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Abstract

The effect of chloride and nitrite ions on the passivity of steel in alkaline solutions was investigated. Four nitrite dosages were tested, resulting in
various nitrite/chloride ratios. The behavior of steel was evaluated on electrodes aged during 1 and 90 days, measuring electrochemical parameters
such as the corrosion, pitting and repassivation potentials, the corrosion current density, the weight loss and performing electrochemical impedance
spectra. The presence of 0.8 moll~! of chloride induced pitting only under polarization and when the chloride/hydroxyl ratio was not less than
one. Nitrite ions behave as effective inhibitors of pit propagation for all the concentrations tested (0.2-0.8 mol1~!). A nitrite/chloride ratio of 0.25
induces complete surface repassivation. Nevertheless, at open circuit potential, the high alkalinity guarantees passivation even in the presence of

chlorides. In the event that the passive layer is damaged and pitting can be initiated, nitrite ions are effective in inhibiting pit propagation.

© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

In reinforced concrete, the bars acting as reinforcements
(rebars) are usually low carbon steel bars. The steel is protected
against corrosion because concrete provides a highly alkaline
environment which guarantees that the metal remains in the pas-
sive state. But various contaminants have a detrimental effect on
passivity. Among them, chloride ions are the most common ones
and localized corrosion triggers when chlorides reach the metal
surface. Chloride ions can be incorporated into concrete with
seasand, or by using contaminated coarse aggregates, water or
additives. Also, being concrete a porous material, chloride ions
can penetrate from the atmosphere in structures placed in marine
locations. This is certainly the case in many coastal cities in
Argentina, where the use of seasand and contaminated aggre-
gates and water constitutes a frequent practice. River sand or
“clean” aggregates should be transported from far-away loca-
tions and markedly increase the construction costs.

* Corresponding author. Tel.: +54 223 481 6600; fax: +54 223 481 0046.
E-mail address: mvazquez@fi.mdp.edu.ar (M. Vazquez).
! ISE active member.

0013-4686/$ — see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.electacta.2008.01.091

Corrosion of rebars in concrete should be taken seriously
from both, the economics and structural integrity standpoints.
Many approaches can be used to mitigate the corrosion of
reinforcing steel, among which protective coatings and seal-
ers, cathodic protection, concrete realkalinization and corrosion
inhibitors are commonly employed. The use of corrosion
inhibitors is probably more attractive from the point of view of
economics and ease of application [1]. Reviews of the most com-
monly used corrosion inhibitor types in concrete repair systems
and the various possible mechanisms of inhibition have been
recently published [2-4]. The most commonly used inhibitors
are formulated on the basis of nitrite ions. It has been proposed
that these ions react with ferrous ions generating a Fe;O3 pro-
tective layer, thus behaving as anodic inhibitors and decreasing
corrosion rates [5,6]. However, when the surface is already pas-
sive, inadequate dosages of nitrite ions could enhance the risk
of pitting [2,4,7].

When the passive state can be compromised due to the pres-
ence of chlorides, the corrosion risk is determined by the chloride
content, usually evaluated as the chloride/hydroxyl ratio [8]. On
the other hand, the efficiency of nitrite as inhibiting agent in the
presence of chloride is evaluated in terms of the nitrite/chloride
ratio. There is no clear agreement on the threshold value of
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this ratio. Different authors [2,4,9,10] have given values ranging
from 0.34 to more than 1 as those necessary to prevent corrosion
in concrete.

The corrosion of steel in concrete is difficult to investigate,
mainly because of experimental problems such as high resis-
tivities, highly porous materials, cell design and macrocells.
An alternative way of tackling the problem is to use solutions
that simulate the chemical environment present in the concrete
pores. In this way, many investigations have been carried out
in Ca(OH), saturated solutions. However, the composition of
concrete is much more complex [11,12]. Even when the results
cannot be directly extrapolated to the situation in concrete,
employing alkaline solutions is certainly a way of approaching
the system, which has been extensively used [8,13—17], mainly
because one is able to modify the relevant parameters one at a
time.

The purpose of this investigation is to study the effect of nitrite
ions on the breakdown of passive films formed on steel rebars in
a highly alkaline electrolyte that simulates the solution present
in chloride-contaminated concrete pores. It is our intention then,
to evaluate if nitrite-base inhibitors can be helpful in controlling
localized corrosion in good quality concrete prepared with con-
taminated aggregates. This condition will be used as reference
for a work in progress where we are simulating the case of low
quality concrete, where alkalinity is reduced due to the access
of carbon dioxide through the concrete pores [18,19].

2. Experimental
2.1. Electrolyte composition

The experiments were carried out using an alkaline solu-
tion (AS). The composition of the AS was chosen to be KOH
0.6mol1~!, NaOH 0.2 mol1~! and Ca(OH), 0.01 mol1~! with
aresulting pH value of 13.9. This solution has been used before
to simulate the electrolyte contained in concrete pores [20].

To evaluate the inhibitor effect, various concentrations of
NaNO; (0.2,0.4,0.6 and 0.8 mol 1-1) were added to the alkaline
solution where indicated.

To simulate a concrete contaminated with chloride ions, AS
solutions incorporate 0.8 mol1~! NaCl where indicated.

2.2. Electrodes preparation

Samples were prepared from steel reinforcement bars (Mn
0.635%, C 0.299%, Si 0.258%, Cu 0.227% and others impuri-
ties 0.245%). They were cut into disks with an area of 0.214 cm?,
provided with an electrical contact and embedded in Teflon bod-
ies. The resulting electrodes were polished down to grade 1000
with emery paper. They were rinsed with distilled water prior to
performing electrochemical measurements.

On the other hand, coupons with an area of 7.22 cm? were
prepared and also polished down to grade 120 with emery paper.
When used for electrochemical determinations, the coupons
were held conveniently and the electrochemical cell was used
with a fixed volume to guarantee a constant exposed area of
5.45cm?.

2.3. Weight loss determinations

Weight Loss Method was applied following the guidelines in
ASTM D 2688 Standard Test Methods for Corrosivity of Water
in the Absence of Heat Transfer. Previously weighted coupons
were suspended and immersed in each testing solution, placing
five coupons in each of ten containers. The metal samples were
polished down to grade 120 with emery paper. The containers
were kept at room temperature, with gentle agitation to avoid
differential deaeration. Some coupons were withdrawn for each
container after 90 days and the corrosion products were stripped
by immersion in HCI 10%. Then they were neutralized with sat-
urated NapCOs3 solution, and finally rinsed with distilled water.
The clean and dry coupons were weighted and observed with a
metallographic microscope.

The remaining coupons were employed for electrochemical
tests.

2.4. Electrochemical techniques

A three-electrode electrochemical cell was used. A Hg/HgO
electrode with 1moll~! KOH solution (labelled as MOE,
E=0.123V vs. NHE) was used as reference. All the potentials
are indicated against this electrode. A platinum wire of large
area was used as counter electrode.

All the experiments were carried out with a Voltalab PGP 201
potentiostat.

Cyclic voltammograms were recorded after deaerating the
electrolyte by bubbling N, during 15 min prior to each mea-
surement. The electrodes were pre-reduced at —1.1 V for 5 min.
Finally the scan was started at —1.1 V and reversed at 0.50 V or
at convenient potential values, as indicated. The sweep rate used
was 1 x 1072 Vs~

The open circuit potential (OCP) was measured during 24 h
in the different conditions investigated.

Polarization resistance (Rp) was evaluated as AV/Aj, from
potential sweeps scanning +0.01 V from the OCP at a scan rate
of 1 x 107#V s~!. Average values of over five individual exper-
iments were obtained in the case of samples aged for 1 day,
while duplicates were evaluated for coupons immersed during
90 days.

Corrosion rate, in terms of corrosion current density, can be
evaluated from the polarization resistance data according to the
Stern—Geary relationship as [21]:

BaPe 1 B

2303 7 A Rp ~ Rp ®
. (Ba + Bc) Rp Rp

Jeorr =

where B, and B. are the anodic and cathodic Tafel slopes,
respectively. These are kinetic parameters characteristic of each
metal-solution system.

Assuming uniform corrosion on the entire metallic surface,

the nominal value of corrosion rate (CR) in wm year~! can be
calculated using Faraday’s law as:

Kaw . .
CR = m]eorr = UJcorr 2
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where K=315,360 is a units conversion factor, F' the Fara-
day constant (F=96485C mol~!), n the number of moles of
electrons transferred, ay, the atomic weight in grams, § the den-
sity of the metal in gcm’3, and jeorr is the current density in
wA cm~2. Therefore, the value of the constant o for steel is
ape=11.6 MA_l cm? (m year_l.

The anodic and cathodic Tafel slopes were measured from
polarization curves recorded on aged electrodes, at the OCP.
Anodic and cathodic polarization curves started at OCP and
were recorded at 1 x 107#V s~! in independent experiments.

When anodic polarization curves were registered using
coupons with 90 days of ageing, the scan direction was reversed
at 1 x 107* Acm™2. This value was chosen to induce a con-
venient degree of attack. The overall procedure follows the
recommendations of ASTM [22].

2.5. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) tests were
performed at open circuit potential. Recording each spectrum
took between 90 and 160 min. Prior to starting the frequency
sweep, the samples were kept during 90 days in contact with
the test solution. The solution was used without stirring or
deaereation. The amplitude of the ac voltage signal was £0.01 V
while the frequency varied between 20kHz and 1 mHz. The
results were analyzed using the equivalent circuit presented in
Fig. 1. This circuit is typical of oxide-coated metals and has been
used before by other authors [23,24]. The experimental data
were fitted to the proposed equivalent circuit using ZView™
[25]. Corroding electrodes can show various types of inhomo-
geneities, which can be represented by the inclusion of constant
phase elements (CPE) replacing the capacitors in the equivalent
circuit. Surface roughness, insufficient polishing, grain bound-
aries and surface impurities had been mentioned before among
the main reasons allowing the use of CPEs in equivalent circuits
of corroding electrodes [26]. The impedance of this element

ZCPEo
1
| -
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Ro ZCPEdI
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Rdl
~AAN
Electrolyte Passive film Metal

Fig. 1. Equivalent circuit proposed to fit the experimental data.

is frequency-dependent, and can be mathematically expressed
using two parameters, Q and n as:

Zepe = [QGwn] ™! 3)

where Q is a constant with dimensions of & cm?s~(=" and n
a constant power, with —1 <n < 1. According to the value of #,
Eq. (3) accounts for an inductance (n=—1), a resistance (n=0),
a Warburg impedance (n =0.5) or a capacitance (n=1). A rough
or porous surface can cause a double layer capacitance to appear
as a constant phase element with n varying between 0.5 and 1.

3. Results and discussion

3.1. Effect of incorporating chloride ions as contaminants
(AS+CI™)

The cyclic voltammogram of steel in contact with deaerated
AS is shown in Fig. 2. Oxide growth starts at potentials posi-
tive to —1.10 V. A sharp anodic peak (Ia) is evident at —0.72V,
together with a shoulder at —0.36 V (IIa). There is no evidence
of localized corrosion. The processes associated to the anodic
peaks can be attributed to compounds containing Fe(III) such
as Fe3O4 and 8-FeOOH, as reported before [27,28]. Various
experiments carried out changing the positive limit of the poten-
tial scan showed that both anodic processes are associated to a
single cathodic peak (Ic) at —0.98 V.

The detrimental effect of chloride ions to the passive layer
naturally formed on iron exposed to alkaline environments has
been extensively reported in the literature. Many authors have
investigated the chloride threshold values for the corrosion of
steel in concrete, mortars and alkaline solutions [8,16,27,29,30].
In alkaline solutions the threshold value relative to the OH™ con-
tent, given as [C1™]/[OH™] ratio presents a mean value around
0.6 [31,32].

Thus, a sequence of voltammograms was carried out
in a solution contaminated with varying amounts of chlo-
ride ions. Low chloride concentrations such as 0.1 and
0.5mol 1! ([CI")/[OH™]=0.125 and 0.625, respectively) pro-
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Fig. 2. Cyclic voltammogram of carbon steel in deaerated AS (@) and
AS +0.8mol 1! NaCl (0). Scan rate: 1 x 1072V s~
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duced no significant differences in the voltammograms when
they were compared with those in alkaline solutions free of
chloride ions (AS). So, a condition where [C1”]/[OH ]=1
([NaCl]=0.8 mol1~!) was chosen to work with because the
differences between AS and AS + CI™ became clearer.

The cyclic voltammogram of steel in contact with deaerated
AS +Cl™ compared with that obtained in AS is shown in Fig. 2.
Both, in the AS with and without C1~, OCP values stabilize at
around —0.15V after 24 h of immersion, as indicated in Fig. 2.
The anodic current that can be read in the voltammogram when
the potential equals the OCP value is smaller than 1 mA cm™2,
which is typical of a metal in a passive state [27]. In the contami-
nated solution it can be seen that pitting starts when the potential
exceeds 0.45V, revealed by the typical hysteresis of the curve.
The presence of pitting was confirmed by visual inspection of
the specimens.

Anodic and cathodic polarization curves registered after 1 and
90 days of immersion are presented in Fig. 3. After 90 days of
ageing, the anodic polarization curve showed pitting at potentials
higher than 0.60 V. The repassivation of the surface was not
possible even at OCP.

The influence of C1™ ions on the passivity breakdown of car-
bon steel can be interpreted as a balance between two processes
competing on the metal surface: stabilization of the passive film
by OH™ adsorption and disruption of the film by CI™ ions
adsorption. When the activity of chlorides overcomes that of
hydroxyls, pitting occurs [8,27].

Inside the pit, the reversible formation of Fe(OH) adsorbed
on the bare metal is the first stage of the repassivation process
followed by the oxidation of this layer to produce a thicker
oxide film (passivating film) [33,34] according to the following
sequence

Fe + OH™ =FeOH (1)
FeOH ™ oy =FeOH,pq + ¢~ )

FeOH,g + OH™ =Fe(OH), s +e~ 3)
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Fig. 3. Anodic and cathodic polarization curves for carbon steel in
AS +0.8 mol 1~ NaCl. The curves were recorded after holding the electrodes 1
(---)and 90 (—) days at OCP and each started at OCP. Scanrate: 1 x 1074 vsL

Table 1
Tafel slopes evaluated from the linear portion of the polarization curves
(Figs. 3 and 6): B = B,:/2.303(Ba + Bc)

Electrolyte 1 day 90 days

Ba (V) B (V)  B(V) V) B (V) B(V)
AS+CI™ 0.240 0.167 0.043 0.187  0.191 0.041
AS+CI” +NO,~  0.327 0.180 0.050 0.216  0.160 0.040
Fe(OH),s + OH™ — FeOOH; +H,0 + e~ 4)

In the presence of chloride ions, the Fe(OH),q coverage
decreases resulting in an increasing of the anodic dissolution
of the metal, when the following reactions occur

Fe + CI” =FeClyq +e™ )
FeClyg =FeCltyq +e~ (6)

The Tafel slopes were measured from anodic and cathodic
polarization curves between £60 to 120 mV from the OCP and
the corresponding B values, calculated using Eq. (1) are summa-
rized in Table 1. Based on polarization resistance and gravimetric
measurements, Andrade and coworkers [35] reported typical
values of B for steel embedded in mortar. According to them, the
value of B for bare steel in the passive state is 0.052 V while in
the active state the corresponding value of B is 0.026 V. Taking
into account that our work is carried out in an alkaline solution,
the values calculated for the parameter B in Table 1 are in good
agreement with passive steel. From these values, the corrosion
current density can be calculated applying Eq. (1), while the
corrosion rate can be calculated by means of Eq. (2). The jeorr
and CR values are presented in Table 2.

The same parameters were calculated by EIS. The results of
the impedance spectra recorded using steel electrodes aged dur-
ing 90 days are shown in Fig. 4 in the form of Nyquist and Bode
plots. As can be seen, the spectra present two time constants. EIS
data were fitted using the equivalent circuit shown in Fig. 1. Ry
represents the solutions resistance, Qg a constant related to the
surface oxide, R the resistance to current flow through defects in
the surface oxide, Qg a constant related to the double layer and
Rq) the polarization resistance. The fit is also shown in Fig. 4,
together with the recorded data. The experimental data were
found to be sufficiently well fitted by the proposed equivalent

Table 2
Corrosion current density and corrosion rate for carbon steel aged at OCP

By sweep 1 day By sweep By impedance
90 days 90 days
AS+Cl~
Jeorr (Acm™2) 2% 1077 45%x 1077 43 %1077
CR (pmyear—!) 23 5.2 5.0
AS+CI~ +NOy~
Jeorr (Acm™?2) 2.1 %1077 43 %1077 5.1x 1077
CR (umyear™!) 2.4 6.5 7.7

“By impedance” values are calculated after fitting EIS results with the equiv-
alent circuit in Fig. 1. “By sweep” values are calculated from the polarization
resistance measurements.
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Fig. 4. Impedance spectra recorded on carbon steel electrodes held for 90 days at OCP in AS + C1~ (A) and AS +C1~ + NO,~ (). The symbols represent the data
and the lines the fitting results. (a) Nyquist representation; (b) and (c) Bode representation.

circuit. The values for the various parameters are presented in
Table 3. The corrosion current density and corrosion rate was
calculated taking Rqj as the charge transfer resistance and using
Egs. (1) and (2).

The results presented in Table 2 show that the j.o values
agree well with those calculated by polarizing the electrode and
calculating Rp in the more conventional way.

Many authors have used equivalent circuits containing two
time constants to successfully analyze results for steel in alkaline
electrolytes [36—39], either in parallel or series configurations.

In highly alkaline solutions, the typical j.orr values of passive
steel are close to 2 x 1077 A cm™2 [14,17], while values higher
than 1 x 107 A cm™2 are typical of the active state [16,40], In
AS +Cl™ after 1 day of ageing the steel surface is passive, as

Table 3
Optimised parameters fitting the data in Fig. 4 to the equivalent circuit in Fig. 1
Element AS+Cl~ AS+CI~ +NO,~
R, (Qcm?) 23 18

Qo (2 Tem=28N) 3.47x 1073 2.83x 107

no 0.90 0.95

Ro (2 cm?) 3168 3896

Qa (2~ ecm=28N) 329 x 1073 3.60 x 1073

na 0.56 0.68

Rq (S cm?) 95261 78441

well as after 90 days of ageing. The CR values measured in
AS +Cl1™ are in agreement with values reported in the literature,
measured in similar conditions [41].

The weight loss registered in the coupons after an immersion
period of 90 days was negligible. This would indicate that a very
compact and adherent passive film forms at open circuit poten-
tial, which was not possible to remove by chemical cleaning.
Also, no particular features were revealed upon examination of
the metallic surface with an optical microscope, reconfirming
that the metallic surface is passive. These specimens will serve
as blanks when evaluating the effect of nitrite ions in Sections
3.2 and 3.3. Nevertheless, a “true” blank sample was immersed
justin AS for the sake of comparison and showed no difference.

3.2. Effect of incorporating chloride ions as contaminants
together with nitrite ions as inhibitors (AS + CI~ + NO;™)

A sequence of experiments similar to that reported in Section
3.1 was carried out in a solution that incorporates both chloride
and nitrite ions.

The nitrite ions concentration was chosen on the basis of
the results of Li et al. [42] and Berke and Hicks [10]. Li et
al. have used an in-situ leaching technique to provide repre-
sentative estimates of the nitrite concentration in pore solution,
establishing a value of 8000 ppm (equivalent to 0.17 mol1~!) as
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typical. This concrete was produced incorporating 221m~=3 of
30% Ca(NO,); to concrete with 0.4 water/cement. Later, Berke
et al. have recommended the addition of 15-301m~3 of 30%
Ca(NO»), to concrete with 0.4 water/cement, in order to extend
severe corrosion initiation times up to 50 years. From this infor-
mation, 0.2 mol 1! nitrite was the selected concentration, so that
[NO,~J/[C17]=0.25.

The cyclic voltammogram of steel in contact with deaerated
AS +Cl~ +NO;, ™ is shown in Fig. 5 compared to that obtained
in AS. Again, just one main anodic peak is present with a cur-
rent maximum at a potential similar to that registered in the
absence of inhibitor. The total current is also similar but slightly
higher, and this can be associated to redox processes involving
the reduction of NO,~ to N7 O. This is particularly the case in
the most negative potentials.

In this electrolyte, OCP values stabilize at around —0.07 V
after 24 h of immersion. No big difference is apparent between
this value and those registered in the absence of nitrites. Again,
when reading the current in the voltammogram at the OCP, the
anodic current is lower than 1 mA cm™2.

Anodic and cathodic polarization curves registered after 1 and
90 days of immersion are presented in Fig. 6. After 90 days of
ageing, the anodic polarization curve showed pitting at potentials
positive to 0.60 V. Due to the presence of nitrite ions in the
electrolyte, repassivation starts as soon as the potential sweep is
reverted. The inhibition of pit growth has been explained in terms
of hard and soft acids and bases principle (HSAB) [43]. Within
this framework, NO, ™ is acting as a soft base by chemisorpting
on the bare iron substrate, displacing chloride ions inside the pit.
The presence of nitrite ions could favor the oxidation process
[19] according to reactions 1-4, following a processes that can
be summarized as

4Fe(OH), ¢ +2NO;, ™
— N20O + 4FeOOH, +HO™ + H,0 @)
The Tafel slopes and the corresponding B values, calculated

using Eq. (1) are summarized in Table 1. The j o and CR values
are presented in Table 2.
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Fig. 5. Cyclic voltammograms of carbon steel in deaerated AS (@) and
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(INO,~VICI7]=1) (=—-). The curves were recorded after holding the
electrodes 90 days at OCP and each started at OCP. Scan rate: 1 x 1074 Vs~
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(d)

()

Fig. 8. Photographs of coupons after performing anodic polarization curves. (a) AS, (b) AS+Cl™, (¢) AS+Cl” +NO2~ (INO,~J/[CI"]=0.25), (d)
AS+Cl~ +0.4moll~! NaNO, ([NO,~)/[Cl"]=0.5), (¢) AS+Cl~+0.6moll~! NaNO, ([NO, J/[Cl"]=0.75) and (f) AS+Cl~+0.8moll~' NaNO,

(INOx~V[CIT]=1).

No significant differences in the cathodic Tafel slopes
were observed when the inhibitor was incorporated. Thus, the
inhibitor does not seem to influence the mechanism of the
cathodic reaction [44].

The impedance spectra recorded using electrodes aged dur-
ing 90 days are shown in Fig. 4 in the form of Nyquist and
Bode plots. Again, the impedance spectra were fitted using the
equivalent circuit in Fig. 1. The values for the various param-
eters are presented in Table 3. Values of np close to 0.9 are
typical of porous film [45,46]. As can be seen, Qp and Ry did
not show significant differences when nitrites ions are added to
the test solution, indicating that no changes occur in the density
or thickness of the passive layer.

The corrosion current density and corrosion rate was calcu-
lated using Egs. (1) and (3). The results are shown in Table 2.
Both, the j.orr and CR values showed no significant differences
when compared to values measured in the absence of nitrite
ions.

The weight loss registered in the coupons after an immersion
period of 90 days was negligible and no particular features were
revealed with microscopic examination.

Table 4

3.3. Effect of varying the inhibitor concentration

The effect of varying the nitrite dosage was evaluated compar-
ing the anodic polarization curves performed on samples aged
for 90 days. Coupons were immersed in alkaline solutions with a
chloride concentration of 0.8 mol1~! and nitrite/chloride ratios
of 0, 0.25, 0.5, 0.75 and 1.

The direction of the potential sweep was reversed at a pre-
determined current density value, in order to make the visual
comparison of the surfaces more significant. The anodic polar-
ization curves are presented in Fig. 7a and b.

Fig. 8 shows photographs of the coupons after performing the
anodic polarization curves. When observed at the microscope,
the samples in contact with AS + C1~ presented the highest den-
sity of pits, which are also bigger and deeper. In the presence
of varying amounts of nitrites, the degree of attack decreases
as the nitrite content decreases, and when [NO,~]/[C17]=0.25,
the localized attack is minimal (see Fig. 9).

From Fig. 7a and b passivity currents (j,), pitting potentials
(Epit) and repassivation potentials (Eyp), together with the maxi-
mum current after reversing the sweep (jp) were evaluated. Some

Relevant electrochemical parameters, characteristic of the anodic polarization curves in carbon steel after 90 days of immersion

NO,;~/CI™ ratio

0 0.25 0.5 0.75 1
Ecorr (V) —0.240 —0.112 —0.105 —0.049 —0.109

Jja (Acm™2) 46x107° 52x 1070 2.0x 107 3.6x 1070 45x%107°
Ep (V) - 0.585 - - -

Jjb (Acm™2) 48x1072 3.5x 107 3.0x 1074 7.0x 1074 1.0 x 1073
Jje (Acm™2) 1.5x 1073 5.0x 1070 1.4 %1076 1.5 %1073 1.4x107*
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Fig. 9. Micrographs (100x) of coupons surface after performing anodic polarization curves. (a) AS, (b) AS+Cl~, (c) AS+Cl™ +NO,~ ([NO,~J/[C17]=0.25),
(d) AS+CI~+0.4moll~! NaNO, ([NO, V[CI"1=0.5), (¢) AS+Cl~+0.6moll~! NaNO, ([NO>~1/[CI"]=0.75) and (f) AS+CIl~ +0.8moll~! NaNO,

(INO " JICIT]=1).

of these values are presented in Table 4. After reversing the
sweep, the currents measured when the electrode reaches the
open circuit potential (as measured before polarizing), labeled
Je, are also presented in Table 4.

The passivity currents, measured in all the different con-
ditions, did not show important differences. Pitting was only
observed when potentials were higher than 0.60V, inde-
pendently of the [NO,~]/[CIT] ratio. However, only when
[NO,~J/[C17]=0.25 (Fig. 7a) was the surface repassivation pos-
sible. The hysteresis area is also the smallest and the pitting
resistance of the metal seems to improve. On the other hand,
when higher [NO, ~]/[CI ] ratios were used, there was no repas-
sivation in the strict sense of currents cross-over, even at the open
circuit potential. However, j. is always lower when nitrite ions
are present, even though increasing slightly as the nitrite content
increases.

As expected, the maximum current after reversing the sweep
(jb) reaches its maximum value in the absence of nitrite ions
(Fig. 7b). It has to be taken into account that j, represents the
rate of metal dissolution within the pits [8,47]. But surprisingly,
in the presence of nitrite ions, ji, increased as the nitrite/chloride
ratio increased.

If the inhibitor hinders pit growth by selective adsorption
on the iron surface within the pit, the current density of iron
dissolution (j,) should decrease when it is present. However,
the inhibiting effect of nitrites on pitting in polluted alkaline
solutions seems to have a non-linear variation with the nitrite
concentration value. This can be explained on the basis of the
competitive adsorption between nitrite and hydroxyl ions on the
steel surface, as discussed earlier for Fe and Ni [48]. In this way
at higher nitrite ions concentrations and positive imposed poten-
tials, a competitive adsorption between NO,~ and OH™ on the
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bare metal inside the pit could decrease the amount of Fe(OH),q
on the surface, retarding the repassivation process (reaction 3
and 4). A similar effect was observed on Ni in the presence of
nitrite ions and slightly acidic conditions [49]. The non-linear
behavior of nitrite ions concentration on j could be explained
in these terms.

4. Conclusions

At open circuit potential, carbon steel attains a very stable
passive state when in contact with highly alkaline solutions,
even if they are contaminated with chloride ions.

When nitrite ions are present, no changes can be observed in
the composition, density or thickness of the passive layer. Even
when nitrite ions do not seem to affect pit initiation in this exper-
imental condition, they certainly behave as effective inhibitors
of pit propagation for all the dosages tested. This inhibiting
effect is greater when the [NO, ™ J/[C]17] ratio is 0.25. There-
fore, there seems to be no benefit in increasing the inhibitor
dosages to higher values. Moreover, as the pitting potential is
far from the OCP, pitting corrosion should represent no risk
when steel rebars are in contact with a highly alkaline envi-
ronment. When steel is in contact with an alkaline electrolyte
that contains 0.8 mol/1 of chloride ions and even if no inhibitor is
present, no pitting was observed after 90 days of immersion at the
OCP.

When the electrodes are polarized to positive potentials, the
presence of chloride ions shows no effect for [Cl™]/[OH™]
ratios lower than 1. Only when the [CI™]/[OH™] ratio equals
one, does localized attack (pitting) become evident, but the
metal samples have to be polarized more than 0.6V from
OCP.

It can be concluded then, that when preparing concrete with
contaminated aggregates, the passive state of steel can be guaran-
teed provided that good quality concrete, with low porosity and
appropriated cover thicknesses maintain high pH values close
to the rebars. In the event that the passive layer is damaged
and pitting can be initiated, nitrite ions can help in inhibiting
pit propagation. The influence of nitrite in carbonated concrete,
where alkalinity can be significantly lowered, is currently under
evaluation.
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