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Abstract-The passivity and passivity breakdown of polycrystalline iron is investigated through electro- 
chemical methods complemented with ellipsometry, by employing plain 0.04 M NaOH and saturated 
Ca(OH), solutions with the addition of chloride salt of concentrations up to 1 M. The comparative results 
indicate that the initial reactions of Fe(OH), formation at the inner part of the passive layer level (Fe,O,) 
are only slightly influenced by either the cation or the presence of Cl- ion in solution, in contrast to their 
large influence at the outer part of the passive layer (hydrous FeOOH species) where Fe2+/Fe3+ redox 
reactions take place. At high positive potential the breakdown of passivity is also influenced by both Cl- 
ion and cation present in solution. 
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1. INTRODUCTION 

In alkaline solutions containing chloride ions the 
values of the breakdown potentials of passive films on 
iron are rather scattered[lq] and the mechanism of 
passivity breakdown particularly regarding the struc- 
ture and the properties of the surface film is still a 
matter of discussion. It is agreed that at certain Cl- 
ion concentration, pH, and electrode potential values 
the passivating film is disrupted[5-81. Recently, in situ 
optical data provided new insights about lhe chemical 
composition and structure of the passivity layer 
electroformed on iron in KOH[%l 11, NaOH[ 12-l 61, 
and saturated Ca(OH), [ 15-l 71 solutions. 

Raman spectra on iron in 1 M KOH after oxida- 
tion-reduction cycles (ORC) at 36 V s-‘[9] were inter- 
preted through the formation of FeJO, although the 
presence of y-FeOOH could not be excluded as the 
very high background of water obscures the spectrum 
below 300cm-‘. The film formed after ORC at 
0.001 V s-l was also assigned to Fe,O,[lO, 111 al- 
though amorphous y-FeOOH could not be dis- 
carded, and that produced after prolonged cycling at 
0.05 V s-l was assigned to cc-FeOOH grown on top of 
the passivating layer. These results implied that in the 
active region iron oxidized to Fe(OH), and the latter 
at higher potentials is further oxidized to cr-FeOOH. 

On the other hand, ellipsometric measurements of 
iron in 0.05 M NaOH suggested that a low density 
FeOOH layer builds up progressively over an inner 
compact Fe,O, barrier layer after galvanostatic 
cycling[l2], whereas the anodic film produced at 
different potentials in the passive region after a single 
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potential scan at 80 V s-‘[13] was identified as 
FeOOH for times longer than 2 s, and at shorter 
times as FeOOH probably containing water. 

Ellipsometric results of passive films grown on iron 
in either saturated Ca(OH),[l7] or 0.05 M NaOH[l8] 
showed no influence of the addition of small amounts 
of Cl- ions. In these cases the passive film can be 
described as that of a complex FeOOH layer whose 
structure is sensitive to the ionic composition of the 
solution. Otherwise, potential-modulated reflectance 
spectra of films formed on iron in 0.1 M NaOH at 
different high positive potentials by applying an 
anodic potential sweep at 0.01 V s-‘[14] were 
assigned to magnetite and/or hematite, while in the 
initial prepassive potential region the presence of 
Fe(II) in the surface layer was detected. Similar 
conclusions about the formation of Fe(I1) species, 
probably Fe0 . Fe(OH),, in the film potentio- 
statically produced on iron in 1 M NaOH at relatively 
high negative potentials arise from X-ray photo- 
electron spectroscopy data[ 191 after specimen prepa- 
ration and transfer in an oxygen-free closed system. 

Triangularly modulated triangular potential sweep 
voltammetry run in the potential region preceding 
the first anodic current maximum (peak I) in strong 
alkaline media[7], boric acid-borate buffer solu- 
tions[20], and dilute acid and neutral electrolytes 
containing SOi- ions[21], revealed a reversible initial 
process due to the formation of FeOH species. 
The subsequent reaction (peak I) generated a 
thin hydrous Fe(OH), layer. Therefore, there are 
electrochemical[5-8, 20, 22-241, opticaQl9, 25, 261, 
and thermodynamic[27] data supporting that the first 
oxidation level of iron is Fe(OH),. 

This paper is devoted to a comparative study of the 
influence of Na+ and Ca*+ ions as well as that of Cl-, 
in addition to alkaline solutions on the breakdown 
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potential (pitting potential) of passivated iron speci- 
mens with the aim of establishing protection criteria, 
particularly for saturated Ca(OH), solutions. The 
latter appears to be a suitable solution to simulate the 
environment in contact with iron inside pores in 
concrete media[28-301. Likewise, new information 
also emerges by comparing results for the passive film 
formation on iron in saturated Ca(OH), to those 
obtained earlier for either KOH or NaOH solutions 
under similar experimental conditions. 

2. EXPERIMENTAL 

rS, = n, - ik,, derived from P,, and A,, is in good 
agreement with the values for bare iron reported in 
the literature[32,33]. The ellipsometric readings (P 
and A) of the specimen covered with the anodic layer 
were made at either E,,a or EsL after applying one of 
the following perturbing potential programs. The first 
one (Procedure I) consisted of a potential sweep from 
- 1.36 V upwards at v = 20 V s-’ followed by a 
potential holding at different Es,a values to grow and 
to stabilize the anodic layer during 60 min. Then, 
ellipsometric readings were made at different times. 
The second one (Procedure II) implied an RTPS 
at different v to accumulate an anodic layer at 
the electrode surface. In any case, the ellipsometric 
readings are presented as P us A plots (6P = P-P,, 
and 6A = A -A,,). 

The experimental arrangement was essentially 
the same as that already described in previous 
publications[$ 15,21,31]. A three-compartment elec- 
trolysis Pyrex cell was employed. Polycrystalline iron 
(“Specpure”, Johnson Matthey Chemicals Ltd) 
working electrodes (specimens) consisted of fixed 
wires (0.5 mm diameter, 0.25 cm2 apparent area) and 
discs (0.85 cm* apparent area) in PTFE holders, the 
borders of the specimen being covered with a small 
amount of epoxy resin. Each specimen was gradually 
polished starting with 400 and 600 grade emery 
papers and finishing with 0.3 and 0.1 pm alumina- 
acetone suspensions. Afterwards it was cleaned with 
acetone and repeatedly rinsed with thrice distilled 
water. Finally, it was cathodically polarized for 
5 min in the HER potential region. This treatment 
furnished an electroreduced specimen with a very 
reproducible behaviour for the electrochemical 
measurements. Either an see properly shielded or a 
hydrogen electrode in the same solution were used 
through a Luggin-Haber capillary tip as reference 
electrodes, but potentials in the text are referred to 
the nhe scale. A large-area Pt plate was employed as 
counter electrode. 

3. RESULTS AND INTERPRETATION 

The STPS and RTPS voltammograms of iron in 
saturated Ca(OH), at v = 0.1 V s-’ between Es,c = 
- 1.26 V and Es,a = 0.54 V exhibit four anodic (peak 
I, II, peak III and III’) and four cathodic (VI’, peak 
IV and peak V) contributions (Fig. la), as already 
described in previous publications[5,15, 16,341. The 
first conjugated pair of peaks 1(11)/V is related to the 
cyclic formation and reduction of the inner part of 
the passivating layer (ippl). The second conjugated 
pair of peaks, namely III(III’)/IV(IV’), corresponds 
to the Fe(I1) P Fe(II1) + e- redox reaction occurring 
at the outer part of the passivating layer 
(oppl)[15, 16,341. The E-j displays depicted in 
Figs lb, and 1 b2 have been recorded through suc- 
cessive STPS with Es,a decreased and increased step- 

The following electrolyte solutions were 
used: 0.04 M NaOH + x M NaCl and saturated 
Ca(OH), + x M NaCl (0 <x < l), pH 12.6. They 
were prepared from thrice distilled water previously 
boiled to remove CO, and analytical grade (p.a. 
Merck) reagents. Runs were made at 25°C under 
purified N, gas saturation by applying the following 
perturbing potentials: (i) conventional triangular 
potential sweeps either single (STPS) or repetitive 
(RTPS) between preset cathodic (E,,c) and anodic 
(E,,) switching potentials at different potential 
sweep rates (v) within the 0.0014.3 V s-’ range; (ii) 
combined RTPS with STPS; (iii) STPS or RTPS with 
combined potential steps; (iv) galvanostatic steps at a 
constant anodic current density, 0.15 mA cme2, to 
measure the corresponding pitting potentials. 

The electrolysis cell was mounted in a Rudolf 
Research type 437-02/200 B manual ellipsometer 
(maximum resolution 0.01’) provided with a 150 W 
tungsten lamp with filter (546.1 nm) and an RCA 1P 
21 photomultiplier. The incidence light beam angle 
was fixed at 69” and that of the compensator at 
135”. Ellipsometric data at fixed wavelength of a 
freshly polished and electroduced iron electrode at 
E = - 1.36 V were initially measured. The cor- 
responding polarizer (P,) and analyser (A,) readings 
yield the refractive index (n,) and the absorption 
coefficient (k,). The complex refractive index, 

Fig. 1. Influence of the anodic switching potential on the 
voltammograms of iron run at o = 0.2 V s-l in saturated 
Ca(OH), . (a) Runs made by changing & downwards after 
a previous RTPS between - 1.26 and 0.54 V to attain the 
stable voltammogram. (b) Runs made by changing E,, 
upwards (b,) and downwards (b2) in the potential range of 
peaks I-II/V after the application of the potential-time 

v , , I 

-1.2 -0.8 - 0.4 0 

E/‘J 

program described in Fig. la. 
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wise, respectively. The lower the value of Es,a the 
greater the depolarization of the electroreduction 
processes, as peak IV shifts positively. In addition, 
the charge of peak III up to the peak potential value 
diminishes, although the value of the peak potential 
itself remains unaltered. The charges of peaks I and 
II after baseline correction for peak III become 
independent of Es,a. 

Furthermore, for Es,c values sufficiently negative to 
assure the complete electroreduction of the ippl, the 
first oxidation level of iron in alkaline solution can be 
associated with the formation of the Fe(OH), mono- 
layer. It should be noted that in the first linear 
potential sweep run in the positive potential going 
direction with a fresh polished iron electrode, the 
contribution of peak III tends to decrease as v 
increases[31]. It should be noticed that at a constant 
pH, peak I becomes independent of the electrolyte 
composition. On the other hand, as Es,a is set at a 
value more negative than the potential range of peaks 
III (Figs lb, and lbz), during the negative going 
potential excursion peak IV is no longer observed as a 
single peak, and peak V splits into two contributions. 

The anodic layer accumulated after 60 min poten- 
tial cycling at v = 0.2 V s-l is largely related to 
the conjugated pair of peaks III/IV, as seen in the 
dashed voltammogram shown in Fig. 2. However, 
a different behaviour can be observed by running 
the voltammogram immediately after cathodizing at 
Es, = - 1.26 V for r = 20 min. In this case a charge 
increase in the potential range of the conjugated 
peaks 1(11)/V can be observed. This effect, however, 
tends to disappear as the potential cycling continues 
(see full lines in Fig. 2). It is interesting to note that 
the passive current read at 0.4 V also increases 
according to the charge of peaks 1(11)/V (Fig. 2). The 
prolonged intermediate cathodization at Es,c favours 
the formation of Fe(O) in the oxide layer, but 
the following electrooxidation cycle yielding Fe(I1) 
species does not contribute to the subsequent process 
related to peak III. Thus, it appears that the accumu- 
lation of active Fe(I1) species in the oppl proceeds 
only at the expense of the partial electroreduction of 
the ippl (barrier layer). Nevertheless, one should not 

I I I 

-1.2 - 0.8 - 0.4 0 0.4 

E/V 
Fig. 2. Voltammogram of iron run in saturated Ca(OH), 
at v = 0.2Vs-’ combined with a potential step at 
& = - 1.26 V during r = 20 min after the stable voltam- 
mogram (dashed curve) was attained. The arrows indicate 

the cycling order subsequent to the potential step. 

disregard some contribution from the Fe(I1) species 
coming out from Fe(O) electrooxidation to the oppl 
in the potential range of peak III’. It should be 
further noted that under comparable experimental 
conditions iron electrodes in both KOH and NaOH 
solutions accumulate charge faster and the conju- 
gated peaks III/IV become more reversible than in 
Ca(OH), solutions[ 15, 161. Similar conclusions can be 
derived for the growth of the anodic layer either 
voltammetrically or potentiostatically, independently 
of the fact that the thickness of the anodic layer 
obtained at a constant potential is considerably 
smaller than that brought about under potential 
sweeping. 

The RTPS voltammogram run in saturated 
Ca(OH), between Es,c = - 1.26 V and Es, = 0.54 V 
can be modified by stepping ,?& from - 1.26 V to E&, 
a potential value located within the potential range of 
peaks IV’-IV, for a certain time, r, and subsequently 
recording the voltammogram between Es,c and Es+. 
The comparison of these voltammograms to the 
initial one (Fig. 3) allows discovery of the differences 
which can possibly be assigned to ageing effects at the 
anodic layer. The voltammetric response after the 
potentiodynamic ageing treatment[7,34] (Fig. 3a) 
shows that for values of E& more positive than E,,*, 
the intermediate RTPS from Es,a to EL,, applied 
during 7 = 5 min produces a slight increase in the 
charge of peaks IV and V, whereas the opposite 
occurs for the current hump IV’. But as Ei,, is set 
closer to Ep,Jv (Fig. 3b), then the contour of peak IV 
exhibits an ill-defined double peak involving a small 
charge, and simultaneously the charge of peak V 
increases considerably. Furthermore, after applying 
the intermediate RTPS the charge of peak V in- 
creases and the corresponding peak potential Ep,v 
shifts negatively as 7 increases (not shown here). 
On the other hand, the rapid decrease in the electrore- 
duction charge of peak IV which is observed for 
saturated Ca(OH), becomes practically cancelled in 
either KOH or NaOH solutions, although in NaOH 

Fig. 3. Voltammograms of iron run at v = 0.2 V s-r in satu- 
rated Ca(OH),. The potential program includes a 60 min 
RTPS between ESE = - 1.26 V and E,,, = 0.54 V before 
applying the intermediate RTPS during r = 5 min between 

J& and either & = -0.36 V (a) or EIs = -0.86 V (b). 
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2 -0.8 - 0.4 

E/V 

I 

I 
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Fig. 4. STPS voltammograms run at v = 0.002 V SK’ (a) and 
RTPS voltammograms run at u = 0.2 V S-I (b); iron in 
saturated Ca(OH), (-); iron in saturated 

Ca(OH), + 0.3 M NaCl (-- -). 

solution peak IV splits into two well defined contribu- 
tions (see, for instance, Fig. lb in Ref. [7]). 

The STPS voltammogram run at O.O02Vs-’ 
(Fig. 4a) and the RTPS voltammogram run at 
0.02 V SK’ (Fig. 4b) of iron in saturated Ca(OH), (full 
lines, Fig. 4) are practically unaltered by the addition 
of NaCl (dashed lines, Fig. 4), at least for NaCl 
concentrations up to 0.3 M. These voltammograms 
run between E,,c = - 1.16 V and E,,a = -0.06 V, that 
is, covering the active to passive transition potential 
range of iron, suggest that the addition of Cl- ions 
has no appreciable influence on the initial formation 
of the anodic layer. 

The pitting potential, Ep, of iron in both 
0.04 M NaOH and saturated Ca(OH), containing 
different concentrations of NaCl was measured at 
0.15 mA cm-’ for 300 min. In this case the specimens 
have been previously cathodized for 5 min at 

QO4M NaOH +lM NaCl 

-03 
‘41, 

-p--9 --P 
-I 

I I 1 I I 
0 80 120 180 240 300 

t/min 

Fig. 5. Anodic galvanostatic potential-time curves resulting 
at 0.15 mA cm-’ in saturated Ca(OH), + I M NaCl (a) and 

in 0.04 M NaOH + 1 M NaCl (b). 

Fig. 6. Comparison of pitting potentials obtained at 
different concentrations of NaCl in saturated Ca(OH)* (0) 
and in 0.04 M NaOH (0) to data reported in the literature. 

0.3 mA cm-*. The pitting potential-time displays 
(Fig. 5) are similar for both solutions, but the station- 
ary potential value in saturated Ca(OH), (Fig. 5a) is 
more slowly attained than in 0.04 M NaOH (Fig. 5b). 
Furthermore, the values of Ep in saturated Ca(OH), 
are slightly more positive than those obtained in 
NaOH solutions (Fig. 6). This difference increases as 
the NaCl concentration decreases. For the sake of 
comparison values of E,, previously reported in the 
literature have been included in Fig. 6. In general 
linear Ep us log cNaC, plots can be obtained, their 
slopes being greater than -2.303 RT/F ratio. The 
results shown in Figs 5 and 6 suggest that the anodic 
layer initially formed on iron in NaOH solutions 
containing Ca*+ ions offers a greater resistance to 
localized atack by Cl- ions than that produced in 
plain NaOH. This difference can also be compared to 
the voltammetric behaviour of peaks III(III’)/(IV’)IV 
in both solutions which are due to the Fe(II)/Fe(III) 
reaction taking place in the oppl[l5]. 

The ellipsometric data obtained in both electrolytes 
for anodic products accumulated through either suc- 
cessive potential steps (Procedure I) (Figs 7a and b) 
or potential cycling (Procedure II) (Figs 8a and b) are 
rather different. The ellipsometric parameters of the 
anodic layer resulting from Procedure I show that the 
initial change in the ellipsometric plots depends 
mostly on Es,a and to a much lesser extent on the 
electrolyte composition. For NaOH solution the SP 
us 6A plot (Fig. 7a) exhibits a continuous negative 
slope, whereas for saturated Ca(OH), the opposite 
slope is observed (Fig. 7b). Nevertheless, the common 
first change observed in the SP us 6A plots when the 
potential Es,a is applied can be attributed to the initial 
formation of the ippl. The optical parameters of the 
ippl can be described through a single layer model[35] 
by taking n = 2.2 and k = 0.4 (Fig. 7~). 

On the other hand, the ellipsometric data resulting 
from Procedure II at 0.2 V s-’ and - 1.26 V change 
gradually in going from the 1”’ to the 3d potential 
scan. The direction and magnitude of these changes, 
which depend on the electrolyte composition (Figs 8a 
and b), can seemingly be compared to those derived 
from Figs 7a and b after 60 min anodization at E,,a. 
Then, the ellipsometric changes indicate that an 
oppl of similar characteristics has been grown either 
under anodic polarization or under potential cycling. 
Nevertheless, the accumulation of surface products in 



Passivity of polycrystalline Fe in alkaline solution 1441 

-3 -2 -1 0 1 
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Fig. 7. Ellipsometric plots obtained at Es, = - 1.26 V (open 
symbols, lc and 2c) and at Es,a = -0.44 V (full points, la) 
and Es, = 0.12V (full points, 2a). The program involves a 
potential scan at v = 20 V s-l from E,, to Es,a followed by 
a potential step at E,, during 60min. (a) Saturated 
Ca(OH),; (b) 0.04 M NaOH. (c) Theoretical plots computed 
for n = 2.2 and different k and film thickness values on the 
basis of the single layer mode1[35]. Experimental data ( x ) 
measured at - 0.44 and 0.12 V in both electrolyte solutions 
immediately after the potential scan at u = 20 V s-’ from 
Es, = 1.26 V up to E,,, . The symbol (8) corresponds to the 
electroreduced iron electrode after potential holding for 

10 min at E,,c. 

the oppl through potential cycling occurs at the 
expense of the oxidation-reduction cycles involving 
the ippl, as can be seen through the changes of P and 
A brought about at high negative potentials (Figs 8a 
and b). 

As the global optical parameters involve both the 
ippl and the oppl, the changes of 6P and 6A exclu- 
sively related to the oppl can be estimated provided 

that a correction for the presence of the ippl can be 
made (Fig. 7~). The reduced state of the oppl consti- 
tutes the surface layer on iron at high negative 
potentials, whereas at high positive potentials the 
changes in the 6P us 6A plot can be related to the 
variation of the optical parameters for the oppl, as 
the characteristics of the ippl formed at a constant Es,+ 
are independent of potential cycling. Under these 
conditions, the single film model can be extended to 
a model involving two superposed different homo- 
geneous oxide layers[35]. The theoretical ellipso- 
metric data obtained for the oppl layer in saturated 
Ca(OH), are consistent for values of n 2 1.332 
(Fig. 8a’) and in 0.04 M NaOH for n x 1.44 
(Fig. 8b’), respectively, and a low value of k in both 
cases, k x 0.005. The theoretical 6P us 6A plots 
shown in Figs 8a’ and b’ suggest that the changes of 
the ellipsometric data can be interpreted as the 
contribution of two single film models, one cor- 
responding to the ippl (dotted curves), and the other 
one to the oxidized state of the oppl at Es,+ (dashed 
curves). The comparison of the electrochemical and 
the ellipsometric data in saturated Ca(OH), and in 
NaOH solutions at the same pH shows that the 
characteristics of the ippl become independent of 
the electrolyte, whereas the properties of the oppl 
which apparently behaves as a gel-like iron hydroxide 
structure depend on the cation in solution. It should 
be noted that the ippl has been identified as 
Fe,0,[15]. In saturated Ca(OH), the values of P and 
A for the oppl are consistent with a practically 
constant layer thickness of about 2100 8, and a value 
of n 2 1.332 which gradually increases during cycling 
(Fig. 8a’). Otherwise, in NaOH solution the thickness 
of the oppl increases continuously with a constant n 
value (Fig. 8b’). The differences in the behaviour of 
iron in Ca(OH), and NaOH appear also through the 
ellipsometric readings at Es,c where the metal is 
covered by the reduced outer layer. It should be noted 
that the Fe(II)/Fe(III) redox process taking place in 
the oppl during the oxidation-reduction cycles has 
also been observed at precipitated hydrous iron hy- 
droxide layers chemically formed on inert conducting 
substrates[34,36,37]. 

n.22 
ISU 

I 

-3 -2 -1 0 1 .' -3 -2 -1 0 1 

d? /degree 

Fig. 8. Ellipsometric plots for the anodic layer formed at E,, = 0.1 V (symbols la, 2a and 3a) and at 
E,, = - 1.26 V (symbols Ic, 2c and 3c) from the I”‘, 2”* and 3d potential scans at 0.2 V s-l. (a) Saturated 
Ca(OH),; (b) 0.04 M NaOH. Theoretical plots for saturated Ca(OH), (a’) and 0.04 M NaOH (b’) at E,,, 

and Es,c. 
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4. DISCUSSION 

As far as the influence of Ca*+, Na+, and Cl- ions 
on the passivity and passivity breakdown of iron in 
alkaline solutions is concerned, the preceding analysis 
of results provides a reasonable amount of infor- 
mation which can be discussed in terms of the initial 
reaction, that is, the early stages of the ippl for- 
mation, the influence of Cl- ions in the Fe’+/Fe-‘+ 
reaction at the oppl, the participation of Ca*+ ions at 
the level of the oppl and, finally, the influence of those 
anions and cations in the breakdown of passivity. 

4.1. The early stages of the ippl formation 

Voltammetric results show that the electro- 
oxidation of the base metal surface of Fe(OH), in the 
potential region of peak I (Figs l-4) is in agreement 
with the data obtained in other electrolytes in the 
6.5-14 pH range[5,20]. This similarity extends to the 
location, charge density, and contour of peak I. 
Therefore, the reaction yielding the first monolayers 
of Fe(OH), on the base metal depends on the alkaline 
solution but it becomes independent of the cation, 
and also practically unaffected by the presence of Cl- 
ions (Fig. 4). Furthermore, the accumulation of 
FejO, takes place at potentials higher than that of 
peak I and it occurs during each positive potential 
going scan. Otherwise, after a prolonged cathodiza- 
tion at E,,C (Fig. 2) the hydrous iron hydroxide surface 
layer undergoes a partial electroreduction to Fe(O). 
This fact produces an increase of the voltammetric 
charge associated with peak I during the following 
voltammetric cycles due to the contribution of 
the anodic oxidation of Fe(O) resulting from the 
preceding surface layer electroreduction. 

In alkaline solution the high adsorbability of OH- 
ions determines that the first step of the corrosion and 
passivation reaction of iron, that is, the reaction: 

Fe + OH- = Fe(OH-),d = FeOH,, + e-, (1) 

be scarcely influenced by the presence of a low 
concentration of Cl- ions. Nevertheless, as the latter 
increases, competitive adsorption processes such as: 

Fe(OH-),, + Cl- = Fe(Cl-),, + OH-, (2) 

and: 

Fe(OH), + Cl- = Fe(Cl), + OH-, (3) 

become increasingly important. In these cases, the 
anodic dissolution of Fe as a complete anionic species 
impedes the formation of the passivating oxide layer 
on iron. This type of process has been extensively 
considered, mostly in relation to the corrosion of iron 
family metals in acid solutions (see Ref. [38] and 
references therein). 

4.2. The influence of Cl- ions at the composite passive 
layer level 

In the potential range of peak II the prepassive 
Fe(OH), layer is converted to a composite Fe,O, 
barrier layer whose thickness increases in the 
passive region according to the electrode potential 
(Fig. 1). Recent electrochemical and ellipsometric 
transients run at a constant potential for iron in 
0.04 M NaOH[31] revealed that the variation of both 
the optical parameters and the current with time 

depended on the incorporation of NaCl up to 0.05 M 
even after a previous prolonged anodization in the 
plain base solution. These variations operated in the 
direction of decreasing refractive index of the passi- 
vating film probably due to slight decrease in thick- 
ness (< 10%) of the ippl or to defects induced in the 
oxide structure[l6]. Recent measurements[39] em- 
ploying radiotracer techniques indicated adsorption 
and absorption of Cl- ions on passive iron in borate 
buffer, with time constant values of about 1 and 
60 min, respectively. It is clear that at potentials more 
positive than the potential of peak III, the presence 
of Cl- ion favours the rupture of the passivating layer 
(Figs 5 and 6). 

The values of the pitting potential decrease as the 
NaCl increases approaching within the error of the 
measurements a linear E, us log cNac, relationship with 
a slope close to -2.303 RT/F. This is the type of 
dependence which should be expected for an increas- 
ing influence of the aggressive anion. Nevertheless, at 
a constant Cl- ion concentration the influence of the 
latter on the EP value in CaCl, solution is milder than 
in NaOH solution. In this respect it is clear that at 
potentials exceeding the EP value, Cl- ions assist the 
disrupture of the passivating layer, that is the ippl 
suffers equally the attack both in NaOH and 
Ca(OH), solutions[ 161. 

On the other hand, the redox characteristics of 
the oppl are not considerably modified due to the 
presence of Cl- ions, except that the voltammetric 
charge is increased because of the attack of the base 
metal in the alkaline solution, accumulating further 
amounts of FeOOH species. 

4.3. Specific infruence of Ca*+ ions as compared to 
Na+ ions 

The influence of Ca*+ ions on the electrochemical 
and ellipsometric response of iron in alkaline solution 
reflects particularly at the oppl level. This means that 
the effect of Ca*+ ions should be related to changes 
in the structure of the FeOOH part of the passivating 
layer. It is known that a-FeOOH is an oxygen 
deficient oxide which has a crystal structure close to 
that of cc-Fe,0,[40]. The low electronic conductivity 
of cr-FeOOH is explained by the hopping of d 
electrons on Fe(I1) to Fe(III)[41]. For this type of 
oxygen deficient oxides the occupancy of a foreign 
metal ion produces an enhancement of either the 
n-type or the p-type semiconductor behaviour, 
depending whether the valency of the incorporated 
cation is larger or lower, respectively, of that of the 
normal cation site. In the case of cc-FeOOH this type 
of effect has been investigated by adding either 
tetravalent cations such as Ti4+, Ge4+ and Sn4’, or 
divalent cations such as Ca*+, Mg*+ and Cu*+[41]. 
The addition of Cu(II), for instance, favours an 
amorphous state. Accordingly, it is possible that the 
nature of the cation in solution changes the properties 
of the oppl. Thus, in Ca(OH), solution the local 
coprecipitation of Ca*+ can include the Fe(OH), and 
FeOOH species in the composite passivating layer, 
where the FeOOH species presumably behaves as 
a valence controlled cc-FeOOH structure where 
the electrical conductivity is modified through a 
mechanism similar to that of valence control in 
hydroxides with defect chemical reactions[42], so that 



Passivity of polycrystalline Fe in alkaline solution 1443 

4 
1 

t 
b 3- 
d 
\ 15ooA ZOCQA 

-3 -2 -1 0 1 2 3 4 

6P/degree 

Fig. 9. Ellipsometric 
K 

lots computed for k = 0, thicknesses 
in the O<d<2100 range and n = 1.335, 1.34, 1345, 
and 1.35 values, on the basis of the single layer model[35]. 
Full symbols (+) correspond to the ippl for n = 2.2 and 

k = 0.4. 

the change in the electrical conductivity is mainly due 
to the carrier concentration rather than the change in 
mobility. This explanation appears to be consistent 
with the n and k values for the oxidized and reduced 
passivating layer observed for NaOH and saturated 
Ca(OH), solutions. The reduced state of the thin 
surface layers formed in NaOH could be related to 
a film with n = 1.44 and 0.005 Sk < 0.010 for 
thickness continuously increasing up to about 
1400 A. Otherwise, the ellipsometric results obtained 
for the oppl formed in Ca(OH), solution (Fig. 9) 
can be explained through the optical indices 
1.332 < n < 1.35 and k > 0. At constant II, the 
increase of k corresponds to an increase in the 
calculated value of 6A[l5]. The calculated ellipso- 
metric plot shows that in the 0” <6P < 2” and 
0” < 6A < 2” ranges, values of n smaller than 1.35 are 
required to account for the experimental data. Such 
low values of n are associated with a low density 
oxide layer. For such a situation it is possible to 
interpret the ellipsometric behaviour of the oppl 
during potential cycling through a constant thickness 
film (Z 2100 A) with n increasing from a value close 
to that of the solution to n x 1.35. This explanation 
is consistent with a precipitation process in a 
saturated metal hydroxide solution. 

To estimate the amount of iron hydroxide in the 
oppl, let us consider the change of 6A corresponding 
to a constant surface layer involving a composite iron 
hydroxide-electrolyte solution structure. The theories 
for the dielectric constant of a composite layer predict 
linear dependences of n and k on the volume fraction 
of their constituents[43]. Accordingly, for the same 
amount of anodic product different thicknesses of the 
surface layer contain different volume fractions of 
iron hydroxide. Under these circumstances, for two 
effective optical indices n, and n2, and k, and kz, the 
corresponding surface layer thicknesses, d, and d,, 
satisfy the equations: 

(n, - n,)d, = (nr - n,)d,, (4) 

and: 

k,d, = W,, (5) 

where n,, is the refractive index of the electrolyte 
solution, no = 1.332. In order to evaluate the change 
of the oppl ellipsometric parameters observed in 
saturated Ca(OH), the following indices have 
been chosen: n, = 1.44 and k, = 0.005. It is note- 
worthy that these values correspond to an oppl 
relatively more compact than that formed in NaOH 
solution. 

The values of n2 and k2 corresponding to the 
relatively less compact oppl formed in Ca(OH), 
solution for d2 < 2100 A can be expressed as: 

and: 

n2 = n, + 0, - no), (6) 

k,=ak,, (7) 

where LY denotes the apparent volume fraction of the 
iron hydroxide in the composite layer, which varies 
between 0 for n2 = n, = 1.332 (pure electrolyte) and 1 
for n2 = n, (compact oppl formed in NaOH solution). 
Equations (4)-(7) allow us to correlate the optical 
parameters n2 and kz for different d2 values, as seen 
in Fig. 10. 

The changes of the SP us 6A plot observed during 
the first three potential cycles are larger for iron 
in Ca(OH), solution than those obtained in 
NaOH solution. This effect can be associated with an 
amount of iron precipitated in Ca(OH), solution 
which is greater than that formed in NaOH solution, 
although the oppl formed in NaOH solutions appears 
to be more compact than that produced in Ca(OH), 
solution. 

The influence of the cations in the characteristics of 
the passivation layer can also be related to the 
differences in their hydration energies and charge/size 
ratio as well as to the stronger adsorption of Caz+ 
ions as compared to Na+ ions at the outer plane of 
the ippl. These effects should favour the presence of 
Ca2+ ions at the oppl. On the other hand, the greater 
apparent volume fraction of electrolyte at the oppl 

4, , I 

-11 , 

-4 -3 -2 -1 0 1 2 3 

6 P/degree 

Fig. 10. Ellipsometric plot calculated on the basis of the 
single layer model[35]. Open symbols (0) correspond to the 
most compact (limiting case) oppl with constant volume 
fraction of iron hydroxide for n = 1.44 and k = 0.005. 
Full points correspond to a constant thickness less compact 
oppl (dashed curves) and at to a layer with a constant 
volume fraction of iron hydroxide (full curves) as described 
by equations (4)-(7) in the text. Experimental results 
obtained at ,!& = - 1.26 V in NaOH (W) and in saturated 
Ca(OH), (0) solutions during the first three potential cycles 

according to Procedure II are included. 



1444 0. A. ALBANI et al. 

produced in Ca(OH), solution probably contributes 
to make the local acidification effect occurring during 
the breakdown of the ippl smoother. 

The fact that at a constant Cl- ion concentration, 
the value of Ep in saturated Ca(OH), becomes more 
positive than in 0.04 M NaOH, indicates a greater 
protection promoted by the presence of Ca2+ at the 
oppl which derives from the specific characteristics 
imposed by the cation to the passivating layer. This 
fact can be used to envisage new protection criteria 
of metals in aggressive media. 

In the presence of corrosion activators Ca(OH), 
plays an important role as inhibitor for carbon 
stee1[44]. However, for the practical case of steel in 
concrete, it is rather difficult to attempt to define 
either a threshold chloride content or a critical 
ca-/coi._ ratio as a corrosion protection criterion 
because other factors such as the steel to mortar 
adhesion, the formation of voids at the steel/mortar 
interface, the oxygen and water contents, and the 
anode to cathode area ratio, also have a considerable 
influence on the corrosion process[45,46]. 
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