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A bstrae!—The an o iü e  bchnviour  o f  high p u r i ty  iron  in 0.5 M so d iu m  sulphatc  s o lu t io n s  w as stud ied .  
Experim cnts  were n iad e  in bolh  acid an d  a lk a l in e  solu tions (pH  2.7, pH  9.0, p H  10.0 w i th o u t  buffers;  
a n d  p H  9.2 with b o ra to  butTer). A n o d ic  p o l a r i z a r o n  curves, a n d  surface sc ra tc n ia g  exper im ents ,  
show ed  pit t ing  po ten t ia ls  in 0.5 M N a ;S O ,  p H  9.0  an d  p H  10.0 solutions. Their  va lúes  w ere  very cióse 
t o  the  c o r ros ion  p o te n t ia l  oo ta ined  in a  0.5 M  N a .S O , ,  p H  2.7, pi t-l ike solution. T h e  p i t t in g  po ten t ia l  
in a b o ra te  bu í íe red  0.5 M N a .S O j  so lu t io n  w a s  50 m V  higher  t h a n  that  in the u n b u f fe red  solutions. 
T h e  pit t ing  in h ib i t ion  p o ten t ia l  m easu red  in  a 0.5 M  N a ^ O ,  so lu tion ,  p H  10.0, w a s  very  cióse to the  
pass iv a t io n  po ten t ia l  fo u n d  in the pit-l ike so lu t ion .  All these faets can  be exp la ined  by  the localized 
a c id i f ic a ro n  m ecn an ism  for  pitting. T h e  p i t t ing  po ten t ia l  is the m ín im um  po ten t ia l  a t  w hich  a n a c id i -  
fied so lu t ion  c a n  be p ro d u ced  a n d  m a in t a in e d  in con tac t  w ith  the dissolving m e ta l .  S imilarly  the 
p i t t ing  inhibit ion  p o ten t ia l  is the e lec trode  p o te n t ia l  a t  which the  metal becomes pass ive  in the pit-l ike 
solu tion .

I N T R O D U C T I O N

M a n y  p a s s i v e  m e t á i s ,  w h e n  e x p o s e d  t o  t h e  a c t i o n  o f  a g g r e s s i v e  a n i o n s ,  u n d e r g o  a  

t y p e  o f  l o c a l i z e d  c o r r o s i o n  k n o w n  a s  p i t t i n g .  F o r  m e s t  m e t á i s  o r  a l l o y s  a  p i t t i n g  

p o t e n t i a l  ( £ p )  b e l o w  w h i c h  p i t t i n g  d o e s  n o t  o c c u r ,  w a s  f o u n d .  T h i s  e r i t i c a l  p o t e n t i a i  

d e p e n d s  b o t h  o n  t h e  m e t a ]  o r  a l l o y  a n d  o n  t h e  e l e c t r o l y t e  c o m p o s i i i o n .  M o r e o v e r ,  

p i t t i n g  i n h i b i t i o n  p o t e n t i a l s  ( £ ¡ ) ,  a b o v e  w h i c h  n o  p i t t i n g  w a s  o b s e r v e d ,  w e r e  f o u n d ’- '3 
i n  c e r t a i n  m e t a l  so lu t io n  s y s t e n i s .

F ron i  ava i lab le  ex pe r im en ta l  ev idence ,  localized  ac id i f ic a ro n  o n  th e  m eta! 
so lu t io n  in terface  w as p r o p o s e d ' -s as  a  c o n tro l l in g  s tep  in the p it ting  p rccc s s .  A cco rd -  
it\g to  this,  the  p i t t in g  po ten t ia l  ( £ p) is the m ín im u m  p o ten t ia l  a t  w h ich  sueh  ac id if ica ­
r o n  can be m a in ta in e d  at the m e ta l - s o lu t io n  interface. C o n se q u en t ly ,  £ p m u s t  be 
equ.;! to, o r  h ig h e r  than ,  the c o r r o s io n  p o te n t ia l  (£ * )  o f  the m e ta l  in th e  pit-like 
s o lu t i o n :  £ p >  £ ‘. S im ila r ly5 th e  p i t t in g  in h ib i t io n  po ten tia l  (£¡)  sh o u ld  be cióse to  
th e  p;:ssivation p o te n t ia l  ( £ pas), a b o v e  w hich  the  m e ta l  becom es p ass ive  in the  ac id  
s o lu t i o n ;  (£¡ ~  £ pjs). In the  p r e s e n t  w o rk  th e  b e h a v io u r  o f  p u ré  i ro n  in su lp h a te  
S o lu t ions  was e x a m in e d  to verify s u c h  a  m e ch a n ism .

M a n y  re s e a rc h e r s2-7-16 have b eén  c o n c e rn e d  w ith  the  influence o f  s u lp h a te  on  th e  
c o r ro s io n  o f  iron . F re im a n  a n d  K o lo ty r k in  hav e  s tud ied  the co n d i í io n s  u n d e r  w h ich  
tw o  ac tiv e -p a s s iv e  tr an s i t io n s  o c c u r  in th is  sy s tem .7 T h ey  show ed  th a t  the  scc o n d  
t r a n s i t io n  p o te n t ia l  is in d e p e n d e n t  o f  the  p H  in the  p H  range 2 -12 ,  b o th  in buíTered 
a n d  n o n -b u í le re d  0.5 M N a^ S O , so lu t ions .  L a te r ,  Vetter a n d  S t r e h b lo w 2 s h o w e d  
t h a t  this  scc o n d  passive State w as d u e  to  a p i t t in g  process and  th e y  identif ied th e  
s cco n d  p ass iv a t io n  as the in h ib i t io n  p o ten t ia l  d e sc r ib ed  by S c h w e n k .1 T h e y  re p o r te d  
£ ,  -f 4S0 m V  in 0.5 M N a 2SO., p H  4.6, p H  8.0, an d  p H  9.3 p h ta l a te  o r  b o r a t e
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buffer s o lu t i o n s .  G ib b s  a n d  C o h é n ,8 w o rk in g  w ith  0. ( j  N N a .SO .,,  p H  8.4, so lu t io n s  
p o in te d  o u t  t h e  in f luence  o f  b o th  th e  degree  o f  in itia l 0>idat ion  o f  the  iron  su r face  ¡n 
a i r  a n d  th e  p o la r i z a t io n  t im e  o n  th e  sh ape  o f  the  an>'dic p o la r i z a r o n  curve . F o r  
com ple te ly  c a th o d ic a l ly  re d u c e d  spec im ens  a  b r e a k d o w n  po ten tia l  a t  E — — 385 mV 
w as fo u n d .  A t  m u c h  h ig he r  p o te n t ia l s  p its  w ere  so nu-'-ierous th a t  they lo o k e d  like 
g enera l  a t t a c k .  S m ia lo w sk a 9 h a s  e x am in ed  the  nucleatio;» and  p ro p a g a t io n  o f  pits in
0 .5  M  N a 2S 0 4, p H  7. T h e  p o te n t ia l  r a n g e  w h e re  p it ting  was obse rv ed  was fo u n d  
to  be  f ro m  — 50  to  ca. +  475 raV . P ro lo n g e d  p o la r iz a t io n  u n d e r  this  p o ten t ia l  reg ión  
p ro d u c e d  in t e g r a t io n  o f  p its  a n d  genera l  c o r ro s io n .  A t h igher  a n o d ic  po ten t ia ls ,  
p a ss iv a t ion  w a s  o b ta in e d .  F ina l ly ,  K o d a m a ,10 w o rk in g  with N a 2S 0 4 over the concen- 
t r a t io n  r a n g e  o f  10~*—1 0 M  in b o ra t e  so lu t ion s  p H  S.45, fo u n d  th a t  the  p it t ing  
po ten t ia ls  b e c a m e  less n oble  a n d  the p i t t ing  c u r r e n t  h igher ,  with a n  increase in su lp h a te  
c o n c e n t r a t i o n .

T h u s ,  t h e  p r e s e n t  p a p e r  in te n d s  m a in ly  to  d escr ibe  the e lec trochem ica l b eh a v io u r  
o f  i ron  in  0 .5  M  Na^SO* so lu t io n s  a t  p H  9.0, p H  10.0 a n d  p H  9.2 w ith  b o ra te  buffer 
Because  l o w  p H  va lúes  were r e p o r te d 17 ins ide  i ro n  pits, an d  n o  sub s tan t ia l  chan ges  
o f  the  e le c t ro ly te  co u c e n t ra t io n  w ere  ex p ec ted 4-18 a t  the  initial s teps o f  p it  g ro w th ,  a
0.5 M  N a 2S 0 4 p H  2.7 w as  c h o se n  to  rep resen t  th e  p it-like so lu tion  in the p resen t  w ork .

P it t ing  p o te n t i a l  m e a s u re m e n ts  a n d  p i t t in g  inh ibit ion  p o ten t ia l  m e a s u re m e n ts  
o b ta in e d  by  p o te n t io s ta t ic  a n d  sc r a tc h in g 19 techn iques  gave po ten t ia ls  a t  w h ich  pits 
grew  f ro m  v e ry  sm all d im en s io n s  to  visible size. O ’oservations o f  the sam pies  a n d  the  
p it  m o r p h o lo g y  were also p e r f o n n e d  by m e a n s  o f  óptica! m ic ro scop y  a n d  scan n ing  
e lec trón  m ic ro s c o p y .  Very g o o d  a g re e m e n t  was fou nd  betw een Ev-E^ a n d  E ‘- E  
respectively , s u c h  as p red ic ted  by  the  a c id i fk a t io n  m echanism .

E X P E R I M E N T A L  M E T H O D
Apparaius

T he  measurerv.ents  were m ade  a t  25 ~  0 .5 ’C  ín a Pyrex g la s s c e ! lw i th ap la l in u m co u n te re !ec ¡ ro d e .  
Po(eatia!s  o f  t h e  sa m p ie s  were m e a s u re d  th ro u g h  a Luggin  capil lary  with a m ercurous  su lpha te  
refereace e lec t ro d e .  All p o ten t ia ls  a r e  r epo r ted  in the n o rm a l  hydrogen scale (N H E ) .

Potentials  w s re  kep t  c o n s ta n t  w ith  a L Y P  e lec tronic  po ten t ios ta t ,  while they were m easu red  with 
a  L Y P  e lec tron ic  mill ivoltmeter .  C u r r e n t s  were recorded  with a Tacussel T I  20 G  recorder.

Solutions
T h e  a n o d ic  b e h a v io u r  o f  high p u r i ty  i r o n  w as  s tud ied  in  the following so lu tions :  (i) 0.5 M N a , S 0 4 

( p H  2.7; 9 .0 ; a n d  10.0); (¡i) 0.5 M  N a . S O ,  +  0.005 M  N a .B .O j . lO  H , 0  (p H  9.2). T h e  so lu tions were 
p r ep a red  w ith  a n a ly t i c a l  g ra d e  reagcnts  a n d  d istil led w ate r  a n d  were de-aera ted  with pur ified n itrogen .”  
N it ro g en  w as  b u b b le d  th ro u g h  th e  so lu t ions  d u r in g  the  tests . T h e  p H  o f  the so lu tions w as ad jus ted  
by  a d d t t io n  o f  th e  co r re sp o n d in g  s t ro n g  ac id  (H jS O ,)  o r  base (N a O H ) ,  with the exception o f  the 
so lu t ions  w ith  t e t r a b o r a t e  d ecahydra te ,  which sp on ta neous ly  reached pH 9.2.

Iron etectrüdes
In  alkal ine  s o lu t io n s  5 n u n  dia 99 .999%  i ro n  cy lindr ica l  rods f rom  G alla rd -Sch les inger  (England)  

were  used. By c u t t i n g  this materia!,  12 m m  long  cylinders  were obtained.  T hese  were pick.'ed with 
H N O j  10%  (v/v).  A  c o p p e r  wire lead  w as so lde red  to  on e  o f  the flat faces o f  the sample .  The electric 
c o n ta c t ,  the u n p o l i sh e d  faces, a n d  the  edges o f  the specimens were covered with an  epoxy resin 
c u red  a t  70°C, l e av in g  an  exposed free surface  o f  a b o u t  0.1 c n r .

D u e  to in ten se  d isso lu t ion  at  p H  2.7, to  reduce the IR  drop ,  1 m m  d ia  9 9 .99%  iron  wires from 
Leico Industr ies  (U .S .A .)  were used in  this m éd ium . T h e  wire was cut  to give 12 m m  long samples 
a n d  a copper  w ire  w as  so idered  to  on e  end o f  them.

T h e  flat s u r fa c e  o f  the  specimeirs used in  a lka l ine  so lu t ions  was polished to 1 and  0 3 micron 
a lu m in a .  W ire  spe c im ens  were a b r a d e d  with 600 S iC p ap e r  an d  picklcd for 2 m in  in 30%  (v/v) 
H N O ,  at  r o o m  t e m p e ra tu re  im m edia te ly  before  the e lectrochemical  test.
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Before m easu rem en ts ,  the sam ples  w ere ca th o d ica l ly  po la r ized  for 20 m in  at  a cons tan t  current  
d e n s i ty  (50 (iA c m ' 1) in  o rd e r  to  reduce the ini t ia l  su r face  ¡ ron oxide.

Procedure
Q u a s i -s ta t io n a ry  po ten t ios ta t ic  p ó la r iza t io n  curves  were o b ta in ed  in  0.5 M  N a ,S O ,  p H  2.7 

so lu t io n s ,  by ch a n g in g  the po ten t ia l  in steps o f  50 m V, s ta r t in g  f ro m  the co r ros ion  po ten t ia l  ( - 4 1 0  ±  
10 m V ).  T h e  c u r re n t  w a s  m easu red  after  5 m in  a t  constant- po ten t ia l .  ,

P o ten t io s ta t ic  ascen d in g  and  descending po la r iza t io n  curves  were ob ta ined  in 0.5 M  N a tS 0 4 p K  9 
a n d  10 so lu t ions ,  by c h an g in g  the po ten t ia l  in steps o f  50 m V  a n d  w ait ing  10 m in  a t  cons tan t  po ten t ia l  
be fo re  m e a s u r in g  th e  c u n e n t .  C u r r e n t - t im e  curves,  a t  c o n s ta n t  po ten t ia l ,  were  a lso  ob ta ined  in  these 
m e d ia ,  with  a n d  w i th o u t  sc ra tch ing  the sam ples ,  by sw itch ing  the p o ten t ia l  f ro m  a n  o pen  circuit to 
th e  c h o s e n  valué,  a n d  reco rd ing  the cu r re n t  for  a t  least 120 m in.  A  new  specim en was used for each 
p o te n t ia l .  W hile  the  sam ples  were kept a t  c o n s ta n t  p o te n t ia l ,  the surface  o f  the meta l  was scratched 
w i th  a n  SiC p o in t  m o u n te d  o n  the L uggin  cap i l la ry .  T h e  chan g e  o f  cu r re n t  with t ime w as then 
rc c o rd e d  in  the  s a m e  w a y  as in the sam ples  w i thou t  sc ra tch ing .

P o ten t io s ta t ic  po la r iza t ion  curves were o b ta in ed  in  0.5 M  N a . S O ,  +  0.005 M  N a .B 40 , .1 0  H , 0  
( p H  9.2) so lu t io n  in  s teps o f  50 mV by s c ra tch in g  the su r face  o f  specim ens held at  cons tan t  potentia l  
f o r  10 m in .  T h e  c u r re n ts  were recorded  10 m in  a f te r  sc ra tch ing ,  an d  th e n  the  po ten tia l  w as changed. 
T h is  p ro c e d u re  w as  repeated  unti! a po ten t ia l  w as  reached  a t  w hich  repass iva t ien  no  longer occurred, 
c u r r e n t  s ta r ted  to  increase rapid ly  and  p it t ing  developed o n  the surface. T h e  ascending polarization  
c u rv e s  were i r j t i a te d  a', the co r ros ion  p o ten t ia l ,  ca. — 500 mV. T he  descendi.og po lar iza tion  curves 
w ere  in i t ia ted  a t  -f 1300 mV, 200 mV below the v igo rous  oxygen evo lu tion  zone.

In  add i t ion ,  pi ts were allowed to g row  at  c o n s ta n t  po ten t ia l ,  af ter  sc ra tching  ¡he surface o f  the 
s a m p le s  in this m é d iu m ,  and  f rom  ¡he size o f  the pi¡s ¡he m e a n  curren! density  inside the pits was 
ca lcu la ted .  M e a su re m e n ts  of  the d ian ie :er  o f  the pi ts were m a d e  under  a microscope with 100 a 
m agnif ica t ion .  A ssum ir.g  tha t  the pit grew at  a co n s tan !  rato, the current  density  inside the pits v,as 
c a lcu la ted  with the following equa í ion :

C urren t  density  (A c m " :) =  '—J -  ' (1)

w h e re  r is the p i t  r a d io s  (in O ,  d  ¡s the m eta l  density  (in g c m 1), F  is the F a ra d a y  cons tan t ,  t is the 
e x p o s u re  t ime (in seconds),  and E  is the ec¡uivalent weight o f  the meta l ,  a s sum ing  tha t  i ron  dissolves 
a s  F e : ‘ .

E X P E R I M E N T A L  R E S U L T S  

F ig u re  1 sh o w s  the  a n o d ic  p o la r iz a t io n  c u rv e  o f  i ron  in 0 .5  M  N a 2S 0 4, p H  2.7, 
s o lu t io n .  T h e  c o r ro s io n  p o ten t ia l  w as — 410  m V . A t  p o ten t ia ls  f ro m  — 410 to  
- r  500 m V  ra p id  d isso lu t io n  o f  the  spec im en  w as  o b se rv ed  w ith  severe a t t a c k  o f  the 
m e ta l  surface . F r o m  +  500 to  +  1500 m V  a  Iow c u r r e n t  zone  was obse rved  with 
c u r r e n t  densi t ies  o f  the o rd e r  o f  10~5 A c m  '2. A t  p o ten t ia ls  m o re  positive th an  
- f  1500 m V  ox yg en  evolu t ion  a c c o m p a n ie d  by severe d is so lu t io n  a n d  ro u g h en in g  o f  
th e  m eta l  su r face  b eg an  to  be no ticeab le .

F igure  2 sh o w s  a q u as i - s ta t io n a ry  p o la r iz a t io n  curve  o f  iron  in 0.5 M N a . ,S 0 4 
pf-1 9. C u r r e n t  densi t ies  rcmair .ed a t  va lúes  o f  10"4 A c m _i a n d  the  specim ens p resen ted  
s l igh t  a t ta ck .  B ecause  the cu r ren ts  p lo t te d  in Fig. 2 w ere n o t  s teady  valúes, c u r r e n t -  
t im e  curves fo r  lo n g  time p o te n t io s ta t ic  e x p o su re s  w ere d r a w n  in o rd e r  to  im pro ve  
u n d e r s ta n d in g  o f  i ron  b eh av io u r  in th is  m é d iu m . R ep re sen ta t iv e  curves were d r a w n  
in F ig . 3. C u r r e n t  densities re m a in ed  a t  va lúes o f  10 4- 1 0 ' 3 A cm  2 a n d  were no t  
p o te n t ia l -d e p e n d e n t .  A  great d ispers ión  can  be o b se rv ed  for  the  sam e  po ten t ia ls ,  an d  
th is  b e h a v io u r  c an  be related to  the  su p e rp o s i t io n  o f  p it t ing  a n d  general d isso lu t ion  
c o r r o s io n  u n d e rg o n e  by the sam p les  In fact, a t  p o te n t ia l s  low er th a n  a b o u t  — 390 mV 
g e n e ra l  a l t a c k  w as observed. A t p o ten t ia l s  h ig h e r  th an  this  valué, b o th  p it ting  and  
g en e ra l  d i s so lu t io n  a p p e a red  on  the  specim ens .
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F i o . 1. A nod ic  q u a s i -p o te n t io s ta t ic  p o la r iz a t io n  curve of  high puri ty  iron  in a de- 
a e r 3 t e d  0.5 M  N a , S O t so lu t ion ,  p H  2.7, 2 5 ’C, m easured  ¡n ascendir.g steps o f  50 mV

each .

O w i n g  to  the  above  c u r r e n t -  tim e  c u rv e  d ispers ión ,  p it ting  gene ra t ion  vvas m eta llo -  
g ra p h ic a i ly  lo o k e d  for. F o r  s im i la r  e x p o su re  t imes d ifferent types o f  a t t a c k  c o u ld  be 
fo u n d  to  a c c o m p a n y  p i t t in g .  F o r  ex a m p le ,  p it t ing  with genera l  d is so lu t ion  o f  diverse 
in ten s i ty  (F ig . 4), p it t ing  w i th  p rac t ic a l ly  a  passive surface (Fig . 5), o r  p it t ing  with 
selective d is so lu t io n  revea l in g  g ra in  b o u n d a r i e s  (Fig. 6) co u ld  be fo u nd .  Pits were 
h ex a g o n a l ,  fo llow ing c ry s ta l lo g ra p h ic a l  p lanes ,  a n d  changed  to  hem ispherica l ,  a f t e r  a 
time. D u r i n g  p o la r iz a t io n ,  a  loo se  g reen  precip íta te ,  w hich  cou ld  be com p le te ly

2.0

— 1-3 UJx  z  
>  10

I  05O
Q-

0.0 ■

“ 0.5 :

K
v \

Fe,0.5 M Na2Sq,, pH 9.0

Current densily, A cm

F i e .  2. A nodic  q u as i -p o ten t io s ta t ic  p o la r i z a t io n  curve  o f  high purity  iron in a de- 
a e r a t e d  0.5 M N a ,S O ,  so lu t ion ,  p H  9, 25°C, c o m p a re d  m easu rem en ts  o f  ascending ( A )

a n d  descend ing  ( • )  steps.



F i g . 6. S c a n n in g  electrón  m ic ro g ra p h  o f  high purity  ¡ ron exposed to  a de-aera tcd  
0 5 M N a .S O ,  so lu t io n ,  p H  9, 25 'C ,  a t  -  340 mV for 220 min. Scale -  10 um . Pitting

o n  a n  e tched  surface.

Fi<_¡. 8. S c a n n in g  electrón m ic ro g ra p h  o f  high purity  iron  exposed to a de-aerated  
0.5 Vt N a ,S O ,  so lu t io n ,  pH  10, 2 5 'C ,  a t  -  390 mV for 180 min. Scale -- ICO um . Pitting 

on  a genera lly  corrod ing  surface.



F ie . 9. P its nuclcated a long the scratch on a prepassivated specim en o f  high purity 
¡roa. exp o sed  (or 40 m in after scratching in a de-aerated 0.5 M N a tSO« solution, 

pH 10, at + 510 mV. Scale = 100 |im.

F icí. 10 Pits nuclcated around the scratch on  a non-prepassivated specim cn o fh ig h  
purity iron . ¡n a de-aerated 0.5 M NajSO» solu tion , pH 10, at 4- 510 mV. Exposure 

tim e 40 min. Scale - 10 ;mv
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F ie .  4. S c a n n in g  electrón m ic ro g rap h  o f  high pur i ty  ¡ron exposed !o a de aerated 
0.5 M N a ;S O ,  solution, p H  9, 2 5 C ,  at  -  390 mV  for 200 min.  Sea le 

o n  a generally  co r ro d e d  surface.

;cd !o a de aera!' 
100 iirr Pnting

F io .  5. S can n in g  electrón m ic ro g rap h  o f  high puri ty  ¡ron expo.icJ to a de aeraied
0.5 M N a ¡ S O , solution. p H  9, 25 C. a t  -  340 m V for 140 min Scale 10 im  Piiting

on  a passive surface.
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F ig . 3. Typical constant poteatia l current-tim e curves for high purity ¡roa in a de- 
aerated 0.5 M N a jS O , so lu tion , pH 9, at 2 5 :C.

removed by  washing their surface, covered the samples. In this médium scratching  
tests did n ot  cause current density significant variations, ñor did pitting nucleate on  the 
scratch under such condit ions.

T o s tu d y  the pitting process w ithout general attack interfcrence, subsequent runs 
were carricd out at pH 10. T he potential range covered ( — 540 to +  1200 m V ) can be 
divided in to  three regions. These are: (I) from corrosion potential ( Ec s  — 5 4 0 m V )  up  
to — 400 m V ;  (II) from — 400  to  ca. +  500 m V ; (III) from 500 up to +  1200 m V .

Representative current-tim e curves for Z on es  I and II are given in Fig. 7. In Z one
I, fo l lo w in g  an initial transient peak in the first minutes,  the current density rapidly 
dccreased to  small valúes, o f  the order o f  1 (¿Acm-2, remaining constant for times  
longer than  three hours. T his  was clearly a passive zone and no attack cou ld  be  
observed.

A ro u n d  — 400 mV a passive to corrosion  transition was fouíid. A t potentials  
higher than this valué, Z on e  II, the current density reached a mínim um  after a 
few m inutes,  and then began to increase. T w o  hours later, the currents reached  
valúes o f  the order o f  1 0 10-3 A c m - 2. In this zone the shape o f  the current-  
time curves at — 390 m V  and more positive potentials was related to the type o f  
attack. W h e n  the current density rapidly reached valúes o f  I0~3 Acm small pits 
and intense general attack were observed (F ig . 8). The samples became coated  with a 
spongy green precipítate which could  be eliminated by washing, the underlying  
surface exhibiting severe roughening. On the other hand, when the current density  
was o f  ihe order o f  I0~5 A c m -2 during the first minutes and after a mínim um  increased
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F>o 7. T)pica! constan! potential current-lim e curves for high pu r i ty  iron  in a de- 
acrated 0.5 M N a 2SO , solution , p H  10, 25°C.

r i io n o io n io i ly  to a valué o f  10 -4 A c m -2 in tw o hours, pitting attack took  place whilt: 
thc rrsi o f  íhc  surface rcmained passive. By allowing a film to grow  in the passive  
/ o n e  I for 90 min and then switching the potential to  Z one II, on ly  pitting was  
oht.i ined rcmaining the rest o f  the surface passive.

At a b o u t  f  500 mV the transition to  Z on e  III was produced. Tíiis región presented  
curtcnt densities o f  the order o f  IO- ®—10~5 A c m -2. How evcr, current peaks up to onc  
iiitlcr o f  r-.acnitude higher than the “ base” current appcared at intervals varying from  
V) s to  10 min. The surface o f  thc specimens rcmained passive, but severe attack on  
thc borders, with crcvice corrosion , was found. The appearance o f  this attack caused  
j yrc.it dispersión in the recorded current-tim e curves. Nevertheless, the m icroscop ic  
nbscrvativn o f  thc samples show ed that, cxcept for crevice corrosion, the surface o f  
thr s;iinp’rs rcmained passive.

Vi n n f¡ i:n ~  experúnents
Aftcr crow ing a film at — 490  mV for 90 min, thc surface scratching technique was 

ctnploycd at pH 10. The asccnding  polarization curve thus obtained show ed a passive  
/une where the currcnt densitv  was lower than IO-5 A cm ~2, and a breakdow n poten-  
tml :ih->vc uh ich  hieh m rrent increascs and passivity breakdown were observed
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The brcaJcdown potential thus obtained was — 380 +  10 mV. A bo ve  this potential 
«niall pits deve lop cd  ou t  o f  thc  scratch on the surface.

The descending  p o la r iz a r o n  curves  were also ob ta ined  th ro ug h  the  sc ra lch in g  
icchniquc w ith  p re p as s iv a te d  sam p les  as desc r ibed  before. T h e  runs werc ca r r ie d  o u t  
\tarting from  +  1200 m V , an d  t h e c u r r e n t  densi t ies  fluctuated in the o rd e r  o f  10”*—10- * 
Acnt 1 w ith f requ en t  o sc i l la t ion s .  T h e  b o rd e r s  o f  the sam ples u nd erw en t  in tense  
altad . .  just as po in ted  o u t  in the case o f  the  c u r r e n t  time tests. W hen  po ten t ia ls  equa l  
(o, or low-cr than, +  510 m V  were app lied ,  the  currents  after  scra tch ing  reac h e d  
valucN o n e  order o f  m a g n í tu d e  ab o v e  those  in the  higher po tentia l región. U n d e r  such  
eo n u i t io n s  p i ts  nuclea ted  o n  the  sc ra tch  (Fig . 9). T h ey  began by being c ry s ta l lo g ran h ic  
hut soosi e volved  to  hem isp l ie r ica l  b r ig h tened  pits. I f  the specimens were n o t  pre- 
p j> siva tcd ,  p its ,  p lugged  u p  w ith  c o r ro s io n  p rod uc ís ,  werc fo un d  a ro u n d  the sc ra tc h  
(Fig. 10K T h e  sc ra tched  z o n e  a n d  its su r ro u n d in g s  show ed a b row n  p rec ip í ta te  in 
cnnirnM to  the  green p re c ip í ta te  observed  a t  iow er potentials.

4 h fk a r io u r  o f  iron in su lphate plus bara te  solutions
1 1 show s th e  a sc e n d in g  a n d  d escen d ing  polar iza t ion  curves p e r fo r in ed  in 

» '  M N a . S O ,  +  0.005 M N a , B 40 7. 10 H , 0  (p H  9.2) by scra tching the sam ples.
\»  th e  p o te n t ia l  was in c rea sed  a b o v e  the  co rro s ion  po ten t ia l  (ca. — 520 m V ),  the 

v’u r tc n t  d e r s i t y  a lso  inc rea se d  to  sm all  va lúes ,  o f  the o rde r  o f  1 u A cm  re a c h in g  a  
¡k . i • »>f 5 6 j A cm  '  a r o u n d  — 450 mV. In spite o f  an active loop a p p e a ra n c e ,  the
i.hii¡ '!cí r c m a in e d  passive in this región, occas iona llv  sho w ing  som e slight a t t a c k  on 
the K v í J l t v  A bove — 450  m V  the c u r r e n t  densi ty  began to  decrease. A t  — 350 mV 
:h<; cu rrc r . í  densi ty  reach ed  a  m ín im u m  valué, an d  there was an a b ru p t  ¡ncrcasc o f  tw o 
• >sArr\ o f  n i .sgn itude  at h ig h e r  po ten tia ls .

C ur?c;; :  densities ,  t h a t  d id  n o t  vary  significantly  with time after  sc ra tch ing ,  were 
¡i>i:i’.íi b c tA ccn  the c o r r o s io n  p o ten t ia l  a n d  — 350 mV. A fter  scra tch ing  the  su rface
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0 '  vi N .i ,S ( ) | r 0.0<)5 Nt N a .B jO ;, pH 9.2, at 25'C , obtained with the scratch tcch- 

jc ■  ascending steps m easurem enls; •  : descending steps m easurem ents; a 
current density valúes, inside the pits, calculated wiih Equation (I).
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at these  potentials the current increased but alrnost immediately returned to the initial 
valué. F o r  higher potentials, on the other hand, the current density increased after  
scratching and continued to increase with time in this región.

A ll  t h e  sam ples  ex p o sed  a t  po ten t ia ls  h igher  than  — 350 m V  pit ted  a n d  the 
m e a s u r e d  c u r r e n t  densities  m a in ly  c o r r e sp o n d e d  to  pit g row th .  Pits w ere  o b se rv e d  011 

th e  c e n t r e  a n d  th e  b o rd e rs  o f  the  specim ens  ra th e r  th an  a lo n g  the  sc ra tch .
D e s c e n d in g  a n o d ic  p o la r iz a t io n  curves were o b ta in e d  s ta r t in g  fro m  4- 1300 m V  

(F ig .  11). T h e  curve  sh o w ed  a  passive zone, u p  to  +  860 mV, w ith  c u r r e n t  densi t ies  
o f  a b o u t  1 ;j.m A c m -2. In  th is  región the  s ta t io n a ry  cu r ren t  d ensi ty  w as  n o t  affected 
by  s c r a tc h in g  th e  m eta l  surface.

W h e n  po ten t ia ls  f ro m  - f  860 to  — 500 m V  were applied , the c u r r e n t  d id  n o t  decay  
a f te r  sc r a tc h in g ,  b u t  r e a c h e d  valúes o ne  o rd e r  o f  m ag n i tu d e  ab o v e  th ose  o f  th e  u p p e r  
p ass ive  z o n e .  F ro m  4- 500 m V  to  - f  350 m V  the  cu r ren t  densi ty  a lso  in c re a sed  a n d  
r e a c h e d  va lúes  o f  the o rd e r  o f  10"3 A c m -2. T h e re  was severe a t t a c k  o n  th e  b o rd e r s  all 
o ve r  th e  h ig h  po ten t ia l  reg ión ,  from  +  1300 to  +  350 mV. T hese  results  p o in te d  o u t  
th a t  c u rv e s  like those  in Fig. 11 are  real p o la r iz a t io n  curves with t ru e  c u r r e n t  densi t ies  
o n ly  a t  p o te n t ia l  ranges w here  localized co r ro s io n  could  no t  be ob se rved  (b e tw een  the 
c o r r o s io n  po ten t ia l  a n d  — 350 m V , a n d  from  -f  1300 to  4- 860 mV).

T o  o v e rc o m e  this difficulty and  es tab lish  the  p it ting  zone, c o n s ta n t  p o ten t ia l  
e x p e r im e n ts  w ere p e r fo rm e d  by sc ra tch in g  th e  sam ples  a t  po ten t ia ls  f ro m  — 350 to 
+  8 60  m V .  A fte r  the c u r r e n t  s ta r ted  to  increase spec im ens  were k ep t  a t  c o n s ta n t  
p o te n t ia l s  fo r  ap p ro x .  90 to  240 min to  a l lo w  pits to  grow . T h e n  they w ere  rem o v ed  
fro m  th e  cell a n d  the m e a n  ra d iu s  o f  the pits w as  m easu red  u n d e r  th e  m ic ro scop e .  T h e  
c u r r e n t  d en s i ty  inside th e  pits  w as ca lc u la ted  th ro u g h  e q u a t io n  (1).

P i t t i n g  w as nuc lea ted  o n ly  betw een — 350 a n d  -f- 350 mV. T h e  pits g ro w n  in this 
reg ión  s h o w e d  repass iva t ion  w hen  the  p o ten t ia l  was sw itched to  a b o u t  -f- 500 m V , 
a n d  th e i r  c u r r e n t  densi ty  decreased  from  I0~3 to [0~5 A cm  2. F igure  II sh o w s  the 
c a lc u la te d  c u r r e n t  d ensi ty  valúes inside th e  pits. T h e  d ia m e te r  o f  th e  pits  varied 
b e tw een  0 .03 a n d  0.2 m m ,  a n d  the c a lc u la ted  c u r r e n t  densi ty  va lúes  ran g ed  from  
4 x  I O ' 3 u p  to  6 X 10": A c m  2. T h e  valué fo u n d  near  the p it ting  p o ten t ia l  was 4 x  10~3 
A c m - 1.

D I S C U S S I O N  A N D  C O N C L U S I O N S

A n o d ic  po la r iza t ion  curves ,  c u r r e n t - t im e  curves, surface  sc ra tch ing  exp e r im en ts  
a n d  m e ta l l o g ra p h ic  o b se rv a t io n s  in v a r io u s  a lka l in e  N a :S 0 4 so lu t ion s  ind ica ted  th a t  
iron  u n d e r g o e s  p it t ing  in the  presence o f  these elec tro ly tes.  T h e  p it t ing  po ten t ia l  
m e a s u re d  in 0.5 M N a 2S 0 4 so lu t io n ,  pH  9 .0  a n d  10.0, was — 400 m V , while the  valué 
in 0.5 M  N a .¿S 0 4 4  0.005 M B j 0 7N a 2 p H  9.2 so lu t io n  was — 350 m V . T h ese  valúes 
w ere c ió se  to  the  co rro s io n  po ten t ia l  o b ta in e d  for iron  in the 0.5 M N'a2S 0 4. p H  2.7, 
p it - l ike  so lu t io n  ( Ec =  — 410 mV). A c c o rd in g  to  the m echan ism  o f  localized acidifica- 
t io n 4’s th e  p it t ing  p o ten t ia l  o f  a m eta l  o r  a l loy  in a neu tra l  o r  a lka l ine  so lu t io n  can  be 
e v a lu a te d  f ro m  the  a n o d ic  b e h a v io u r  o f  the  sam e  m eta l  o r  alloy in a  low  p H  pit-like 
so lu t io n .  T h e  p it ting po ten t ia l  in the n e u tra l  o r  a lka l ine  so lu t ion  is given by

£ p =  K  +  1 +  <P +  ¿'¡nh (2)

w here  £ p is the  p it ting p o ten t ia l ,  £ c* is the c o r ro s io n  po ten t ia l  in the acidified so lu tion .
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r] is th e  p o la r iz a t io n  nccessa ry  to  o b ta in  a cu r ren t  density  h igh  en o u g h  to  m a in ta in  
ac id i ty  in s ide  the pit, (p is th e  p o ten t ia l  d r o p  inside the  pit a n d  £ ¡nh is th e  c o n t r ib u t io n  
to  th e  p o la r iz a t io n  d ue  to  in h ib i to rs  in th e  m éd ium .

In 0 .5  M  Na.jSOj, p H  2.7, so lu t io ns  (see Fig. 1) high c u r re n t  densities  a re  o b ta in e d  
w ith  sm a l l  po la r iza t ion .  ThereFore  the c o n t r ib u t io n  o f  ^  to  the  p it t ing  p o te n t ia l  is 
sm all .  T h e  sam e  h a p p e n s  w ith  cp, since the  c u r r e n t  densi ty  inside the  pits  (see Fig. 11) 
n ea r  th e  p i t t in g  p o ten t ia l  w as  relatively low , 4 . 1 0 '3 A cm  2, a n d  a  high c o n c e n t r a r o n  
e lec tro ly te  w as used. O n  th e  o th e r  h a n d ,  the  p it t ing  po ten t ia l  in a bufTered 0.5 M 
N a 2S 0 4 Solu t ion  (0.005 M  N a 2B 40 7, p H  9.2) w as 50 m V  a b o v e  th a t  in u n b u f íe re d  
so lu t io ns .  T h is  d ifference m u s t  be a t t r i b u te d  to  the  presence o f  the  buffer (£ ¡nh).

T h e  p i t t in g  inh ib i t ion  p o ten t ia l s  m ea su red  in 0.5 M  N a 2S 0 4, p H  10, a n d  0.5 M 
N a 2S 0 4 +  0.005 M N a 2B40 7, p H  9.2, w ere ca. +  500 m V  in b o th  cases. D u e  to  genera l  
a t t a c k  n o  p i t t in g  in h ib i t io n  po ten t ia l  c o u ld  be established in 0.5  M  N a 2S 0 4) p H  9. 
T h o sé  v a lú e s  are  a lit tle h ig h e r  than  the  in h ib i t ion  po ten t ia ls  fo u n d  by  V e t te r  an d  
S t r e h b lo w 2 in su lpha te  so lu t io n s  w ith  h ig h e r  bufler  con cen t ra t io n s  a n d  by S z k la r sk a -  
S m ia lo w s k a 9 in 0.5 M  Na.-SO,, pH  7. All these results c o m p a re  very well w ith  the 
p ass iv a t io n  potentia l ,  £ pa5 =  -f  500 niV, o b ta in e d  in the 0.5 M Na.2S 0 4, p H  2.7, pit- 
like so lu t io n .  This  fact w as  also  cxp la ined  by the acidification m e c h a n is m .5 F o r  iron 
in N a 2S 0 4 so lu tions ,  w hen  the  e lec trode  p o ten t ia l  reaches the valué o f  p a ss iv a t io n  o f  
the m e ta l  in the  acid so lu t io n ,  the  metal inside the pit will becom e passive a n d  p i t t ing  
will s to p .  T h e n  the p i t t ing  in h ib i t io n  p o ten t ia l  is essentially the  p ass iv a t io n  p o ten t ia l  
o f  the m e ta l  in the acidified pit- l ike so lu t io n .  fn the systems s tud ied  in the p re s e n t  w o rk  
the in h ib i t io n  potentia l ,  E¡, seem s to  have  scarce  practic'al use d u e  to c re v ic e  c o r ro s io n .  
A p p a re n t ly  in those regions w h ere  a high p o ten t ia l  d ro p  can be fo u n d ,  like in a crevice. 
the in h ib i t io n  po ten tia l  is n o t  reached ,  an d  iocalized  co rro s ion  can  proceed.

A cknow ledgem en ts— T his re sea rch  h a s  been su p p o rted  by the C om isión  de Investigaciones C ien tíficas 
de la P ro v in c ia  de Buenos A ires (C .I .C .) , by the S erv icio  N aval de Investigación  y D e sa rro llo , P ro ­
g ram a E C O M A R  an d  by the  P ro y e c to  M u ltin a c io n a l de  T ecnología de M a te ria les , O E A -C N E A .
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