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A voltammetric study on the corrosion of prestressed steel
in saturated Ca(OH), solution containing chloride ions
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Abstract An electrochemical study of prestressed steel in
saturated Ca(OH), aqueous solutions (pH 12) was carried
out in the absence and in the presence of chloride ions, in
such a concentration that simulates the composition of
seawater. Cyclic voltammetry, linear sweep voltammetry,
open circuit potential transients, atomic absorption spec-
troscopy and scanning electron microscopy coupled to
electron diffraction spectroscopy were employed. The lin-
ear polarisation curves analysis led to the determination of
polarisation resistance, R, corrosion potential, E o, cOI-
rosion current density, j.o, Tafel slopes, breakdown
potential, E}, and repassivation potential Eiepass. A linear
dependence of the breakdown potential, E},, on the square
root of scan rate was obtained, according to the Point
Defect Model (PDM). A crossover characteristic of the
nucleation processes was observed in the presence of
chloride ions. SEM/EDS studies revealed, as expected, a
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strong influence of the presence of chloride ions observed
in the transpassive and the active regions. In conclusion,
chloride ions contribute to enhance the corrosion of steel,
most probably due to their adsorption on both the active
and the passive electrode surfaces.

Keywords Prestressed steel - Electrochemical studies -
Chloride ions - Saturated Ca(OH), solutions

1 Introduction

The prestressed steel has been used all over the world in
large constructions (e.g. bridges, buildings, highways and
pipelines), since its adoption in the mid 20s. Owing to
economic and safety reasons, a careful survey is required in
order to prevent corrosion problems [1-7]. The corrosion
of prestressed steel in concrete has become a major tech-
nological problem. It is well known that many factors may
influence the stability of steel passivity [2, 4, 7] in concrete.
Accidental contamination by chloride ions may occur
due to water, cement aggregates or exposure to marine
environments.

The steel in concrete is in a passive state due to high pH
(from 12 to 13). However, chloride ions and/or CO, may
penetrate concrete through the pores and reach the interface
steel concrete leading to local depassivation and, conse-
quently, contributing to reduce the lifetime of many civil
engineering structures.

Electrochemical techniques have proved to be useful
tools to evaluate the corrosion resistance of metallic
materials in laboratory and in the field [8, 9]. They allow
short-term tests, the results of which enable extrapolations
for longer periods. Cyclic voltammetry allows the identi-
fication of the various oxidation/reduction processes that
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occur at the electrode/solution interface during the cyclic
polarisation. It also allows testing the applicability of
models, i.e., the model of the breakdown of passivity,
known as the Point Defect Model (PDM) established by
MacDonald et al. [10-13].

Several authors [14-26] have carried out cyclic vol-
tammetric studies on iron and steel passivity in sodium and
potassium alkaline media. The number of peaks shown on
the recorded voltammograms is quite diverse. Joiret et al.
[18] obtained six anodic peaks on a cyclic voltammogram
of Fe in 1 M NaOH, recorded at 0.5 mV s7'. On the
contrary, in a study of AISI 304L in alkaline chloride
medium (0.1 M NaOH + 0.5 M NaCl), Abreu et al. [21]
observed only one anodic and the corresponding cathodic
peak for polarisations in the Fe active potential region.
Freire et al. [17] studied the behaviour of stainless steel in
alkaline media (0.1 M NaOH) for polarisations between
—1.4 and +0.6 V versus SCE at 1 mV s™'. They obtained
a single well-defined anodic peak in the iron active region,
and a small oxidation peak in the transpassive region,
which was attributed to the oxidation of Cr(0) to Cr(III).

Literature concludes that the nature and the amounts of
anions can bring significant changes in the voltammetric
profiles of iron and steel electrodes in alkaline media. Also
small changes in pH, particularly in the range of 12—13, can
contribute to the appearance of peaks in the transpassive
region which have been attributed to the oxidation of
Fe(III) to Fe(VD) [19, 20].

Concerning the electrochemical behaviour of steel in
Ca(OH), aqueous solutions, only a few studies have been
published [14, 15, 22-26]. As reported by Albani et al.
[14, 15] and more recently by Hinatsu et al. [22], the nature
of the cation (Na™, K or Ca®") can strongly contribute to
induce changes on the cyclic voltammetric profiles. Small
differences in the pH values in alkaline media can also
bring differences in Fe and steel electrochemical behav-
iour. In Ca(OH), aqueous solutions, no data evaluating the
effects of chloride ions in terms of the corrosion kinetic
parameters seem to have been previously published.

The present study reports a systematic voltammetric
study of prestressed steel immersed in saturated Ca(OH),
aqueous solution, in the absence and in the presence of
0.05M and 0.5 M chloride ions, the latter simulating
seawater composition. In order to verify the applicability of
the Point Defect Model (PDM) to the breakdown of the
passivity of steel in saturated Ca(OH), containing 0. 5 M

Table 1 Chemical composition of the steel, in percentage (%)

NaCl, cyclic voltammograms have been recorded in a wide
range of scan rates (0.010-0.300 V sfl).

Quasi-steady state polarisation curves, covering a wide
range of polarisation potentials (from H, to O, evolution),
have been recorded at 0.1 mV s~'. The section corre-
sponding to the active corrosion has been analysed by the
linear polarisation resistance (LPR) method and the Tafel
plots analysis.

2 Experimental

The composition of the pressurised steel used in this
study is given in Table 1. Discs of prestressed steel (area:
0.07 cm?) were soldered to a copper wire and then inserted
into glass tubes. The contacts were insulated with Araldite.
The electrodes were successively polished using SiC paper
(grain sizes: no. 280, 600, 800 and 1,000), and Al,O;
(ALPHA Micropolish II, agglomerated, Buehler) of dif-
ferent grain sizes, 1, 0.3 and 0.05 pm. A platinum grid
counter electrode and a commercial Ag/AgCl (KCI satu-
rated) reference electrode completed the configuration of a
three-electrode cell.

A saturated solution of Ca(OH), was prepared using
Milli pore Milli-Q water at boiling temperature. It was then
left to cool and filtered. Saturated solutions of Ca(OH),
containing 0.5 mol L™' NaCl were also prepared. Prior to
electrochemical experiments, all solutions have been
deoxygenated by oxygen-free N, bubbling for about
20 min; N,—U Quality from L'Air Liquide was employed.
In order to prevent the entrance of CO, into the system, the
pH was checked from time to time using a portable pH
meter from Radiometer Analytical.

Cyclic voltammetry and linear sweep voltammetry were
performed through AUTOLAB® PGSTATI12/General
Purpose Electrochemical System (GPES) from Eco Chemie
B.V. All experiments were conducted keeping the elec-
trochemical cell inside a Faraday cage. Linear polarisation
resistance, Rp was obtained from the analysis of the
polarisation curves recorded at 0.1 mV s~ ' (linear fitting
4+ 10 mV around E(i = 0)), while the corrosion current
densities and corrosion potentials were obtained from the
intersection of the anodic and cathodic Tafel lines. From
the slopes of Tafel lines the values of f, and f. were
determined. The breakdown passivity potential, Ey, as well
as the repassivation potential, Epp.s Wwere obtained

C Si Mn P S Mo

Cr Ni Cu \" N Fe

0.90 0.19 0.81 0.02 0.007 0.005

0.25 0.023 0.015 0.003 0.04 Bal.
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following the methodology described by MacDonald et al.
[10].

SEM studies were performed using a scanning electron
microscope (JEOL, model JSM-6400). The EDS spectra
were recorded with an INCA X-ray microanalysis system
(Oxford Instruments).

3 Results and discussion
3.1 Voltammetric study
3.1.1 Successive cycles

Figure 1 presents cyclic voltammograms (CVs) corre-
sponding to successive polarisation cycles running between
—1.2 and 40.50 V versus Ag/AgCl, at 0.1 V s~'. Differ-
ences between the successive runs are observed particu-
larly on the anodic peak definition and intensity. From the
second run onwards, a well-defined pair of peaks, A;/Cy,
was recorded. It appears at —0.60 and —1.0 V versus
Ag/AgCl, respectively. From the second to the third run the
current densities doubled, but then they tend to be constant.
After the first oxidation peak, the current density decreases
to ca 400 pA cm ™2 and at least until +0.5 V the passive
region is observed. Albani et al. [14, 15] observed a similar
behaviour for Fe in different alkaline solutions. They
concluded that there are no effects of chloride ions in the
corrosion active region. Hinatsu et al. [22] found a peak
identical to peak A;, at 0.6 V versus Ag/AgCl, on the
voltammetric study of Fe in cement. They assigned it to
ferrous—ferric transformations such as,

Fe(OH), + OH™ — §-FeOOH + H,0 + ¢~ (1)

As shown in Fig. 2, the magnitude of peak C; increases
when the potential is held in the passive region. Although

the anodic peak is not expected to increase, an
enhancement occurs. This may be the result of an
increase in the reactivity of the steel surface after each run.

Peak current densities and consequently the corre-
sponding charges vary with the holding time, but only for
short periods (< 10 min). From then on, peak C; remains
at an almost constant charge of 5 mC cm 2 (see data in
Table 2).

3.1.2 Sweep rate study

Figure 3 provides a set of CVs for steel in saturated
Ca(OH), aqueous solutions polarised between —1.2 and
0.05 V, at various sweep rates applied in a descending order.

Plots of log I, versus log v, for peaks A; and C;, produce
good straight lines with a slope of 0.5, while peak poten-
tials do not present significant variations. The sweep rate
dependence of peaks A; and C, is consistent with that
predicted from the layer pore resistance model (LPRM)
[27].

Figure 4 presents a set of CVs of steel electrodes in a
saturated Ca(OH), aqueous solution and in a saturated
Ca(OH), + 0.5 M NaCl solution, with the anodic polari-
sation potential limit, E,,, increasing successively. Data in
Fig. 4a, ¢ show CVs due to polarisations with an anodic
limit, E,,, in the passive region, while CVs of Fig. 4b, d
reveal polarisations reaching the transpassive region. In the
absence of chloride ions, peak A; and its counter part,
peak C,, appear at —0.60 and —0.96 V versus Ag/AgCl,
respectively, with a peak separation of the order of
360 mV, and a small oxidation peak (peak A,) in the
passive region at ca —0.2 V. In the presence of chloride
jons, at 0.1 V s, peak A, almost disappears; the passive
region is strongly reduced, and under particular conditions,
an anodic peak was observed in the transpassive region
(see Fig. 4d).

Fig. 1 Successive cyclic 3|
. 2x10
voltammograms of steel in ]
saturated Ca(OH), aqueous 3
solution. E; = —1.2 V; 1x10
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=
-4x10™ 7
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Fig. 2 Effects of holding the
polarisation potential of the
prestressed steel electrode in the
passive region: a steel in
saturated Ca(OH),. E; =
—12V;E;,=00V;
v=01Vshn=2

A

1

Table 2 Charge density of peak C; as a function of the holding time,
at 0.0 V versus Ag/AgCl

¢ (min) 0 3 10 20 30

O5" (uC em™) 2,670 3,870 4,993 5,125 5,311

According to the literature [14, 15, 17-19, 21, 23, 24],
peak A; is related to the oxidation of Fe(I) to Fe(IIl) and
subsequent reaction with hydroxyl ions leading to iron
oxides/hydroxides.

Sanchez et al. [23, 24] concluded that Fe(OH), is
formed by the oxidation of Fe, at cathodic potentials over
—0.5 V versus Ag/AgCl, and by reactions with hydroxide
species leading to the formation of Fe(III) oxides according
to the following equations:

Fig. 3 CVs of prestressed steel ]
in saturated Ca(OH), as a
function of sweep rate

04
. Ag|AgCl)

3Fe(OH), + 20H™ — Fe304 + 4H,0 + 2¢” (2)
3Fe304 +20H™ — 37-Fe, 03 + HyO + 2e” (3)
and/or

Fe;04 + OH™ — 30-FeOOH + e~ (4)

It is stated in the literature [24] that the passive layer is
composed by an inner layer, formed at about —0.8 V
versus SCE, and an outer layer, composed by y-Fe,O5; and
o-FeOOH.

For polarisations in the transpassive region in the
absence of chloride, peaks A; and C, increase in size as E;,
becomes more anodic. As the potential becomes more
positive than 0.8 V, the current rises abruptly and the
transpassive dissolution of Fe occurs simultaneously with
O, evolution.

v=0.300Vs"
v=0.200Vs"

~v=0.100Vs"
v =0.050 Vs
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Fig. 4 CVs of prestressed steel as a function of the anodic polarisation potential, E,: a and b in saturated Ca(OH), aqueous solution; ¢ and d in

saturated Ca(OH), + 0.5 M NaCL. E; = —1.15V,v=01Vs ' n=2

In the presence of 0.5 M chloride ions, for E;, values in
the passive region, peak A is not well defined, while peak
C; is observed at ca —1.1 V and increases in size as the
polarisation potential reaches the transpassive region, such
as for £,, > —0.010 V. Small increments of potential then
lead to the crossover of the anodic currents defining a
repassivation potential. Voltammetric studies of Fe or steel
in alkaline media have demonstrated a similar behaviour
[18, 21].

CVs of steel/Ca(OH), and steel/Ca(OH), + 0.5 M NaCl
interfaces recorded under identical experimental conditions
are presented in Fig. 5, for comparison purposes. These
CVs clearly show the drastic effect of chloride in terms of
the breakdown potential, Ey,, which is displaced negatively
by ca 1.0 V for 0.5 M chloride concentration (see data in
Table 3). Another important feature is the crossover of the
anodic currents. A repassivation potential, Eyep,ss, Can be
obtained from the analysis of the CVs presented in Fig. 5.

Data in Table 3 show also that as the chloride ions
concentration increases the breakdown potential is dis-
placed to less positive potentials and both the extension of
the passivation region and the overpotential of repassiva-
tion are drastically reduced. For the higher chloride

3.0x10% 7
2.0x107 ——oO0MCl™
rrrrrrrr 0.05M Cl~
. 0.5MCl
o
§ "
< 1.0x107
=
77777777 T = T T
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-1.0x107- c

1

Fig. 5 CVs of prestressed steel in saturated Ca(OH), aqueous
solution in the absence and presence of 0.5M of NaCl
v=01Vs n=2

concentration (0.5 M), the extension of the passive region
is reduced from ca 1.7 to 0.6 V. The breakdown of pas-
sivity is strongly influenced by the chloride concentration.
The crossover of two anodic currents is indicative of the
nucleation processes [28, 29], and according to the litera-
ture, during the breakdown of passive films, nucleus is
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Table 3 Electrochemical parameters from the analysis of the CVs of steel in saturated Ca(OH), + x M NaCl

[NaCl] E/la Eh Erepass AEpass rlrepass Ep(A 1 ) Ep(c 1 )
M V versus Ag/AgCl mV V versus Ag/AgCl

0 -+0.900 +0.800 +0.730 1,720 70 —0.60 —0.97
0.05 -+0.100 +0.060 —0.260 1,080 320 - -

0.5 -+0.040 —0.234 —0.388 611 154 - —1.05

v=01Vs'n=2

found where pitting is to be initiated. Under certain con-
ditions, these pits are susceptible to reactivate, but at more
aggressive conditions they do not repassivate and, most
certainly, generalised corrosion will occur.

3.1.3 The transpassive region

Cyclic voltammetry of steel in saturated Ca(OH), solution
containing 0.5 M NaCl was carried out with polarisations
covering the transpassive region, at sweep rates ranging
from 0.3 to 0.02 Vs™'. The CVs recorded at 0.2 and
0.05V s~! are presented in Fig. 6a. The breakdown

9x107 1

v=0.200Vs"
,,,,,,,, v=0050Vs"

6x10°-

3x107

jl (A cm’z)

-0.2 0.0

3x10°4 E/(V vs. Ag|AgCl)

-6x107

b o[ T ]

E, =0.356 *v"*-0.391

-0.24+ F£=0988

-0.26 |-

E, / (V vs. Ag/AC))

-0.30 |+

-0.32 |-

0.20 0.25 0.30 0.35 0.40 0.45 0.50
V2 (V1/2 8-1/2)

Fig. 6 a CVs of steel in saturated Ca(OH), + 0.5 M NaCl as a
function of the scan rate. E; = —1.1 V; E;; = 0.0 V; b Plots of E},

versus v 172
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Table 4 Repassivation potentials and overpotentials as function of
the sweep rate (v)

v Eepass Nrepass
(Vsh V versus Ag/AgCl mV
0.300 —0.273 57
0.200 —0.383 126
0.050 —0.477 167
0.020 —0.544 182

potential, Ey, as a function of the square root of the sweep
rate, v ”2, is plotted in Fig. 6b.

CVs clearly show the displacement of the breakdown
potential, Ey, and of the repassivation potential, Erepass, tO
less anodic potential values, as the scan rate decreases (see
data in Table 4).

As expected, the overpotential for the repassivation
increases as the sweep rate decreases. In fact, longer
polarisations must lead to pits of higher size, conse-
quently, of more difficult repassivation. A plot of the
breakdown potentials, E, as a function of the square root
of the scan rate is in agreement with the point defect
model (PDM) of MacDonald [11]. The slope of the
straight line presents a value of 0.35 (Vs)"? identical to
the value obtained in a previous study of Al2024 in
seawater solution [30].

3.2 Quasi-steady state polarisation curves

In order to obtain the corrosion parameters, R, Eco and
Jeorrs the linear polarisation curves were recorded at
0.1 mV s™', they are displayed in Fig. 7a, b. Their analysis
through the polarisation resistance method gives R;, values,
and the Tafel analysis gives the values of E oy, jeorr and
Tafel slopes (see data in Table 5).

Values of the Tafel slopes are indicative of a kinetic
controlled electron transfer process. The Tafel slope of the
cathodic reaction ranges from 0.101 to 0.136 V dec™'.
Zhou [31] obtained similar values from the study of Fe in
sodium alkaline solutions. This result is consistent with the
following mechanism for the hydrogen evolution:
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Fig. 7 a Polarisation curves of steel/saturated Ca(OH), and steel/
saturated Ca(OH), + 0.5 M NaCl interfaces. v = 0.1 mV s~ '; b log
Il versus E plots

HQO +e — Hads + OH™ (5)
Hads + Hads - H2 (6)

where Eq. 5 is the rate determining step. As expected, the
values of R, decrease as the chloride ion concentration
increases. According to the literature, values of R, lower
than 1 x 10° Q cm? relate to active corrosion.

The polarisation resistance and consequently the corro-
sion current density values change by a factor in the order
of ten due to the presence of chloride ions (0.5 M). The
corrosion potential is displaced to the negative direction as
the chloride concentration increases.

3.3 Open circuit potential experiments
3.3.1 Open circuit potential curves

Figure 8 presents the Eqcp curves of a two-week immer-
sion of steel in saturated Ca(OH), aqueous solution in the
absence and in the presence of chloride ions. The curve
corresponding to the immersion in the presence of chloride
ions shows much more negative values for the open circuit
potentials. This behaviour is in accordance with what is
expected from a more aggressive environment. On the
other hand, the curve corresponding to the behaviour in
saturated Ca(OH), aqueous solution starts with a value of
—0.55 V and abruptly increases to an almost constant value
of ca —0.25 V versus Ag/AgCl. This behaviour is char-
acteristic of the passive state. In the presence of chloride,
the initial value of the OCP is close to —0.33 V, decreases
abruptly and in 2 days reaches the value of —0.45 V, then
passes through a maximum at —0.40 V and thereafter,
during the next 6 days, decreases slowly to —0.47 V. This
behaviour can in principle be attributed to the formation of
active sites, most probably pits as shown in the SEM
micrographs (see Fig. 9).

-0.1 T T T T T T T T T T T T
m  Ca(OH), satd
Ca(OH), satd + 0.5 M NaCl
-0.2 -
6 [ - L] [ . " M .
£ 03} " .
2 A
. u
K
> -04 A .
~ A
w & NN
AN
AN
05| 4 .
u
0.6 s 1 s 1 s 1 s 1 s 1 s 1
0 2 4 6 8 10 12
Time (days)

Fig. 8 Open circuit potential curves of steel immersed in Ca(OH),
saturated and in Ca(OH), saturated + 0.5 M NaCl

Table 5 Electrochemical

. LPR Tafel analysis
corrosion parameters from the
Linear Polarisation Resistance [NaCl] R, B B Ecorr Jeorr
(LPR) and Tafel analysis M (Q cm?) mV dec™! V versus Ag/AgCl (HA cm™?)
0 8.0 x 10° 0.087 0.132 —0.514 2.0
0.05 45 x 10° 0.049 0.101 —0.692 32
0.50 0.9 x 10° 0.050 0.136 —0.827 19.0
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Fig. 9 SEM micrographs of the
steel samples after two-week
immersion in: a saturated
Ca(OH), + 0.05 M NaCl,

b Ca(OH), + 0.5 M NaCl
secondary electrons (SE)

3.3.2 Quantification of Fe in solution by atomic absorption
spectroscopy

Solutions from two-week steel immersions in saturated
Ca(OH), 4+ 0.5 M NaCl and in saturated Ca(OH), solu-
tions have been analysed by atomic absorption spectros-
copy; the results for iron concentration were 3.86 ppm and
less than 1 ppm, respectively. The chemical analysis
shows, as expected, that the dissolution of Fe in the satu-
rated Ca(OH), solution is almost null, while in the presence
of chloride the Fe ions concentration in solution is close to
4 ppm.

3.4 SEM/EDS studies

The SEM micrographs of the steel samples from two-week
immersion in the saturated Ca(OH), aqueous solution
containing chloride ions (Fig. 9a, b) show very differenti-
ated morphologies with white (metallic), grey and black
zones. The white zones predominate on the samples
immersed in the solution with less amounts of chloride ions
(0.05 M). No white zones are observed on the SEM images
of the steel sample from immersions in saturated
Ca(OH), + 0.5 M NaCl.

The elemental analysis of the spectra corresponding to
the white, grey and black coloured zones on the SEM
images of Fig. 9 is shown in Table 6. The white (metallic)
zones are most probably non-attacked zones, since they
present a composition similar to the alloy as received,

Table 6 Elemental composition of the corrosion products in (w/w)

Figure Colour Fe C O Ca Mn Si K S Cl Cr Na

9a White 95 3 - - 08 04 - - - 02 -
Grey 45 14 37 2 08 04 08 007 - 02 0.8
Black 14 60 16 6 09 04 1 007 - 02 1.0

9b Grey 33 16 45 - 08 03 - - 5 02 08
Black 48 2.6 44 - 09 02 - 5 02
Alloy 98 09 - - 08 02 - - - 02 -

@ Springer

while the black zones are related to the presence of cor-
rosion products, probably iron and calcium oxides/
hydroxides, calcium carbonate and some iron or calcium
chlorides and/or carbonates. Iron chlorides could predom-
inate in solutions of high chloride ion concentration.

Since the composition of the passive film is quite well
established in the literature, the present work does not
address that purpose.

4 Conclusions

Cyclic voltammograms of prestressed steel in saturated
Ca(OH), aqueous solutions have revealed a pair of con-
jugated peaks (A;/C,) in the iron active region, at —0.60
and —1.0 V versus Ag/AgCl, respectively. These peaks are
due to the oxidation/reduction of Fe(II)/Fe(Ill). The peak
current densities increased with the scan rate and contin-
uous cycling.

At sweep rates ranging from 0.3 to 0.02 V s~ ', peak
currents of peaks A; and C, have shown to be proportional
to the square root of the scan rate, according to the pore
growth model.

On the other hand, the CVs of steel samples polarised in
saturated Ca(OH), aqueous solution containing 0.5 M
chloride ions show that peak A; becomes ill-defined in the
iron active region, and the extension of the passive region
is strongly reduced.

A linear dependence of the passivity breakdown poten-
tial, Ey,, on the square root of the scan rate is obtained,
following the PDM of MacDonald. A crossover charac-
teristic of the nucleation processes (in this case nucleus for
pitting to occur) is observed in the presence of chloride
ions. As expected, polarisations at lower scan rates lead to
high values of the repassivation overpotential.

In the presence of chloride ions, the corrosion current
densities in the active region change from ca 2 to
20 pA cm™>, while the polarisation resistance, Ry,
decreases from 8.0 x 10° to 0.9 x 10> Q cm? and the
corrosion potential is displaced from —0.50 to —0.80 V

1
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versus Ag/AgCl. These data show that chloride influences
not only the passive and transpassive regions but also the
active corrosion region.

The SEM/EDS studies revealed, as expected, a large
amount of corrosion products on the samples immersed in
the solution containing higher amounts of chloride ions.
The surface morphology is also significantly affected by
the chloride ion contents.

Since, significant differences were observed in the
presence of chloride ions (0.5 M) in the passive and
transpassive regions and in the active region, we can
conclude that chloride ions contribute to enhance the
kinetics of corrosion of passivated steel, most probably due
to adsorption on both the active and the passive electrode
surface.
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