedaoce diagrams for comparison with Fig, 
18. CI-: 5x  10 -2 mol dm '~. E: 0.07 V/SCE, effect o f F -  and 
pH. (I): F- :  IO -'~ mol dm -~. pH: I, (2): F- :  2XlO--" mol 
dm -~. pH: 1.2. (3): F- :  5 × i 0  -2 mol dm -3, pH: t.7, (4): F- :  
7×10 -2 tool dm -3. pH" 2.1, (5): F- :  0.1 tool dm "3. pH: 3.5. 
(6): F-:  0.12 mol dm-~. pH: 3.6. parameter values in Table 7. 

Table 7 
Eftec[ of fluoride concentration, for 5× I0-" tool dm -~ Cl-. at 
0.07 V/SCE 

F- × I0- ~ mol dm- ~ 0.1 0.2 0.5 0.7 I 1.2 

pH I 1.2 !.7 2.1 3.5 3.6 
r,3 (il c m  -~) 7 8 I0 9 8 7 
R I (fl  cm 2) 8 3 20 60 50 15 
Cal (I.tF cm- -" ) I00 70 lO I0 20 50 

capacitance corresponds to a normal value according to 
Bard and Faulkncr [40]. Its variation signifies lower corro- 
sion and then corrosion enhancement. Th, e _-:~.arge transfer 
resistance is small and slightly increases with the poten- 
tials signifying then a very slight oxide ~ayer improventent. 
From the simulated diagrams obtained by the Circelee 
software programs and according to Eqs. (10)-(15), the 
lowest frequency branch which bends towards the negative 
real impedance value corresponds to the negative Oi/aE 
slope obtained 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 a 
negative polarization resistance. 

4. 4.2. Medium effects 
The experimental diagrams (Fig. 18) obtained in pres- 

ence of CI -  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 Circelee software program. 

1.5 

1 5  

e--.n 

1 £ 

1 

' ,; ' ] b  ' 
F" [mol  d m  -3 * l 0  s] 

Fig, 25. i and R[ "j versus F-  from Fig. 8(a), (c) and Table 7. 
(I): impedance 11-t era-z. (2): current mA era-z. 
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The values of  the equivalent circuit elements are given in 
Table 7. It can be .seen that the charge transfer resistance 

(R  t ) increases then decreases when F -  concentration and 

pH increase, It can be also seen lhat the value of  the 
double layer capacitance varies inversely. Fig. 25 presents 
the variation of  R ( ;  and i venus  fluoride conccatration 
from impedance and voltammetry measurements (Fig. 8a, 
c), As shown i~ this figure, the values R (  J and i decrease 
at lower F -  concentration, and then these increase starting 

with the same F -  concentration, This mean that the rate of  
oxide layer corrosion changes a.s predicted with the F 
concentration and pH ( ~ 5 × ! 0 - - "  tool dm .a). This 
change indicates that pH, ;:dsorbates, F - .  CI eoncentra+ 
tions modify the nature of  oxide layer aria corrosion mode 
in overlapping active and pitting regions. 

5. Conclusions 

h is possible to interpret the cyclic voltammetry and 
electrochemical impedance spectroscopy result~ for the 
active and localized corrosion overlapped regions of  ln- 
conel 600 subjected to tritialed 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  potentials going from the 
corrosion potential up to the transpassivity. Two influences 
are then observed in the overlapped regions during the pH 
iucrea.se: the first gives a slight decrease in corrosion, for 

the second, the F -  and C I -  coecentrations must be high 
enough to produce more corrosion. It can be thought also 

that the adsorbed species such as O H - ,  C I .  F -  lead to 
active and localized corrosion. The interpretation of the 
impedance diagrams wa.s 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 on its concPntrmion. 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 imlx~rtant conclusions con- 
eeming the influence of  chloride and fluoride in highly 
radioactive aqueous environments on localized corrosion. 
the work described here is an advantageous approach to 
the problem of  localized corrosion based on purely electro- 

chemical methods. 
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