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Chapter 3

The Onset of Chloride-Induced Corrosion
in Reinforced Cement-Based Materials

as Verified by Embeddable Chloride Sensors

F. Pargar, Dessi A. Koleva, H. Kolev, and Klaas van Breugel

Abstract The need for an accurate determination of the chloride threshold value
for corrosion initiation in reinforced concrete has long been recognized. Numerous
investigations and reports on this subject are available. However, the obtained chlo-
ride threshold values have always been, and still are, debatable. The main concern
is linked to the methods for corrosion detection and chloride content determination
in view of the critical chloride content itself. In order to measure the chloride con-
tent, relevant to the corrosion initiation on steel, destructive methods are used. These
traditional methods are inaccurate, expensive, time consuming and noncontinuous.
Therefore, the application of a cost-effective Ag/AgCl ion selective electrode (chlo-
ride sensor) to measure the chloride content directly and continuously is desirable.
The advantage would be an in situ measurement, in depth of the concrete bulk, as
well as at the steel/concrete interface.

The aim of this work was to evaluate the importance of the sensor’s properties for
a reliable chloride content measurement. The main point of interest with this regard
was the contribution of the AgCl layer and Ag/AgCl interface within the process of
chloride content determination in cementitious materials. The electrochemical
behavior of sensors and steel, both embedded in cement paste in a close proximity,
hence in identical environment, were recorded and outcomes correlated towards clar-
ifying the objectives of this work. The main point of interest was to simultaneously
detect and correlate the time to corrosion initiation and the critical chloride content.

The electrochemical response of steel was monitored to determine the onset of
corrosion activity, whereas the sensors’ electrochemical response accounted for the
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chloride content. For evaluating the electrochemical state of both sensors and steel,
electrochemical impedance spectroscopy (EIS) and open circuit potential (OCP) mea-
surements were employed. The results confirm that determination of the time to cor-
rosion initiation is not always possible and straightforward through the application of
OCP tests only. In contrast, EIS is a nondestructive and reliable method for determina-
tion of corrosion activity over time. The obtained results for corrosion current densi-
ties for the embedded steel, determined by EIS, were in a good agreement with the
sensors’ half-cell potential readings. In other words, the sensors are able to accurately
determine the chloride ions activity at the steel/cement paste interface, which in turn
brings about detectable by EIS changes in the active/passive state of steel.

The electrochemical response was supported by studies on the morphology and
surface chemistry of the sensors, derived from electron microscopy (ESEM) and
X-ray photoelectron spectroscopy (XPS). It can be concluded that the accuracy of
the sensors, within detection of the time to corrosion initiation and critical chloride
content, is determined by the sensors’ properties in terms of thickness and morphol-
ogy of the AgCl layer, being an integral part of the Ag/AgClI sensors.

Keywords Ag/AgCl electrode * Chloride sensor * Steel corrosion * Cement paste
* Microstructural and Electrochemical tests

3.1 Introduction

The steel reinforcement in concrete is in passive state due to a thin iron oxide layer
(passive film) formed on the steel surface in the conditions of this high pH medium
(12.5 < pH <13.5) [1]. Exposure to marine environment and subsequent chloride
ions penetration into the hardened concrete increases the chloride ion concentration
above the threshold value for corrosion initiation on the reinforcing steel. This pro-
cess locally destroys the passive film, originally present on the steel surface, and
induces corrosion [2]. It is generally accepted that many factors affect the onset of
localized corrosion. Among these, the quality of the steel-concrete interface and the
pH of the pore solution are considered as the most influential parameters.
Additionally, the level of chloride concentration at which depassivation occurs is of
interest in view of predictive investigations on corrosion initiation and propagation.
Judgment of the relevant chloride concentration, however, is largely affected by the
chloride determination methods themselves [3, 4]. In other words, an ideal corro-
sion detection method and/or chloride content measurement technique should not
intervene in a way to produce significant alteration at the interface steel/cementi-
tious material and should not affect the steel surface properties.

A commonly used nondestructive electrochemical technique, to determine the
time to corrosion initiation of embedded steel, is the open circuit potential (OCP)
reading (or half-cell potential) [S]. With this approach, kinetic data on the rate of
corrosion cannot be provided. Scattered data of OCP measurements from steel in
concrete are frequently encountered due to variables that determine and influence
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the corrosion process. OCP measurements are affected by a number of factors,
including the bulk cement matrix, e.g., additional resistance determined by bulk
matrix porosity and permeability, the presence of highly resistive product layers,
often limiting oxygen diffusion [3]. Thus, it is generally accepted that OCP records
must be complemented by other methods. Although reliable relationships between
potential and corrosion rate can be found in the laboratory for well-established con-
ditions, these can in no way be generalized, since wide variations in the corrosion
rate are possible in an otherwise narrow range of recorded potentials [6, 7].

For lab conditions, nondestructive sophisticated techniques, like Electrochemical
Impedance Spectroscopy (EIS), can be employed and results coupled to the OCP
tests. The combination of complementary techniques is then expected to result in a
thorough evaluation of a reinforced concrete system. For example, EIS can simulta-
neously provide information on both steel electrochemical behavior and electrical
properties of the cement-based bulk matrix, including properties at the steel/cement
paste interface [8, 9]. EIS is nondestructive in the sense that an AC electrical signal,
of sinusoidal wave with a small amplitude, is applied within measurement. This
does not induce the accumulation of DC polarization, a phenomenon which would
otherwise modify the steel surface. Therefore, EIS is suitable for identifying the
onset of steel corrosion [6, 10, 11]. Additionally, judging from the recorded EIS
response, the method is useful to indicate the presence of chloride ions in the vicin-
ity of the steel surface, even prior to further corrosion propagation [12]. However, a
quantitative assessment in view of deriving a chloride threshold value for localized
corrosion initiation through EIS is not possible. This is especially the case if results
from EIS tests are not supported or validated by quantitative assessment of the chlo-
ride ion concentration.

The combination of electrochemical techniques with a reliable chloride determi-
nation method would result in a significantly better detection and prediction of
chloride-induced steel corrosion. Local chloride measurement at the depth of the
embedded steel is preferable, rather than chloride determination at the concrete
cover depth and/or the bulk concrete, which is the approach of traditional chloride
determination methods. In other words, accurate and reliable chloride sensors would
be the best solution in view of the above considerations. Although the principles of
this approach are well recognized, sensors’ application in the engineering practice
is still limited.

Due to their small dimensions Ag/AgCl electrodes (chloride sensors) can be used
for localized corrosion, hence more precise measurements, without changing the
surrounding environment. The chloride ion concentration is “measured” at the depth
of the embedded steel, rather than by averaging values, derived over the compara-
tively large concrete volume under investigation [13]. Ag/AgCl electrodes, as chlo-
ride sensors, have been studied for continuous nondestructive monitoring of the free
chloride ion content in cement-based materials since 1993 [14]. They are predomi-
nantly sensitive to chloride ions and according to the Nernst equation exhibit a
certain electrochemical potential that depends on the chloride ion activity (concen-
tration respectively) in the environment. Although this principle is well known, the
calculation of chloride concentration from the Nernst equation is not straightfor-
ward [12, 15-17]. A measurement error of a few millivolts adversely affects the



26 F. Pargar et al.

accuracy of the method. Sources of errors can be linked to the specific microstruc-
ture and morphology of the AgCl layer and the Ag/AgCl interface, the sensor/cement
paste interface characteristics and environmental conditions (temperature, alkalin-
ity, etc.). These are in addition to the geometrical position of the sensors with respect
to a reference electrode, which was discussed comprehensively and reported by
Angst et al. [6, 15, 18].

Next to the above, well known is that chloride sensors exhibit certain limitation
in high pH medium, as concrete. In these conditions, the sensor potential changes
due to the gradual transformation of AgCl into Ag,0. At 25 °C, the solubility prod-
uct of AgCl and AgOH, and Ksp(AgCl) and Ksp(AgOH) is 1.8 x 107 and 2 x 1078,
respectively [19]. Thus, it can be expected that when the hydroxide ion concentra-
tion is 100 times larger than the chloride concentration, the AgCl layer may trans-
form into Ag,O thermodynamically. Considering the pH value of 13.5 for concrete
pore solution, the AgOH formation may occur at the chloride concentration below
3 mM. However, AgOH is unstable and tends to convert to Ag,O. The sensor con-
sisting of AgCl layer acts as a chloride sensor, but the sensor with Ag,O layer is
sensitive to hydroxide ions and thus the electrode acts as a pH sensor rather than a
chloride sensor.

Additionally, in alkaline environment with low chloride concentration different
electrode potentials for similar chloride sensors were reported. Among various phe-
nomena, responsible for the reduced sensitivity and/or accuracy of the sensors, this
lack of agreement was attributed to the methods of sensor preparation [13, 20].
However, no evidence to support this assertion was provided so far. Therefore, a
more illustrative and in depth investigation is needed to shed light on the matter.

Within our previous studies it was shown that the properties of the AgCl layer
affect the sensors’ sensitivity, especially at low chloride concentration (tests were
performed in simulated pore solution [21]). The AgCl layer, formed (or deposited)
on the Ag surface, can vary in thickness, which depends on the preparation regime.
As previously recorded, the thicker and more complex the AgCl layer is (e.g., more
than one interface was observed within AgCl layers of above 20 pm thickness), the
more time is needed for the sensor to “respond” to a low chloride concentration,
especially in a high pH environment as concrete [21]. This is as expected, since the
stable potential of the sensor is the consequence of electrochemical stability and
equilibrium at the Ag/AgCl interface which is dependent on the morphology, com-
position and microstructure of AgCl layer [22].

This work will discuss the influence of the AgCl layer properties in view of criti-
cal chloride concentration detection (i.e., sensor response) at the time of steel corro-
sion initiation (i.e., steel response). For this purpose, sensors produced at different
anodization regimes were embedded together with steel rods in cement paste
cylinders (Fig. 3.1 further below). The cylinders were immersed in simulated pore
solution (SPS), containing 870 mM chloride concentration. Monitoring the response
of the steel rods aimed to evaluate the corrosion initiation and propagation stages,
whereas monitoring the sensors’ response aimed to “couple” these events with the
relevant chloride content at the same time interval. ~ OCP values for both sensors
and steel rods were recorded over 180 days. EIS was employed for qualification of
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Fig. 3.1 Schematic representation of (a) the experimental setup and (b) electrochemical measure-
ment configuration

the corrosion state of the steel rods. The paper correlates the electrochemical behav-
ior of sensors and steel, recorded simultaneously in the same environment, which
finally reflects the importance of the AgCl properties in view of the sensors’
response, accuracy and reliability.

3.2 Experimental

3.2.1 Materials and Specimen Preparation

Silver wires (99.95% purity), 1 mm in diameter and 2.5 cm in height, were anodized
at three different anodization regimes (Table 3.1) according to the following proce-
dure: (1) the Ag wires were cleaned for 2 h in concentrated NH,OH and immersed
in distilled water overnight; (2) an exposed length of 1.5 cm was anodized in 0.1 M
HCI for 1 h at different current densities (Table 3.1); (3) the anodized silver wire
was soldered to a copper wire and the 0.5 cm of the soldered zone, together with the
nonanodized part, protected with an epoxy resin; the final exposed length of the
sensors was 1 cm. The produced sensors were studied prior to casting in the cement
paste cylinders. The main points of interest were surface morphology and composi-
tion in view of the effect of the different anodization regimes (Table 3.1).

Steel wires and cement paste cylinders: steel wires (1 mm diameter), drawn from
low carbon steel, were acetone-cleaned and epoxy-insulated except an exposed
length of 1 cm. The sensor and steel rods were “coupled” and embedded in 1 cm
diameter cement paste cylinders in which only 1 cm length of the steel and sensor
were exposed to the environment, whereas the remaining parts were insolated by
epoxy (Fig. 3.1). The active surface of the steel rods and the sensors was 0.39 cm?
and 0.32 cm?, respectively. The cement paste cylinders were cast using Ordinary
Portland Cement OPC CEM 142.5 N (producer ENCI, NL) at water-to-cement ratio
of 0.4. After curing in a sealed condition for 30 days, the specimens were immersed
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Table 3.1 Anodization regimes for sensor preparation

Measured thickness
Regime | Current density (mA/cm?) | Duration of the anodization (h) | of AgCl layer (pm)

A 0.5 1 6-10
B 1 1 ~15
C 2 1 ~20
D 4 1 ~40

in a simulated pore solution (SPS) with the following composition: 0.05 M NaOH
+0.63 M KOH + Sat. Ca(OH),. The pH of the SPS medium was maintained at 13.6.

The desired level of chloride concentration in the solution was adjusted to
870 mM by adding NaCl (as a solid). The container was covered to prevent evapora-
tion. In order to achieve a relatively constant chloride concentration, the volume
ratio of solution to cement paste was maintained at 40 throughout the full duration
of the test.

3.2.2 Methods

The sensors’ surface morphology was analyzed using Environmental Scanning
Electron Microscopy (ESEM), Philips-XL30-ESEM, equipped with an energy dis-
persive spectrometer (EDS) at accelerating voltage of 20 kV and in high vacuum
mode. The composition of the AgCl layers, obtained at different anodization regimes
was evaluated through X-ray photoelectron spectroscopy (XPS). The measurements
were carried out using an ESCALAB MKII (VG Scientific) electron spectrometer at
a base pressure in the analysis chamber of 5 x 10—10 mbar using twin anode MgKa/
AlKa X-ray source with excitation energies of 1253.6 and 1486.6 eV, respectively.
The XPS spectra were recorded at the total instrumental resolution (as it was mea-
sured with the FWHM of Ag3d5/2 photoelectron line) of 1.06 and 1.18 eV for
MgKa and AlKo excitation sources. The processing of the measured spectra
includes a subtraction of X-ray satellites and Shirley-type background [23]. The
peak positions and areas were evaluated by a symmetrical Gaussian-Lorentzian
curve fitting. The relative concentrations of the different chemical species were
determined based on normalization of the peak areas to their photoionization cross
sections, calculated by Scofield [24].

Open circuit potential (OCP) for both sensors and steel rods was monitored over
time, versus a saturated calomel electrode (SCE). Electrochemical impedance
spectroscopy (EIS) was performed for the steel rods at certain time intervals, using
a three-electrode cell arrangement, where MMO Ti cylinders, positioned around the
cement paste cylinder, served as counter electrode, the steel rods served as working
electrode and a SCE electrode, immersed in the solution, served as a reference elec-
trode (Fig. 3.1). EIS was employed using 10 mV AC perturbation (rms) in the fre-
quency range of 50 kHz to 10 mHz. The equipment used was a Metrohm Autolab
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PGSTAT 302 N, combined with a FRA2 module and GPES/FRA and NOVA soft-
ware packages.

3.3 Results and Discussion

3.3.1 Morphology and Composition of the AgCIl Layers

The lack of evidence-based practice for recorded various OCP values of Ag/AgCl
electrodes (as chloride sensors), in alkaline environment of otherwise the same
chloride content, is often a concern and subject to discussion [13]. For a better
understanding of the hypothesized phenomena, responsible for these contradictory
results, the morphology and microstructure of the as formed during anodization
AgCl layers were studied via ESEM. These results, together with XPS qualification,
support the recorded electrochemical response of the sensors in view of chloride
content determination.

Considering the material properties of Ag and Ag-based compounds, sample
preparation for studying the cross section of a Ag/AgCl system is challenging in
many ways, from sample preparation to storage and handling. The following proce-
dure was followed for ESEM observations: (i) a portion of the silver wire was nar-
rowed prior to anodization; (ii) the narrowed portion was stretched from the two
sides of the notch; (iii) this allowed microscopic investigation of a “cross section,”
i.e., the parallel growth of the AgCl layer on the Ag substrate. The obtained cross
section was not smooth as a clean-cut surface, but rather similar to a fracture sur-
face. This allowed the morphology and the inner distribution of the silver chloride
particles to be well observed. It is important to note that, the attempts of other
researchers to capture and describe the inner morphology of AgCl layers and the
AgCl particles’ distribution were so far not satisfactory and in many cases were
speculative, rather than conclusive [25-27]. Therefore, this study is a contribution
to the state of the art, by providing a clear evidence on the variation of both mor-
phology (including thickness) and composition of AgCl layers, determined by the
different anodization regimes. By raising current density from 0.5 mA/cm? (regime
A) to 4 mA/cm? (regime D), the AgCl layer’s thickness increased from 6 to 40 pm
(Table 3.1). Results from an analytical approach to determine the AgCl layer thick-
ness (5-37 pm based on applying Faraday’s law [28, 29]) are well in line with the
actually observed layers. The morphological features of these layers are as pre-
sented in Fig. 3.2. As can be observed, the thickness of the AgCl layer increased
with increasing current density during anodization, as expected. The varying AgCl
layer thickness was accompanied by a different morphology and packing of the
layer, which again, depends on the applied current density. In regimes A and B,
“packed-piled” AgCl particles were generated on the Ag substrate (Fig. 3.2a, b).
The cross section of a AgCl layer in regime A showed densely packed particles,
approx. 1-2 pm wide and ~6—-10 pm in height (Fig. 3.2a). Increasing the current
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Fig. 3.2 ESEM top and cross-sectional views of AgCl layer deposited at different current densi-
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top view and (h) cross section of sensor anodized at regime D
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Fig. 3.3 Survey XPS spectra for sensors A and D, obtained at 0.5 and 4 mA/cm? anodization
regimes — overlay for A and D sensors

density to 1 mA/cm? (regime B) resulted not only in a thicker silver chloride layer
(~15 pm) but also induced the occurrence of smaller AgCl particles close to the
silver substrate and in between the “packed-piled” AgCl particles (Fig. 3.2c, d). In
contrast, in regimes C and D these features became a mosaic of complex patterns
(Fig. 3.2e, g), in which more porous-discontinuous AgCl grains were detected close
to the silver substrate (see arrows in Fig. 3.2f, h). In regimes C and D, the “piled”
AgCl particles cannot be considered individually and instead of one AgCl layer a
multilayered structure was observed (Fig. 3.2e, h). Small particles, separated from
the “twisted” AgCl top layer with a borderline in between, were observed in the
proximity of the Ag substrate (Fig. 3.2f, h — marked regions). At higher current
density regimes, the AgCl particles in the vicinity of the Ag substrate were smaller,
whereas their inter-grain channels were widened.

XPS analysis of the sensors provides information about the surface composition,
i.e., a confirmation for AgCl layers as such, but also gives information for possible
impurities. Typical XPS spectrums as survey-scans are depicted in Fig. 3.3 as an
overlay for specimens A (0.5 mA regime) and D (4 mA regime). The survey-scans
show dominant peaks for Ag3p, Ag3d and CI2p, along with peaks for oxygen (Ols)
and carbon (C1s) impurities.

Except overall information for chemical composition, the survey-scans in
Fig. 3.3 can indicate quantitative variations. It can be well seen that for the different
specimens, e.g., for sensors A and D of the lowest and highest thickness of the AgCl



32 F. Pargar et al.

layer, the peaks of relevant elements are of different intensity. While the presence of
Ag and Cl was as expected, the presence of oxygen and carbon can be denoted to
contamination or impurities.

Although care was taken for minimizing the effect of external environment (O,,
CO,, humidity), the sensors were in contact with atmosphere while handling in-
between tests and transfer to vacuum chambers. What is interesting to note is that
surface adsorption of substances from the environment was obviously larger for
the thicker AgCl layers, as evident by the significantly higher peaks for Cls and
Ols in regime D, if compared to regime A, Fig. 3.3. In other words, the presence
of oxygen and humidity in the environment would be expected to affect more
significantly sensors with a thicker AgCl layer. Except larger thickness and, there-
fore, a larger amount of adsorbed species, the higher level of impurities in thicker
AgCl layers is most likely additionally affected by the multilayered morphology
in these cases (Fig. 3.2), resulting in a larger “active” surface area for adsorption
reactions to take place. Additionally, it is well possible that chemical recombina-
tion in depth of the AgCl layers was relevant, but qualification and quantification
in depth of the layers cannot be judged from XPS as performed in this experiment.
The results, however, clearly support the hypothesis of chemical transformations
of the thicker AgCl layers. These are also in line with the microscopic observa-
tions of a multilayer AgCl structure and the effect of surface morphology on chlo-
ride content determination (sensors’ response), which are to be discussed further
below in Sect. 3.3.3.2.

To this end, a synergetic effect of the increasing thickness, roughness and multi-
layer structure of the AgCl for the case of B, C and D (as observed, Fig. 3.2) would
account for a more pronounced chemical recombination and transformation of the
AgCl layer (as recorded, Fig. 3.3) if compared to the case of A sensors, when these
are in contact with external environment. Although the XPS analysis in this study
does not claim chemical recombination in depth of the investigated layers, such is
well possible during sensors’ preparation, as indirectly evident from the hereby
obtained results and as also reported with respect to C-based substances formation
on a Ag substrate. Additionally, impurities within the AgCl layer are also to be
denoted to exposure of the sensors to atmospheric conditions within transfer from
one to another equipment or setup. These rapid transformations need to be consid-
ered with respect to the sensors’ preparation and, later on, durability for practical
applications.

This section presented and discussed the AgCl layer morphology, microstructure
and chemical composition, which vary and depend on the applied current densities
within the anodization regimes. Higher current densities result in thicker AgCl lay-
ers (as expected), increased complexity (e.g., more than one interface was observed)
as well as higher impurities and chemical recombination. These may subsequently
influence the potentiometric response of the sensors in the highly alkaline environ-
ment of cementitious materials, which is discussed in the next section.
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3.3.2 Open Circuit Potential

The OCPs of both steel rods and sensors, as embedded in the cement-paste cylin-
ders, were monitored during 180 days of immersion in simulated pore solution
(SPS) with 870 mM chloride concentration. Within the process of SPS penetration,
chloride ions also diffuse into the bulk cementitious matrix. Although OCP is a
parameter that provides qualitative information only and its interpretation is not
straightforward, the alteration in OCP values for both sensors and steel rods follows
the changes in their electrochemical state.

3.3.2.1 OCP Development: Steel Rods

Steel, embedded in a cement-based environment is considered to be active (corrod-
ing), when the recorded open-circuit potential is more cathodic than —273 mV vs.
SCE [30]. The significant shift to active (more cathodic) potential can be also asso-
ciated with the so-called threshold chloride content. This is because in the event of
sufficient chloride ion concentration in the vicinity of the steel surface, a transition
from passive to active state would be the dominant process. Figure 3.4 depicts the
recorded OCP evolution of the embedded steel in all tested specimens. Should be
noted that the specimen designation A, C and D refers to variation in the embedded
sensors’ preparation only, while all steel rods were identical in preparation, imply-
ing identical or at least similar steel surface properties. Having two replicates for A,
C and D specimens, the monitored steel rods designation is: A1, A2, C1, C2 and D1,
D2 (the steel response in B specimens was almost identical to this in specimens A
and for simplicity is not presented and discussed).

Additionally, the time scale in Fig. 3.4 presents the time of conditioning of the
cement paste specimens, i.e., f = 0 corresponds to the start of exposure to the SPS
medium. At # = 0, the specimens have already been cured for 30 days and therefore
a stable product layer (including passive film) would be present on the steel surface

(a) Immersion time (days) L Immersion time (days)

Polential vs SCE (mV)

A1 A2
-+D1 @-D2 *C1 &C2
- eD2

Fig. 3.4 OCP reading of steel rods (a) at the initial days and (b) over long immersion period into
the SPS
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in all cases. To that end, variation in the recorded OCP of steel (Fig. 3.4) from 0O to
180 days would depend on the rate of chloride ions penetration and corrosion initia-
tion. Chloride ions penetration, on the other hand, is largely determined by porosity,
permeability and diffusivity of the cementitious material. In other words, OCP fluc-
tuation for the steel rods is also related to the properties of the cement paste bulk
matrix [9, 31]. This is in addition to the phenomena related to passivity breakdown
(corrosion initiation), corrosion propagation and/or repassivation occurrences, all of
which are characteristic and well known within the chloride-induced corrosion pro-
cess in reinforced cement-based materials [9, 31].

As shown in Fig. 3.4a, at the first day of immersion (or 30 days of cement hydra-
tion), the potential of all specimens was between —100 and —280 mV vs. SCE,
indicating passivity [30]. It is worth noting that various parameters may affect the
absolute potential values, without giving information about the actual corrosion
state of the steel rods. OCP is not only dependent on the chloride concentration at
the steel surface but can be also affected by other factors, such as pH of the pore
solution, temperature, microstructure and composition of the concrete-steel inter-
face, or composition and surface finish of the steel [32, 33]. Hence, the interpreta-
tion of absolute OCP values may be misleading for the estimation of corrosion
activity and can only be used as an indication of the electrochemical state. Therefore,
for the evaluation of an ongoing corrosion process on the steel surface, monitoring
the OCP development over time can be more useful [34].

Corrosion onset and corrosion propagation can be apparent only from a sus-
tained cathodic drop in the potential. Despite the otherwise identical environmental
condition, for identical steel rods, three different trends of OCP development were
observed. This accounts for a significantly different electrochemical state within
treatment in the SPS environment. While for the two replicates in group A, a
cathodic shift in OCP values was observed between 13 and 15 days of treatment, the
specimens in groups C and D depict a gradual/abrupt shift to cathodic potentials
from the start of immersion (Fig. 3.4a). In the case of specimens A, OCP values
around —600 mV can be an indication of corrosion initiation after 2 weeks of expo-
sure to the chloride-containing SPS medium. However, corrosion propagation is
uncertain, since these cathodic values were not sustained and OCPs shifted to anodic
values, well above the passive/active threshold of —275 mV, after 20-25 days of
treatment.

In contrast, the OCPs for specimens in group C showed an almost immediate
drop to more cathodic values (Fig. 3.4a). This trend was sustained throughout the
experiment: trespassing the passive/active threshold before 5—6 days of treatment,
gradual decline between 10 and 50 days (Fig. 3.4a, b) and maintained OCP values
around —650 mV until the end of the test (Fig. 3.4b). The OCP values for specimens
D depict the largest fluctuation in the course of the experiment, which is in addition
to the highest deviation between the replicates (D1 and D2), compared to the
behavior of replicates in the other groups (Al and A2 and C1 and C2). Initially,
between 1 and 5 days of immersion, the OCP evolution for D1 and D2 showed
development similar to that in groups C1 and C2 — almost immediate cathodic shift
(Fig. 3.4a), reaching —650 mV for specimen D1 after 5 days. Between 5 and 25 days
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of treatment, specimen D1 maintained this cathodic potential, i.e., continued fol-
lowing the pattern of behavior for specimens C (Fig. 3.4a). In contrast, specimen D2
exhibited an anodic shift, starting after 5 days of treatment and followed that line of
change (Fig. 3.4a), arriving at more noble potentials (above the active/passive
threshold of —275 mV) after 25 days of treatment, followed by a sudden shift to the
cathodic values.

What can be concluded from the monitoring of OCP values in all groups at ear-
lier stages of the experiment (Fig. 3.4a) is as follows: OCP fluctuations were
expected in the initial and earlier periods of treatment. This is due to the varying
speed of external solution penetration (including chloride and/or hydroxide ions)
into the bulk cement-based matrix, which determines the different levels of oxygen
and relative humidity at the steel/cement paste interface. Next, balancing of these
gradients is expected over time, which would be reflected in OCPs stabilization and/
or a sustained trend of OCP evolution. This was as observed for the cases of speci-
mens in groups C and D, while an event of a significant cathodic drop in OCP values
was observed for specimens A after 2 weeks of treatment. Although, corrosion ini-
tiation can be relevant for specimens A after 2 weeks of treatment, corrosion propa-
gation was not sustained.

The cathodic values observed for specimens C and D, immediately after immer-
sion in the SPS medium, were not related to chloride-induced corrosion initiation,
but rather denoted to limitations of the electrochemical reactions on the steel sur-
face. A cathodic potential of —600 mV can reflect not only corrosion initiation but
can be also an indication of limited oxygen availability for the cathodic reaction on
the steel surface in highly alkaline environment, and in submerged condition [2, 3,
35-37]. The low oxygen concentration in submerged condition limits the cathodic
current density, and thereby restricts the current flow between anodic and cathodic
sites. This results in a more cathodic potential but reduced overall corrosion rate.
Meanwhile, the same range of cathodic potentials, but elevated corrosion rates, can
be expected in the case of simultaneously occurring chloride-induced corrosion,
since this process is well known to be an autocatalytic one [38].

The passivity breakdown for specimens A is followed by a nonsustained corro-
sion activity. As can be observed, the OCP values for specimens A remained well
above the threshold for active state after 20-25 days and towards the end of the
experiment (Fig. 3.4b). Similarly, the OCP values for specimens D stabilized in the
region of passivity after 50 days for specimen D2 and after 100 days for specimen
D1, Fig. 3.4b. Nevertheless, the cathodic OCP values for both D1 and D2 were
maintained between 25 and 50(100) days of treatment and can therefore account for
corrosion initiation and propagation in these specimens. Attempts for repassivation
after this period (after 50 days for D2 and 100 days for D1) and towards the end of
the test were reflected by the anodic shift of OCP values. The corrosion kinetics,
though, cannot be judged from OCP evolution only and therefore no further
conclusions on the corrosion state in specimens D can be derived from Fig. 3.4.
Considering the longer time interval of sustained cathodic potentials (>25 days), it
can be expected that the corrosion rates in groups C and D were significantly higher



36 F. Pargar et al.

than those in group A at the end of the test. Quantification of the electrochemical
state is discussed in Sect. 3.3.3.

From all investigated specimens, the steel rods in groups C presented active
behavior from the start until the end of the experiment. Although the initial cathodic
OCP values can be attributed to the synergetic effect of chloride penetration and
limited oxygen availability at the steel/cement paste interface, the sustained cathodic
potentials over time reflect not only corrosion initiation but also corrosion propaga-
tion. While as abovementioned, the kinetics of corrosion cannot be judged from
OCP evolution only, quantification of the electrochemical response (through the
hereby employed EIS measurements) was expected to confirm the assumed hypoth-
esis and will be discussed further below in Sect. 3.3.3.

A logic question arises based on the above discussed OCP evolution for speci-
mens A, C and D: if the steel rods were identical and the cement-based specimens
identically conditioned, why would the OCP response present such variations? First
of all, as aforementioned, OCP can only provide indication for corrosion state,
which along with the already discussed limitations of the technique, partly explains
the recorded responses. Next to that, a reinforced cement-based system is at a very
high level of heterogeneity, meaning that even identically prepared and conditioned
samples are never completely alike. To that end, also considering the generally
expected and widely reported steel electrochemical behavior in cement-based mate-
rials [31], the OCP observations are logic for the time interval of 180 days. A stable
trend of behavior for steel in cement-based materials is normally to be achieved for
longer periods of conditioning. This is also evident from the more stable behavior
of the systems in this study towards the end of the test.

One another note: sustained corrosion propagation is only to be expected when a
sufficient chloride concentration is present. Obviously this could be the case for
specimens C, but not necessarily for groups A and D. As well known, the critical
chloride threshold value determines the time to corrosion initiation but does not
(experimentally) define the period over which a substantial corrosion propagation
will be at hand. Repassivation is a generally observed phenomenon in alkaline envi-
ronment, as in this test conditions. Therefore, except the actual chloride concentra-
tion, the hydroxide ion concentration and the chloride binding capacity, factors as
porosity, permeability and pore interconnectivity of the bulk matrix play a signifi-
cant role. Their effect is expressed within the corrosion propagation process and can
significantly vary, as determined by the intrinsic heterogeneity of a cement-based
system. All these properties are not subject to this work, however, they need to be
reminded and considered in view of the above and following discussion on different
electrochemical behavior of otherwise identical reinforced cement-based systems.
Additionally, following the objectives of this work on defining the accuracy of chlo-
ride sensors for determination of chloride content in cementitious materials, the
chloride threshold for corrosion initiation only is of interest in this study. In order to
justify the accuracy of sensor’s readings, the derived chloride threshold value
(judged from the sensor’s response) was coupled to the steel electrochemical
response. Similarly to the steel rods, the OCP evolution for the sensors over time
was monitored. These results and discussion are presented in what follows.
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3.3.2.2 OCP Development: Chloride Sensors

The main concept of defining chloride threshold through the application of Ag/
AgCl electrodes (chloride sensors) is based on recording the OCPs for these sensors
at the corrosion initiation time for the steel rods. Limitations, source of errors and
challenges with regard to employing this approach to reinforced concrete systems
were already introduced.

Within the process of chloride penetration into the cement-based specimens, the
OCP of the embedded sensors would gradually shift to a more cathodic value. This
is as shown in Fig. 3.5, following the electrochemical equilibrium of Ag dissolution
and AgCl formation on the surface of the sensor. The OCP evolution is as expected
and fundamentally determined by the Nernst equation (Eq. 3.1).

E = -0.0214-0.059161g (a,, —)(V vs SCE,25°C) 3.1)

In this equation, E is the potential of the sensor and a" is the activity of chloride
ions (molarity). The above equation is based on the following electrochemical reac-
tion (Eq. 3.2) on the sensor surface:

Ag+Cl” &> AgCl+e” 3.2)

In highly alkaline environment, as concrete, the chloride sensor will deviate from
the Nernstian behavior when the chloride-ion activity (concentration) on the sensor
surface is remarkably lower than the activity (concentration) of the interfering
hydroxide ions. In this condition, the activity of silver ions in the vicinity of the sen-
sor is determined by an exchange equilibrium, Eq. (3.3):

2AgCl+20H <> Ag,0+2Cl" +H,0 (3.3)

The gradual formation of silver oxide/hydroxide compounds shifts the OCP of
sensor from about 150 to 99 mV or even more cathodic values, 30 mV [39, 40]. It is
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Fig. 3.5 OCP reading of the sensors (a) at the initial days and (b) over long immersion period into
the SPS
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known that the silver oxide composition and the hydroxide ions activity in the envi-
ronment further influence the potential of the already formed silver/silver chloride
interface [41]. For example, AgO is a semiconductor with a high conductivity, while
Ag,0 has a low conductivity (10~® S/cm). AgO is insoluble in water, while Ag,O
dissolves to the extent of 0.01 g/l [41]. Therefore, it is expected that in the absence
of chloride ions, alterations within a complex silver oxide-containing layer can
gradually block the pores and impede the faradaic reaction on the sensors’ surface.
This process is likely to favor the shift of the sensor’s potential to more cathodic
values (30-99 mV).

It should be bared in mind that the described process for silver oxide formation
is in addition to the inherent impurities within the AgCl layer, i.e., oxide-/carbon-
based compounds on the sensor surface during the anodization (Fig. 3.3) and before
embedding them in the cement paste cylinders. This will possibly result in an initial
difference in the OCP values of identical sensors, even prior to their embedment in
the cement paste specimens, as was actually observed previously for model medium
[21].

In the beginning of immersion, considering the 30-day cured cement paste cylin-
ders, maintained further in sealed condition, the penetration rate of chloride ions
from the external solution into the bulk matrix can be considered as minimal. This
is justified by the expected, and as recorded, anodic potentials for the sensors, 108—
135 mV (Fig. 3.5a), corresponding to a negligible chloride content of lower than
8 mM at the sensor surface (Fig. 3.5a). A note here: if the initial OCP records for the
steel rods are considered for that same time interval (Fig. 3.4a), the sensors reading
is an additional proof for the reasons behind the already discussed initial cathodic
potentials for specimens C and D, i.e., OCP drop was due to reasons, other than
chloride ions present in the vicinity of the steel rods.

After 15 days of conditioning, the OCP values of the sensors sharply shifted in
the cathodic direction and reached to ~30 mV, which is equivalent to a chloride
concentration of ~250 mM (Fig. 3.5a). OCP stabilization was achieved after about
60 days of immersion for all specimens (Fig. 3.5b).

A stable potential is generally accepted to be obtained when the difference in the
subsequent measurements is ~1 mV which is considered as a negligible potential
difference [17, 42].

Within the process of chloride penetration, the OCP evolution for the different
sensors (A, B, C and D, Table 3.1) was similar (Fig. 3.5) and no clear trend for jus-
tification of the dependence of OCP readings on the AgCl layer thickness can be
found at a first glance. However, a detailed observation of the electrochemical
response of the sensors at the initial and final time intervals (Figs. 3.5 and 3.6) and
coupling it with the morphological observations (Fig. 3.2) and surface chemical
composition (Fig. 3.3) allows a more in-depth approach to find a correlation between
the sensor potential response and the preparation procedure.

In the initial stage, the measured OCP of all sensors varied with 14-26 mV,
Fig. 3.6a. The OCP of A sensors was 134 mV, for B sensors was 130 mV, while the
sensors prepared at regimes C and D showed 108-122 mV and 115-120 mV, respec-
tively (Fig. 3.5a). The distinct OCP difference of the sensors indicates that within
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the process of curing (30 days) in the high pH of the pore solution of cement paste,
gradual transformation within the AgCl layers and, therefore, formation of Ag,O
shifted the OCP to more cathodic potentials. The rate of these transformations
depends on the morphology, microstructure and composition of the product layer on
the sensor’s surface.
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As previously introduced, and later on commented in Sect. 3.3.2.2, AgCl trans-
forms to AgO, reflected by the measured OCP of the sensors. Obviously, in the case
of C and D, the surface of the sensors was a mixture of AgCl and AgO, evident by
the initial OCP values around 110-120 mV. The higher heterogeneity — both in
terms of morphology and chemical composition — on the surface of C and D, would
result in a different rate of the electrochemical reactions within Ag oxidation and
reduction later on, if compared to sensors A and B. In the former case, the initial
changes of the AgCl layer would account for a delay in detection of relevant chlo-
ride concentration with a possibly larger deviation in the sensors’ readings. This is
because any limitations to electron and ionic transfer (activation or concentration
polarization) on the surface of the sensors would result in varying rate of the elec-
trochemical reaction of chloride ions detection.

As previously shown (Fig. 3.2), A and B sensors contain AgCl packed-piled par-
ticles on the surface of the Ag substrate. In contrast, the AgCl particles in the sensors
C and D are of a smaller size, containing wider inter-grain boundaries (pores) and a
multilayer structure (Fig. 3.2). Within the curing time of cement paste cylinders in
sealed condition and prior to immersion into the SPS, surface modification of the
Ag/AgCl sensors would be as expected. In this period, cement hydration is the
determining factor for the chemical and microstructural changes of the bulk matrix
and the pore solution of cement paste. Therefore, the development of sensor/cement
paste interface would account for the initial chemical/electrochemical reactions on
the sensor surface.

Generally, in the highly alkaline, chloride-free pore solution of the cement paste,
the AgCl particles would start dissolving in order to maintain the electrochemical
equilibrium between the silver and the chloride ions (due to well-known interfer-
ence of OH™). At the same time, the formation of silver oxide/hydroxide compounds
(Eq. 3.3), would gradually modify the sensor surface, shifting the OCP towards
values around 110 mV [39].

The wider inter-grain space between the AgCl particles close to the silver sub-
strate in C and D sensors in comparison to A and B sensors accelerates the exchange
equilibrium (Eq. 3.3) and the formation of silver oxide layer resulting in initial OCP
values for C and D sensors between 108 and 122 mV in comparison to A and B sen-
sors (130-135 mV), (Fig. 3.6a). This difference in initially recorded potentials can
be additionally denoted to the impurities and/or chemical transformation in the
AgCl layer formed during sensors’ handling and within casting after anodization.
As previously indicated in Fig. 3.3, the impurities on the AgCl surface account for
similar chemical composition of the (composite) outer AgCl layer. However, differ-
ent inner morphology of the AgCl particles, especially close to the silver substrate,
was observed (Fig. 3.2b, h).

On one hand, similar chemical composition of the outer layer and relatively simi-
lar OCP of the B and C sensors (108—130 mV), after they have already been embed-
ded for 30 days in the cement matrix, would imply that the inner morphology of the
AgCl layer is a less influential factor on the overall electrochemical response. On
the other hand, the initial OCP measurements are not really similar, since more
anodic OCP of the B sensors (130 mV) was recorded, in comparison to the C sen-
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sors (108-118 mV), Fig. 3.6a. A difference of 12-22 mV can be considered signifi-
cant from both electrochemical viewpoint and in view of sensors’ potential records,
i.e., chloride content. Therefore, the impact of the inner layer (which is different for
A and B sensors) is possibly larger, while surface composition and morphology of
the outer layer are contributing, but not solely responsible factors for the different
initial response of sensors A and B. Therefore, the morphology, orientation and dis-
tribution of the AgCl particles within the inner layer, nearby the Ag substrate, can
be considered as factors of high importance for the overall electrochemical response
of the sensors.

To this end, and if all types of sensors are considered, the larger the variation in
the inner layer, the larger the OCP fluctuation (and more cathodic values) would be
expected, irrespective of the surface morphology (outer layer) and composition.
This was actually as confirmed by the initially recorded OCP values for sensors C
and D (Fig. 3.6a), where OCP values varied between 108 and 120 mV.

The OCPs of the sensors varied not only in the beginning of treatment but also
after prolonged conditioning of the cement paste cylinders in the SPS medium.
Figure 3.6b presents the final readings (180 days) when a semi-equilibrium was
established and a high chloride concentration was already present in the vicinity of
the sensors’ surface. Within the process of chloride penetration, the OCPs of the
sensors shifted to cathodic values and after 180 days stabilized at —1 to 2 mV
(Fig. 3.6b). The small variation in the measured OCP (3 mV) indicates negligible
interference by hydroxide ions. The stabilized OCPs of A and B sensors were
2 +0.5 mV (corresponding to the average chloride concentration of 820 mM), while
those for C and D sensors were 0 = 1 mV (equivalent to the chloride concentration
of 850-950 mM). While a difference between 1 mV and 3 mV is considered to be
not of a large significance from the view point of global electrochemical perfor-
mance, such a small difference is obviously significant if the electrochemical
response is linked to chloride concentration. The more cathodic potential and larger
OCP variation for C and D sensors, in comparison to A and B sensors, are the indi-
cation of higher heterogeneity and nonuniform distribution of surface AgCl clusters,
resulting in the “detection” of slightly higher chloride concentration. These are as
expected, as observed and already previously commented.

Therefore, the sensor preparation regime and the AgCl layer characteristics (e.g.,
morphology, thickness and composition) affect the potentiometric response of the
sensor in the absence and in the presence of chloride ions. Previously it was shown
that at 250 mM chloride concentration in the simulated pore solution, the effect of
AgCl layer properties on the measured OCP is minimum (1-2 mV variation among
the OCPs), owing to a faster rate of electron and ionic exchange mechanisms, which
decreases the deviation in the sensors’ response [21].

Finally, conditioning of the sensors in cement paste, logically affects the OCP
response, if a comparison to sensors’ readings in solutions only is considered. An
identical replicate of sensor A, as embedded in cement paste, was tested in SPS
solution only. The chloride concentration of the SPS solution was 875 mM. The A
sensor, embedded in cement paste after 180 days of conditioning reads 2 mV (cor-
responding to 820 mM chloride concentration), while A sensor, directly immersed
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into the SPS, shows an OCP value of 0 mV (corresponding to 890 mM chloride
concentration) — Fig. 3.6b. The embedded sensor measured lower chloride concen-
tration (~70 mM) in comparison to the sensor directly immersed into the SPS. It is
well known that the physical and chemical adsorption of chloride ions on the
charged surface of hydrated cement paste products lowers the chloride content in
the cement paste pore solution and on the sensor surface, respectively. In other
words, a portion of the sensor’s surface, in contact with cement paste, might be
screened from the direct “access” of chloride ions. The lower chloride content in
these locations and the direct contact with hydration products and fine pores moder-
ate the chloride concentration with respect to the total surface of the sensor. This
would be reflected by the OCP measurement at that point in time, the sensor A in
cement paste ending up with a more anodic OCP (2 mV) if compared to the reading
in SPS only (0 mV).

In conclusion, this section discussed the simultaneous monitoring of OCP for
both steel and sensors in identical environment. The correlation of results can pro-
vide important information on the chloride threshold value for steel corrosion initia-
tion in cement-based materials. However, the accuracy of OCP measurements in
view of the time to steel corrosion initiation at the point of derived chloride content
(via the sensors readings) needs to be justified. Therefore, in this study EIS, as a
nondestructive technique, was employed in order to qualitatively and quantitatively
support the above discussed results.

3.3.3 EIS Response of the Steel Rods

Electrochemical impedance spectroscopy (EIS) was employed to evaluate the cor-
rosion state of the steel rods over time, through the determination of polarization
resistance (R,) values and corrosion current densities, respectively.

3.3.3.1 General Considerations

EIS can determine the overall impedance of a system over a certain frequency range.
The experimental data are commonly displayed in Nyquist and Bode plots format.
The high to medium frequency domain (e.g., from 50 kHz and higher to 10 Hz)
denotes to the properties of the bulk cement paste matrix [8, 9]. The low frequency
response (10 Hz to 10 mHz) is related to polarization resistance, including transfor-
mations (mass transport or redox processes) in the product layer on the steel surface
[8, 43-49].

In the present study, the impedance response in the low frequency domain was
used to evaluate the variation of corrosion current density (/.,,) over time. The
apparent /., was calculated using the well-known Stern-Geary equation, /.. = B/R,,
where R, was obtained from fitting of the EIS response at the low frequency domain
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[9] and the constant B was employed at a value of 26 mV (active state) as previously
reported [50].

3.3.3.2 Equivalent Circuits

Different equivalent circuits can be used for quantitative analysis of the EIS response
of heterogeneous and complex corrosion systems, such as steel in cement-based
materials, with equally good fit results. From the mathematical point of view,
increasing the complexity of a circuit would decrease the fitting error [51, 52].
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However, the most reliable circuit would be the one with parameters of a clearly
defined physical meaning, attributed to the various features of the experimental
response [46, 53-55]. The electrochemical impedance spectra were recorded in the
frequency range of 50 KHz to 10 mHz, while fitting for evaluation of corrosion
parameters was performed in the frequency range of 10 Hz to 10 mHz (i.e., the
frequency range, where the response is relevant to the electrochemical reactions on
the steel surface [6, 56, 57]).

The electrochemical behavior of the steel rods varied with time in this experi-
ment from O to 180 days. This was expressed in a different EIS response, which was
not possible to be fitted with only one circuit model. The circuits used in this work
are presented in Fig. 3.7. Model (a) in Fig. 3.7a is frequently used in the literature
for fitting the EIS spectra for steel in cementitious materials [6, 56, 57]. In this cir-
cuit, R, corresponds to the electrolyte resistance, including the contribution of the
bulk matrix (cement paste) ohmic resistance. The first time constant is attributed to
the double layer capacitance (Qy) and the charge transfer resistance (R,,), linked to
the electrochemical reactions on the steel surface. Qg is a constant phase angle ele-
ment CPE, which is often used in place of an ideal capacitor (Cy) to account for the
nonhomogeneity of the system [9]. In some cases, when n = 1, the CPE is replaced
by Cy.

The second time constant corresponds to the redox or mass transport processes
in the passive/oxide layer in which R; and Q; are the relevant resistance and pseudo-
capacitance. At certain time intervals, a constant phase element (Q,,) [58-61] or a
Warburg impedance (W) [59, 62] was added in series with R; (relevant to the low
frequency domain). This changed the used circuit from Model (a) to Model (b) or
Model (c) (Fig. 3.7b, ¢). The added capacitive (Q,,) or diffusive (W) elements in the
last time constant can be attributed to a diffusion controlled reaction or surface film
formation/redistribution due to the ongoing corrosion processes on the steel
surface.

Different equivalent circuits were used for one and the same specimen depending
on the recorded EIS response, i.e., more than one model was employed in the course
of the test in order to account for the changing electrochemical state of the steel
electrodes (Fig. 3.8).
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D1
D D2

Model (a) I Model (b) Model (¢)

Fig. 3.8 The fitting equivalent circuits for the EIS spectra of the steel rods over the exposure time
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The response for specimens A was mostly fitted with Model (a), except for the
period of corrosion initiation, where a Warburg impedance (Model c) was added.
The time to corrosion initiation, as determined by the EIS response, is discussed
further below in the Sect. 3.3.3.3. For C specimens, the employed circuits were
Models (a) and (b). For C1 specimen, the EIS spectra were fitted with Model (b) for
20 days from the beginning of the test, after which Model (a) was mainly used. The
response for specimens C2 was mostly fitted with Model (a), except for a period
between 22 and 33 days when the addition of O, to the fitting circuit was necessary,
therefore, using Model (b). Similarly to specimens A, the EIS response for speci-
mens C, required a change in the equivalent circuit for data fitting, which was at the
time of corrosion initiation.

In D specimens, application of Model (a) resulted in deriving best fit parameters
with a lowest fitting error. Model (a) was employed from the start of the experiment
until day 46 for D1 and day 27 for D2. Model (c) was used for the rest of the immer-
sion period for D1 specimen, while the short period of using Model (b) in D2 speci-
men was accompanied by using Model (c) for the rest of immersion period and until
the end of exposure. In D1 specimens, corrosion initiated within the time period of
implementing Model (a), while similarly to other specimens, the time of corrosion
initiation in D2 coincided with the time of changing the circuit.

As previously mentioned, the OCP alteration is not sufficient for justification of
the corrosion activity on the steel surface over time. Therefore, determination of
corrosion initiation and quantification of steel corrosion in time requires calculation
of polarization resistance (R,) — a parameter linked to the corrosion activity on the
steel rods. R, was calculated by summing up the resistance parameters of EIS fitting
circuits (R, and Ry) and was considered as the global resistance of the embedded
steel rods [63, 64].

3.3.3.3 Quantification of EIS Response

As aforementioned, the interpretation of EIS measurements can result in quantita-
tive information for the systems under study. The corrosion current densities can be
calculated based on the polarization resistance values. If more accuracy within
quantification of electrochemical response is to be achieved, the general approach in
electrochemistry is to couple at least two types of electrochemical measurements
and correlate their outcomes. In this work, EIS mainly was employed as a nonde-
structive technique in view of the objective to determine the time for corrosion ini-
tiation on steel in correlation to the chloride sensors response. Therefore, although
corrosion currents for steel during the tests are presented further below, absolute
values are not claimed. The figures and discussion are rather presented in the sense
of associating this work to reported literature, where corrosion current density is
used as a main parameter of discussion. The derived corrosion current density val-
ues in this work are also discussed in comparison to the well-accepted threshold
values, i.e., 0.1 to 0.5 pA/cm? [65-68], beyond which steel is considered to be in
active (corroding) state.
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Fig. 3.9 Corrosion current density of steel rods calculated from the EIS fitting circuit parameter (Rp)
in addition to the OCP of steel and sensor in A specimens at a certain time over immersion period

Figures 3.9, 3.10 and 3.11 present the corrosion current density of the steel rods
over time. The plots simultaneously depict the OCP values of both steel and sensor
when embedded together in one and the same cement-paste cylinder. Hence, it was
expected that a correlation between the measured OCPs for the sensors, on the one
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hand, and the corrosion current density derived for steel, on the other hand, will
provide information about the chloride concentration at the time of corrosion initia-
tion in each specimen. Depassivation is considered to be the starting point of a
maintained sharp increase in the corrosion current density, i.e., a sustained increase
in the current is to be observed, rather than a singular event of current density
increase [31, 69].

It was expected that over 30 days curing of the reinforced cement paste samples
in sealed condition, the electrochemical reactions on the steel surface will result in
the formation of a passive layer due to the highly alkaline environment. In this con-
dition, low corrosion current density and more anodic OCPs for the steel rods are
generally expected to be observed [70-72]. As well known, the critical chloride
threshold value determines the time to corrosion initiation but does not (experimen-
tally) define the period over which a substantial corrosion propagation will be at
hand. The chloride concentration at the corrosion initiation time can be sufficiently
high to initiate local attack, but might not necessarily be able to sustain a stable pit
growth. The high alkalinity of the pore solution in cement-based materials, hence
the competition between aggressive chloride ions and hydroxide ions (pH = 13.6),
governs the processes of pitting and repassivation on steel [70, 72]. Therefore, after
corrosion initiation and depending on the local condition on the steel surface, the
enhanced formation and stabilization of iron hydroxide/oxide layer (yFe,0;, Fe;0,,
FeO, FeOOH, etc.) either reduces or elevates the corrosion current density.
Generally, repassivation is evident by a sharp decrease in the corrosion current den-
sity which can be accompanied by simultaneous shift of the OCP to the anodic
values.

In A specimens, the low corrosion current density (<0.01 pA/cm?) and more
anodic potential of the steel rods (> — 273 mV) are the indication of steel passivity
during the first 2 weeks after immersion into the SPS (Fig. 3.9). An event of a sig-
nificant cathodic drop in the OCP values of specimens A was observed after 2 weeks
of treatment. This is in agreement with the concurrent increase of corrosion current
density. In specimens A, the onset of corrosion is apparent from the simultaneous
drop in OCP (—500 to —800 mV) and the rise in corrosion current density (>0.5 pA/
cm?) after 13 and 15 days of immersion. The simultaneously measured OCP of the
sensors reflected the chloride content in the vicinity of the steel surface during the
above events. In other words, the response of the sensors at the time of corrosion
onset indicates the chloride threshold value for the corrosion initiation of the steel.
For specimens A, the chloride threshold values were in the range of 380-440 mM. In
the next stage, after 22 days onwards, repassivation was evident from the OCP shift
towards more anodic values (> —273 mV) and a simultaneous drop in corrosion
current density (<0.1 pA/cm?), both remaining in these ranges until the end of the
test. What can be concluded from the monitoring of both sensor and steel rods for A
specimens is the applicability of the sensor for chloride ion determination as well as
a good correlation between the steel and sensors electrochemical responses.

The electrochemical response for specimens C and D was obviously different, if
compared to specimens A. In C and D groups, the potential drop of the steel to val-
ues more cathodic than —273 mV occurred within a few days after immersion
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Fig. 3.12 The changes in the OCP of the sensor versus the time to corrosion initiation

(Fig. 3.4a, Sect. 3.3.2.1). At the same time, the sensor’s OCP demonstrated a very
low chloride concentration (mostly ~8 mM) in the cement paste (Fig. 3.5a, Sect.
3.3.2.2). This amount of chloride ion is much lower than the expected chloride
threshold value (45-650 mM) [4]. Meanwhile, the corrosion current densities from
EIS measurements were also lower than the threshold value for corrosion initiation
(<~0.1 pA/cm?), Figs. 3.10 and 3.11. Therefore, the sustained cathodic OCP value,
immediately after immersion in the SPS medium, is not related to the chloride-
induced corrosion initiation, but rather denoted to the limitations for the electro-
chemical reactions on the steel surface (as already discussed). Corrosion initiation
was evident by a sharp increase in the corrosion current density between 18 to
27 days of immersion when the chloride concentration, as detected by the sensors’
OCP, ranged between 350 and 480 mM. For all specimens C and D, except for
specimen C2, the higher than specimens A corrosion activity was maintained for the
remaining period of the test.

With respect to the objective of this study, i.e., determination of chloride thresh-
old value, the mathematical calculations show that the time for corrosion initiation
of steel is at day 19 + 5 when the sensor potential is 19 + 3 mV (equivalent to the
chloride threshold value of 400 = 50 mM), i.e., 70% difference in the time for cor-
rosion initiation and 30% difference among the chloride threshold values are at
hand.

The narrow range of chloride threshold values (30% variation) is as expected,
since at such high chloride threshold value the influence of the sensor preparation
regime on the accuracy of the measurement is negligible. While, the remarkable
time difference for steel corrosion initiation (70%) can mainly be attributed to the
heterogeneity of the cement paste and the interfacial transition zone between steel
and cement paste. Considering the fact that the expected chloride threshold values
ranges between 45 mM and 650 mM [4], higher variation among the sensor’s mea-
surements can be expected at chloride threshold values lower than 400 mM.

Figure 3.12 presents a correlation chart of the time to steel corrosion initiation
(19 £ 5 days) and the sensor response for the relevant chloride threshold (19 £3 mV).
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As it can be observed, in A and B specimens, the OCP of the sensors change sharply
(within 2-3 days) while in C and D specimens the changes take longer (5-9 days).
The longer time period needed for C and D sensors to respond can be attributed to
the thicker/different inner morphology of AgCl/Ag,0O product layer and also to the
possible influence of the AgCl layer on the interfacial/microstructural properties at
the sensor/cement paste interface. The more complex surface morphology of the C
and D sensors, together with varying chemical composition (as previously dis-
cussed) in comparison to A and B sensors, may result in a denser packing of cement
particles which subsequently influences the chloride content on the surface of the
Sensors.

3.4 Conclusion

The electrochemical response of the sensors were correlated to the variation of both
morphology (including thickness) and composition of AgCl layers, prepared at dif-
ferent anodization regimes. It was shown that the AgCl layer morphology, micro-
structure and composition vary and depend on the applied current densities within
the anodization regimes. Higher current densities result in thicker AgCl layers (as
expected), increased complexity (e.g., more than one interface was observed) and
higher impurities (formation of compounds other than silver chloride). Among all
these variabilities, the silver chloride morphology nearby the Ag substrate is the
main parameter influencing the sensor’s OCP, i.e., reproducibility and sensitivity,
especially at low chloride content, while the surface AgCl layer thickness and impu-
rities are less influential factor.

Despite the identical experimental conditions for this study (e.g., water-to-
cement ratio, cement type, exposure conditions, pH of the solution, moisture and
chloride content as well as steel rods preparation), there was still a difference in the
observed electrochemical responses for the steel and sensor rods. In the beginning
of immersion, the sensor preparation regime and therefore, AgCl inner/outer mor-
phology was the main cause for the observed variation of the sensor’s OCPs,
whereas similar electrochemical response for the steel rods was relevant
(OCP > -273 mV and I, < 0.1 pA/cm?). Within the process of chloride penetration
into the specimens, the inner/outer morphology can moderately influence the aris-
ing variability in the measured chloride threshold value of 400 = 50 mM (30%), the
corrosion initiation time of 19 + 5 days (70%), as well as the overall electrochemical
response for both sensor and steel rods. The primary cause for such deviation, espe-
cially for the time to corrosion initiation and electrochemical response of steel,
appears to be the intrinsic heterogeneity of the adjacent cement paste and variation
in the properties of the interfacial transition zone between sensor, steel and cement
paste.

The importance of the AgCl layer properties for determination of chloride thresh-
old value should always be considered with respect to the exposure condition and
the expected range of chloride threshold value. For example, in splash and tidal
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zones with lower or largely alternating mean chloride threshold value, sensors with
higher sensitivity, reproducibility and accuracy should be used. These are sensors
prepared via anodization regimes at low current densities. In contrast, for submerged
conditions where higher relative humidity and relatively higher chloride levels are
expected, conditions similar to those discussed in this work, the sensor preparation
regime is at hand.
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