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1 | INTRODUCTION

Corrosion of steel is one of the main reasons for reduced
service life of reinforced concrete structures.'?! In the last
four decades, considerable advancements have been made
toward better understanding the mechanisms of steel cor-
rosion in concrete environments."® The main two me-
chanisms which cause corrosion of steel in concrete are the
ingress of halide ions (mainly chlorides from deicing salts
and chlorides in the atmosphere close to marine environ-
ments), and carbonation, which lowers the pH environment
in concrete.’!

In blended cements, the use of mineral admixtures in-
fluences the processes of corrosion and propagation by re-
fining concrete pores that can slow down chloride
penetration and carbonation.”*! The same reactions that

Mortar specimens made from four different types of cement, CEM I, CEM II, CEM
I, and CEM 1V, were prepared and pore solutions extracted. Three different types
of exposure were studied: noncarbonated without chlorides, noncarbonated with
chlorides, and carbonated with chlorides. Various electrochemical methods (linear
polarization, potentiodynamic polarization measurements) were implemented to
characterize the processes of corrosion on steel in these solutions. The type and
extent of corrosion products were evaluated by means of various spectroscopic
techniques. Specific differences in the type and extent of corrosion damage were
determined and compared for each of the extracted pore solutions from the different
blended cements. An attempt was made to classify these differences in comparison
with the reference cement (CEM I) and in relation to the different types of exposure.

electrochemical properties, pore water, Raman analysis, steel

refine the pores also reduce alkalinity'”! and affect chloride
binding,""”! thus creating a different and unknown corrosive
environment. Several studies have investigated the impact
of different blended cements on cements’ material proper-
ties.'! !

Various experiments in pore water have been carried
out to explain the differences in corrosion behavior of
steel in specific blended cements.'*?*! Most of them
have been conducted using simulated pore solu-
tions,l'* 121529211 \yith the number of measurements in
extracted pore solutions being fairly low.!*”!

Simulated pore water solutions used in the studies
usually consisted of saturated calcium hydroxide, with
potassium and sodium hydroxide added to achieve the
high pH values required.'””! The pH of such solutions
might vary upon exposure to air, as a reduction in pH is
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observed due to a reaction with CO,.”! In some cases,
therefore, the corrosion properties of steel in simulated
concrete pore waters made of saturated calcium
hydroxide were compared with buffers with a stable
and defined pH, sometimes with the addition of
chlorides.*!

As already highlighted, there are far fewer corrosion
studies available considering concrete pore solutions ex-
tracted from blended cements. Newly developed blended
cements exhibit different properties and the behavior of
steel in these cements is thus still under investigation.

The aim of the present paper is to study the corrosion
behavior of steel in simulated concrete pore waters from
mortars prepared using CEM I, CEM II, CEM III, and
CEM IV cements. Three types of environment were studied:
mortars without carbonation and without chlorides, mortars
without carbonation exposed to cyclic wetting with chlorides,
and mortars exposed to accelerated carbonation and cyclic
wetting with chlorides. Pore waters were extracted from
mortar specimens and subsequently analyzed. Simulated
pore water solutions were then prepared. Different
electrochemical techniques (open-circuit potential [OCP]
measurements, linear polarization, and potentiodynamic
measurements) were used to study the corrosion properties
of steel in different corrosive environments. After exposure to
different environments, the steel surfaces were optically and
spectroscopically examined.

2 | MATERIALS AND METHODS
2.1 | Simulated pore solutions from
mortars

Multiple mortar prisms 100 X 60 X 30 mm in size were pre-
pared. Each prism had a water-cement ratio of 0.75 and a
cement-aggregate ratio of 0.33. Standard sand as described in
EN 196-1:2016 was used and mixed with one of four different
cements, namely CEM I, CEM II, CEM III, and CEM IV. The
composition of the cements varied with respect to the con-
tent of CaO, SiO,, Cl, Al,O3, and so forth, the type and
composition of each cement are shown in Table 1. All mortar
specimens were cured for 28 days in a humidity chamber.
One set of mortar specimens further underwent accelerated
carbonation for a period of 10 weeks. Chlorides were added
through cyclic ponding of a 3.5% sodium chloride solution,

Cement CaO SiO, ALO; Fe,0; MgO Cl

CEM I 42.5N 63.37 19.57 4.43 2.95 1.63 0.057
CEM II/B-M (LL-V) 42.5N 54.97 20.51 5.5 3.16 1.84 0.047
CEM III/B 32,5N-LH/SR  45.38 30.75 7.87 1.71 6.16 0.142
CEM IV/A (V-P) 42,5R SR 49.38 27.36 7.93 3.93 1.8 0.038

using a 7-day cycle consisting of 3 days of wetting followed
by 4 days of drying. Reference specimens of each cement
type were also made to obtain pore water of uncarbonated
mortars without chlorides.

After 35 weeks of chloride exposure, pore solutions were
extracted from the specimens using the technique described
by Cyr et al.”*] The solution was drained through a filter
using a special device that exerts compressive pressure on the
specimen in the range of 500 to 1,000 MPa. A few milliliters
of the solution was extracted, diluted, and analyzed using
chromatography. Based on these results, a total of 12 syn-
thetic pore solutions were prepared, varying by cement type,
chloride content, and carbonation state. Table 2 shows the
synthetic pore solutions prepared for electrochemical tests.

2.2 | Electrochemical measurements
One millimeter steel sheets were cut into discs and used
as working electrodes for electrochemical testing. They
were abraded with 1,000-grit emery paper and cleaned in
ethanol solution for 3 min using an ultrasonic bath.

Electrochemical measurements were performed in
synthetic pore water solutions (Table 2). The pH value
used is stated in the table.

A three-electrode corrosion cell was used, with a vo-
lume of 350 cm®. The working electrode had an exposed
surface area of 0.785cm”. A Gamry 600 potentiostat/
galvanostat, expanded with a Gamry Instruments fra-
mework module, was used for the electrochemical tests.
All potentials are reported with respect to the saturated
calomel electrode (SCE) scale.

The electrochemical tests consisted of a minimum
22-hr stabilization period at OCP, followed by linear po-
larization measurement at a scan rate of 0.1 mV/s around
+20mV versus OCP Potentiodynamic measurements
were then run from —0.25V versus OCP on the cathodic
side, and from OCP to +0.80V on the anodic side, at a
scan rate of 1 mV/s.

2.3 | Surface characterization and
spectroscopic analysis

To assess the corrosion damage and determine the type of
corrosion products, steel sheet specimens were immersed in

TABLE 1 Chemical composition of

803 Nazo Kzo
cements investigated, by percentage

291 028 0.76
2.57 0.3 0.79
2.25 0.3 0.59
2.59 0.51 1.02
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TABLE 2

Noncarbonated without chloride

Noncarbonated with chlorides

Materials and Corrosion

pH, chloride concentration, and [C1™]/[OH™] ratio in tested pore solutions (g/L)

Carbonated with chlorides

Pore solution pH ClI- [C1"]/[OH"] Pore solution pH

CEM I 13.06 0.07 0.017 CEM I 12.05
CEM II 13.03 0.10 0.026 CEM II 11.81
CEM III 12.51 0.40 0.349 CEM III 11.45
CEM IV 13.01 0.06 0.017 CEM IV 12.06

each of the 12 synthetic pore solutions for a period of 18 days.
Following exposure, the surface morphology was inspected
and analyzed with a low vacuum scanning electron micro-
scope (SEM; JSM 5500 LV; JOEL, Japan) at an acceleration
voltage of 20kV.

Raman spectra were also obtained using a Horiba
Jobin Yvon LabRAM HRS800 Raman spectrometer
coupled to an Olympus BXFM optical microscope.
The measurements were performed using a 633-nm
laser excitation line, a X100 objective lens, and a
600 grooves/mm grating, which gave a spectral re-
solution of 2 cm ™' /pixel. The power of the laser was set
to 0.14 mW. A multichannel air-cooled charge-coupled
device detector was used, with integration times of
between 20 and 30s. The spectra presented are
without baseline correction.

3 | RESULTS AND DISCUSSION
The properties of steel in different simulated pore
solutions were first studied electrochemically, then,
the steel surface and corrosion products underwent
spectroscopic investigation.

Cl- [CI']/[OHT] Pore solution pH ClI- [CIT]/[OH]

61.04 153 CEM 1 1045 82.8 8.29 x 10°
84.86 371 CEM II 7.52 106 9.06 x 10°
47.99 480 CEM III 7.54 117 9.53x10°
74.91 184 CEM IV 9.83 110 4.59x10*

3.1 | Differences between pore solutions
and OCP measurements

The corrosion properties of steel were studied in different
pore water solutions, extracted from varying mortar
specimens. The composition of these solutions is given in
Table 2. It can be observed that the pH values of pore
solutions extracted from noncarbonated mortar prisms
without chlorides are around pH 13, with the pore solu-
tion from the CEM III cement exhibiting the lowest value
of 12.51. The [CI"]/[OH™] ratio for noncarbonated speci-
mens without chlorides is low for all studied cements.

In pore solutions extracted from noncarbonated mor-
tars that were cyclically wetted with chlorides, the pH
values decreased. The values were slightly lower for pore
waters from CEM II and CEM III (11.8 and 11.4, respec-
tively). The [C17]/[OH] ratio is higher than that of pore
solutions from noncarbonated mortars without chlorides.

In the pore waters extracted from carbonated mortars
that were cyclically wetted with NaCl solution, pH values
drastically dropped to around 7.5 for CEM II and CEM III,
while pH values for CEM I and CEM IV were around 10.
The [CI"]/[OH™] ratio is the highest of all pore solutions
(Table 2).
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FIGURE 1 E,, for steel in concrete pore solution extracted from mortars with CEM I, CEM II, CEM III, and CEM IV cements: (a)
noncarbonated without chlorides, (b) noncarbonated with chlorides, and (c) carbonated with chlorides. SCE, saturated calomel electrode

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Polarization resistance measurements at a scan rate of 0.1 mV/s for steel in concrete pore solution extracted from mortars

with CEM I, CEM II, CEM III, and CEM IV cements: (a) noncarbonated without chlorides, (b) noncarbonated with chlorides, and (c)
carbonated with chlorides. SCE, saturated calomel electrode [Color figure can be viewed at wileyonlinelibrary.com]

OCP was measured for more than 20 hr until steady state
was reached. The results of OCP measurements are pre-
sented in Figure 1. In the noncarbonated pore water solu-
tions without chlorides, OCP values for steels in different
cements (CEM I, CEM II, CEM III, and CEM 1IV) were
similar, around —150 mV versus SCE. The potential of the
steel shows that steel is passivated in these conditions, as it is
relatively positive. In all cases, OCP values increase due to
the buildup of a stable passive layer on the steel.!**!

It can be observed from Figure 1b that the OCP value in
all pore solutions extracted from noncarbonated mortars that
were cyclically wetted with chlorides decreased drastically
over time. The OCP value was at around —560 mV versus
SCE. The decrease in OCP indicated that the passive layer on
steel in such pore solutions was obstructed. The potential
decrease was most intense in pore water from CEM IIL

In carbonated pore solutions with chlorides, it can be
observed that OCP values for steel in the different cements
(CEM 1, CEM 11, CEM III, and CEM IV) decreased even
more, to a value around —700 mV versus SCE (Figure 1c).
Only the OCP value for the CEM I solution showed a
smaller decrease, to around —620mV versus SCE. The
steel surface completely depassivated in these conditions.

3.2 | DPolarization resistance
measurements

The polarization resistance for steel samples was
measured in different simulated pore solutions fol-
lowing a minimum 22-h stabilization period until
OCP was achieved. Results are presented in Figure 2
and Table 3.

In noncarbonated pore solutions without chlorides, it can
be observed that polarization resistance values Ry, for steels in
the different cements (CEM I, CEM II, CEM III, and
CEM 1V) were relatively high, at around 150 kQ-cm” The
lowest R, was measured in pore water extracted from mortar
made with CEM III cement (101 kQ-cm?). The results show
that steel was passivated in these conditions where a rela-
tively high pH is maintained. The lower R, value of steel in
pore water from CEM III is related to a lower pH value and a
higher [CI"]/[OH™] ratio of the solution (Table 2). In
CEM III, a higher concentration of ClI- was also seen
(Table 2).

In Figure 2b and Table 3, it can be seen that in pore
solutions extracted from noncarbonated mortars that were
cyclically wetted with chlorides, the R, values decreased

TABLE 3 Linear polarization resistance measurements, R, in kQ.cm?
Cement Noncarbonated, no C1™ Noncarbonated with C1™ Carbonated with C1™
CEM I 165+ 65 101+ 3.9 4.88 +0.32
CEM II 154 + 58 11.4 £ 6.5 2.57 £0.66
CEM III 101+18 109 +6.1 2.33+0.62
CEM IV 170 + 42 89+3.2 2.88 £0.65
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Potentiodynamic measurements for steel at a scan rate of 1 mV/s in concrete pore solutions extracted from mortars with

cement types CEM I, CEM II, CEM III, and CEM IV: (a) noncarbonated without chlorides, (b) noncarbonated with chlorides, and (c)
carbonated with chlorides. SCE, saturated calomel electrode [Color figure can be viewed at wileyonlinelibrary.com]

drastically in all solutions except in CEM L. R, values were
10 times lower for CEM II, CEM III, and CEM IV pore
solutions at around 10kQ-cm? while only a 1.6-time de-
crease of R, value was observed for CEM I solution. In the
case of the latter, the [C17]/[OH™] ratio was also the lowest
when compared with other pore waters, which had an effect
on the polarization resistance value of steel.

In carbonated pore water solutions with chlorides, it can
be observed that R;, values for steel in cement types CEM II,
CEM III, and CEM IV were about 40 to 60 times lower when
compared with pore waters without chlorides. R, values
for the CEM I solution were about 34-times smaller. In this
case, the [CI7]/[OH™] ratio for CEM I was the lowest of
all cement types. In these conditions, the steel was in a
depassivated state.

3.3 | Potentiodynamic experiments

After polarization resistance measurements, potentiody-
namic scans over a wide potential region were carried out.
Representative curves for each cement type are presented in
Figure 3.

It can be observed that all potentiodynamic scans are
similar in noncarbonated pore waters without chlorides.
Corrosion current densities, corrosion potentials, and
breakdown potentials E;, are also similar (Figure 3a).
A passive region is indicated by the curves with a
breakdown potential of around 700 mV versus SCE.

In noncarbonated mortars that were cyclically wetted
with chlorides, cyclic potentiodynamic curves exhibited po-
sitive hysteresis, showing a possible occurrence of localized

TABLE 4 Corrosion rates in pwm/year
Noncarbonated, no C1™ Noncarbonated with C1™ Carbonated with C1™
Cement type R, PD scans* R, PD scans R, PD scans
CEM I 7.7 5.7 75.1 22.8 94 57.0
CEM II 10.4 8.0 43.8 45.6 139 45.6
CEM III 19.2 8.0 42.0 57.0 146 228
CEM 1V 8.1 5.7 53.3 57.0 136 68.4

*PD scans- results obtained from potentiodynamic curves.
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corrosion. Corrosion potential lowered to a value of around
—600 mV and corrosion current density values were lower
compared with pore water without chlorides (Figure 3b).
In carbonated pore solutions with chlorides, potentiody-
namic curves show that the steel is depassivated in all so-
lutions, as the current density measured in the anodic part of
the curve increases more rapidly (Figure 3c). No passive

Non-carbonated
without CI-

Non-carbonated with CI

region is observed, corrosion potential decreased even more,
and corrosion current densities were high compared with
previous states. No differences in electrochemical behavior
between different pore solutions were observed. General
corrosion over the examined surface was observed.
Corrosion rates (um/year) were also roughly estimated
from R, values, which are shown in Table 3. Corrosion

Carbonated with CI-
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FIGURE 4 Images of the samples immersed in pore water solutions for 18 days. Raman spectra were obtained on corrosion products.

Images with no spectra showed no Raman activity [Color figure can be viewed at wileyonlinelibrary.com]
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current densities were approximately assessed from the po-
tentiodynamic scans in Figure 3 and thereafter transferred
into the corrosion rates. Both estimated groups of the cor-
rosion rates are shown in Table 4. It was clear that the lowest
corrosion rates were observed in pore solutions from non-
carbonated mortars without chlorides. Significant differences
were also observed between pore solutions from carbonated
and noncarbonated mortars with chlorides. A higher corro-
sion rate was found in the pore solution from the carbonated
CEM III mortar with chlorides, but differences between
other mortars were minor. It should be emphasized, how-
ever, that the actual surface of corrosion areas is unknown,
and thus localization of corrosion could play a significant role
in this estimation.

3.4 | Spectroscopic investigation of the
analyzed steel surfaces

Figure 4 shows steel surfaces after 18 days of immersion
in the different pore solutions. All specimens exposed for
18 days to solutions from the noncarbonated mortars
without chlorides remained passive and no corrosion
products were found. Raman spectra were obtained for
the corrosion products developed in pore waters ex-
tracted from noncarbonated mortars with chlorides and
carbonated mortars with chlorides. Images that show no
Raman spectra had no visible corrosion products, espe-
cially in pore waters that were extracted from mortars
without cyclic chloride exposure and without carbona-
tion. On some samples, corrosion products did not show
on Raman spectra or were hard to distinguish from de-
posited salts and mortar.

Goethite and maghemite were found on the steel
sample exposed to noncarbonated pore water with
chlorides, extracted from CEM I mortar. The most in-
tensive bands of goethite (a-FeOOH) were expressed at
300, 390, 477, 547, and 682cm™, while the most in-
tensive broad bands of maghemite (y-Fe,03) were seen at
346, 500, and 718 cm™".

Goethite and maghemite, that is, a mixture of
a-FeOOH and y—Fe203,[25] were also found on the steel
surface exposed to simulated pore water extracted from
noncarbonated CEM II mortar, with the most intensive
bands occurring at 311, 391, 484, 550, 674, and
715cm ™.

After 18 days of exposure to pore water extracted from
noncarbonated CEM III water with chlorides, goethite with
magnetite and hematite were found on the steel surface.
Raman spectra showed broad bands of magnetite (Fe;0,) at
300, 403, 535, and 663 cm ™!, while the most intensive band
of goethite was observed at 242, 387, and 682 cm™ L. Hema-
tite (x-Fe,03) was also found, with bands observed at 220,

Materials and Corrosion

245 (as a shoulder), 286, and 403 cm™, and less intensive
bands at 593 and 663 cm ™. Corrosion products on the steel
immersed in pore water extracted from noncarbonated CEM
IV water with chlorides showed no Raman activity.

Steel samples exposed to extracted carbonated pore
water with chlorides were more heavily corroded, as seen
from the images in Figure 4.

Magnetite was found on the steel sample immersed in
carbonated pore water from CEM I mortar with chlor-
ides. On the steel sample immersed in carbonated pore
water from CEM II mortar with chlorides, Raman in-
vestigation revealed the presence of magnetite and he-
matite. Goethite and lepidocrocite were found on the
steel surface exposed to pore water from CEM III mortar,
while akaganeite and lepidocrocite were observed on the
surface of the steel exposed to CEM IV pore water. Ra-
man spectra detected bands of lepidocrocite (y-FeOOH)
at 251, 383, 535, and 655cm ™. Lepidocrocite has been
found to be unstable and porous,[”] and tends to dissolve
and transform into other forms of oxide over time, thus
offering weaker corrosion protection. Raman spectra for
akaganeite (8-FeOOH) showed bands at 251, 313, 383,
535, 655, and 713cm™".

4 | CONCLUSIONS

Steel corrosion was studied in simulated concrete pore
waters extracted from mortars made from CEM I and dif-
ferent blended cements (CEM II, CEM III, and CEM 1IV).
Three different types of exposure were studied: (a) no car-
bonation and no addition of chlorides, (b) a noncarbonated
environment with chlorides, and (c) a carbonated en-
vironment with chlorides. Various electrochemical tests
were conducted in different simulated concrete pore waters
and spectroscopic investigation was carried out after ex-
posure of steel to the tested environments. The following
conclusions were drawn:

« Carbonation of the mortars greatly affected the pH
value of extracted pore solutions. The pH value de-
creased even more if the samples were cyclically wet
with a NaCl solution. The decrease in pH value due to
carbonation was higher in the case of CEM II and CEM
III cements.

« Certain differences in the Cl~ content of pore water
solutions from mortars made from CEM I, CEM II,
CEM III, and CEM IV cements were found, but they
were not significant. Generally, the differences were
bigger for carbonated mortars. In the case of non-
carbonated mortars, the CI™ content was highest in
CEM II, whereas in the case of carbonated mortars the
Cl™ content was highest in CEM IIL
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+ Large differences in pH values had a significant influ-
ence on the [CI7]/[OH™] ratios. For carbonated mor-
tars, the [C17]/[OH™] ratios were between two and four
orders of magnitude higher than for noncarbonated
mortars. The lowest was for CEM I, whereas the
highest was for CEM III and CEM II.

+ Electrochemical investigation showed that OCP values
decreased when chlorides were present, and that they
decreased even more when specimens were also car-
bonated. The polarization resistance of steel in simu-
lated pore water solutions also decreased when mortars
were cyclically wet with chlorides, and even more so
when carbonated.

+ Potentiodynamic measurements in noncarbonated
pore waters from different blended mortars without
chlorides exhibited a passive region in the anodic part
of the curve, showing a passive state of steel in such
environments. A tendency toward local steel corro-
sion was demonstrated in noncarbonated specimens
with chlorides, where an increase in corrosion current
density was also observed. In the carbonated en-
vironment with chlorides, potentiodynamic curves
showed that the steel underwent active corrosion of
the general type.

« According to the shapes of potentiodynamic scans
and the types of corrosion damage, it can be as-
sumed that the main differences in measured elec-
trochemical parameters (Rp, jcorr) and corrosion
rates (Veorr) emerged from different surface areas of
active corrosion.

+ Optical observation and Raman analysis on corroded
steel specimens in noncarbonated environments with
chlorides showed local attack with the presence of
maghemite and goethite, which were also observed in
CEM III pore water. In carbonated environments with
chlorides, general corrosion attack was observed, while
spectral analysis showed the presence of magnetite,
hematite, goethite, and akaganeite, as well as unstable
and porous lepidocrocite. It could be concluded that
maghemite and goethite provided a fairly stable pro-
tective layer, whereas hematite and lepidocrocite are
not stable corrosion products.
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