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Abstract

Cathodic protection (CP) is the only electrochemical technique, able to minimize or stop chloride-
induced corrosion in reinforced concrete. The conventional CP, however, has various side effects.
This paper discusses a better alternative — pulse cathodic prevention, applied at significantly lower
current densities, achieving the required level of protection and expected to exert minimum or none
side effects.
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1. INTRODUCTION

Chloride-induced localized corrosion of reinforcing steel is one of the most hazardous types of
corrosion in reinforced concrete [1, 2]. Impressed current cathodic protection (CP) is one of the
electrochemical techniques, used for prevention and protection from corrosion in reinforced concrete
[3-10]. CP is a well established technique [5, 7], its application, however, is often accompanied by
negative side effects (e.g. alkali-silica reaction, bond strength degradation, etc.) [3,7]. Therefore, any
improvements of the CP technique, which will minimize the side effects, are an important aspect in
corrosion control and corrosion protection of reinforced concrete structures.

This paper presents initial results from an on-going investigation on the performance of cathodic
prevention (CPrev) in reinforced mortar and concrete, subjected to aggressive (10% NaCl
environment). Cathodic prevention is a technique for minimizing the risk of, actually “preventing”,
any eventual corrosion of steel in reinforced concrete i.e. the application is before corrosion initiation,
using low cathodic current densities (1 to 3 mA/m? steel surface). Therefore, the main objective of this
investigation is to monitor how efficient is the performance of CPrev in reinforced mortar and
concrete as an alternative of CP (preliminary results on reinforced mortar only are reported in [11].
The novelty here is the application of “pulse” CPrev (pulse DC current) instead of the conventional
steady DC. The paper reports on generally performed conventional monitoring (i.e. potential mapping
and depolarization decay), coupled with microscopic visualization and investigation of the
steel/cement paste interface.
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2. TECHNICAL BACKGROUND

Impressed current CP is widely used for corrosion protection in reinforced concrete since the 1970’s
and so far it is proven to be the only technique, able to minimize or stop corrosion in salt contaminated
environments [6]. The conventional basis for impressed current CP relies on inducing a negative steel
polarization [9, 11] i.e. more cathodic than -850 mV SCE, where corrosion is thermodynamically
impossible to occur [13]. When CP is applied to reinforcing steel in concrete however, the objective
might not always be to achieve “immunity” but to reduce the risk of chloride-induced corrosion, by
polarizing the steel from its condition of chloride-induced corrosion (or “pitting”) to the domain of
“imperfect passivity”, where “pitting” is unstable [6,7,14]. In case CP is initially applied within the
construction of a structure, i.e. before exposure to aggressive environments, then only a modest
polarization of the steel surface will be sufficient for corrosion protection, the technique being applied
and denoted as “cathodic prevention” (hereby discussed and further denoted as “CPrev”) [6,15,16].

As aforementioned, there are various side effects, normally accompanying CP applications. A major
part of these actually result from microstructural and physico-chemical alterations at the steel/cement
paste interface, leading to a reduced adhesion of the cement paste layer to the steel surface [17,18],
and thus finally result in bond strength weakening, (the latter reported to reach 55 % [19]). The reason
for bond-strength degradation is still unclear, despite the reported data for changes in microstructure,
pore size distribution and micro-cracking [17,20,21]. From our previous investigations [22-25] it was
found that CP current induces structural alterations in the bulk cementitious matrix, the pore space and
the bulk hydration products, causes micro-cracking, which along with softening of the calcium-silica-
hydrate (C-S-H) leads to reduced concrete durability, as reported also in [19]. Therefore, a protection
regime which uses lower current density (i.e. lower than the usually recommended range of 5 to 20
mA/m? for structures exposed to the atmosphere [16]) is expected to minimize the side effects.

In practical applications, the efficiency of a CP technique (CP or CPrev) is generally assessed via
monitoring the steel potential with time and decay measurements (ASTMC876 and NACE RP0290-
2000). The experimental evidences to support the fundamental principles of CP are very limited [7],
but of a significant importance for providing fundamental understanding and prove for the involved
phenomena. To this end, previously investigated and reported are CP and pulse CP (pCP) as protection
techniques, in terms of a thorough investigation, including fundamental electrochemical monitoring,
X-ray methods for steel surface and bulk matrix quali- and quantification, microstructural analysis
[25-27]. This work is the first stage of a thorough investigation of CP as a prevention technique i.e.
cathodic current applied before corrosion initiation, again as two applications: as steady (CPrev) and
pulse (pCPrev) regimes. The contribution aims to prove the applicability and efficiency of the
introduced CPrev and pCPrev, evaluated according to standards and via conventional monitoring.
Further, SEM and EDX analysis of the steel/cement paste interface provide additional experimental
evidence for the fundamental principles of an effectively working cathodic prevention.

3. MATERIALS AND METHODS
3.1. Materials

Two groups of specimens are subject to this contribution: reinforced mortar and reinforced concrete.
The “mortar” series was a preliminary work, whereas the “concrete” series is an on-going
investigation.

Reinforced mortar: cylinders of h = 150mm, d = 40mm, with embedded “as received” construction
steel FeB500 HWL of d=8mm (5 replicates per group and per condition). All specimens used Ordinary
Portland cement (OPC) CEM 1 42.5, water-to-cement ratio 0.6, cement-to sand ratio 1:3. Curing of the
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specimens was performed for 7 days in fog room (20°C, 98%RH); conditioning was in a laboratory
environment (20°C, lab air) for the total duration of the test of 320 days. The environmental medium
was aggressive 10% NaCl solution (specimens were immersed 1/3™ of height for the total duration of
the test). In addition to the groups of specimens under both regimes of CPrev, “corroding” and
“control” specimens were studied as well.

Reinforce concrete: The steel reinforcement (same as for the “mortar” series: FeBS00 HWL, d=12mm,
h=200mm) was cast “as received” in concrete cylinders (d=700mm, h=200mm); cement type as for
the mortar specimens (CEM 1 42.5), casting was according EN 196-1, water-to-cement ratio 0.6
(effective 0.5). Sub-groups of corroding (immersed in 5% NaCl specimens and reference (non-
corroding specimens) are also investigated (not hereby commented). Additionally, concrete cubes of
100x100x100 mm were cast from each mixture for standard compressive strength tests (not subject to
this discussion). All groups were cured for 28 days in fog room (20°C and 98% humidity) and then
placed in lab conditions: lab air, 22°C and 1/3rd of height immersed in water or 5% NaCl, 18
replicates per group and condition are monitored.

3.2. Methods

Cathodic Prevention: both CPrev and pCPrev were applied using the conventional way of steady DC
cathodic polarization (as in conventional CP applications, where the steel reinforcement is connected
to the negative terminal (becoming a cathode) and an inert anode (in this case mixed metal oxide
titanium (MMO Ti) is connected to the positive terminal of external power supply). Both mortar and
concrete specimens were cast in such a way, that the steel bar was centrally positioned and the MMO
Ti anode was embedded in the concrete cover within casting (Fig.1).

Fig.1. Experimental set-up

Further, the CPrev regime used 1 to 3 mA/m’ steel surface, whereas the pCPrev regime used
effectively 0.5 to 1.5 mA/m? i.e. the pulse regime uses 50% of the current density in CPrev regime,
since it is applied as a square pulsed DC signal at 12.5% duty cycle and frequency of 1 kHz (the
current being the controlling parameter [28]; the pulse regime was previously proven to have superior
performance within conventional CP applications [25-27,29,30]).

Experimental methods involved were: Open circuit (OCP) and “on” potentials monitoring for all cells;
Depolarization (Decay) measurements; SEM imaging of the steel/cement paste interface for all
conditions (using ESEM Philips XL30); EDX analysis; Chemical analysis for total chloride in the
vicinity of the steel reinforcement was performed as well, using Volhard titration method.
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4. RESULTS AND DISCUSSION
4.1. Conventional monitoring reinforced mortar

The series of reinforced mortar specimens was a preliminary test, started after a shorter curing period
(7 days, as previously stated) and in higher aggressiveness of the environmental conditions (10%
NaCl) The cathodic polarization started immediately after immersion of the cells in the 10% NaCl
solution. The cathodic current density was 1mA per square meter of steel surface and increased to 2.5
mA/m? after 90 days. The pulse regime used a block (square) pulse at 1kHz, duty cycle of 12.5% (as
previously introduced) and a high impedance current source.

Figure 2 depicts the recorded “on” potentials for both regimes of prevention. As seen from the plot,
similar polarization behavior was observed, with potentials reaching -530 mV (SCE) for the steady
current CPre and approximately -450 mV (SCE) for the pulse CPre. The current was increased after 90
days (as indicated in the plots) and cathodic polarization increased within the time interval of 320
days, reaching more than -800 mV in cathodic direction for both regimes.
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Fig.2 “On” potentials for cells under conventional cathodic and pulse cathodic prevention (the change
in current density in time is as indicated in the plot)
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Fig.3 OCP potential readings for “corroding” and “reference” groups in 10% NaCl.
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As a comparison (to the “on” potentials), Fig.3 shows the open circuit potential (OCP) readings for
corroding and control (reference) specimens OPC corr and OPCref (these are groups without applied
cathodic prevention), depicting the passive state of the controls and increased corrosion activity in the
corroding cells (according standards, the potential threshold for passive/active behavior of steel in
concrete is set as -270 mV vs SCE)

Some considerations with respect to “on” potential readings and decay measurements are necessary to
be briefly discussed. As previously introduced, the conventional basis of Cathodic protection is
polarizing the steel in the negative (cathodic) direction [1], which is maintaining the steel potential
more cathodic than -800 mV (SCE) (BSEN12696). Thus the primary effect is reducing the driving
force for the anodic reaction (thermodynamic effect) and retarding the anodic process (kinetic effect).
Further, two “protection” processes are expected: a classical thermodynamic immunity or “imperfect
passivity”, which is a result from restored alkalinity of the environment at the steel/cement paste
interface. In that sense, when CP is applied to reinforcing steel in concrete, the objective might not
always be to achieve “immunity” i.e. cathodic polarization around -800/-850 mV (SCE), but to reduce
the risk of chloride-induced corrosion. This is the domain where CPre actually works, where a modest
polarization of the steel surface will be sufficient for corrosion protection. With this respect, the so
called “Pedeferri” diagram [6] gives visual correlation of the steel polarization, the involved
phenomena and chloride concentration. Therefore, lower polarization (more anodic than -850 mV SCE
potential readings) would be sufficient within CPre applications, providing that chloride
concentrations are relatively low and most importantly, the decay measurements show sufficient
depolarization values. As evident from Fig.2, the initial CPre, both conventional and pulse, result in
potential values of about -350 to -500 mV (SCE) for 7 until 30 days of immersion. These fall in the so
called “imperfect passivity zone” where pitting can not initiate, although can propagate in the case
where corrosion has been previously initiated [6]. The latter case is hereby not relevant, since CPre
was applied immediately with immersion in the corrosion medium (for this type of system i.e.
specimen geometry and mortar mixture, and for 10% NaCl environment, corrosion initiates after 15 to
30 days after immersion due to chloride penetration and arrival at the steel surface [31]). Further, after
90 days of conditioning, the CP current was increased, and potential readings were more cathodic than
-800 mV (SCE) for both pulse and steady CPre regimes.
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Fig.4 Decay measurements for: (a) mortar specimens under pCPrev (comparison of 210 days and 320
days); (b) mortar specimens under CPrev at 210 days.

Figure 4 depicts the Decay measurements, proving sufficient polarization i.e. the effective prevention
in both pulse and steady CPre (according generally accepted criteria, e.g. NACE RP0290-2000, the
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decay should be approximately 70 - 100 mV for 24h). Figure 4(a) presents a comparison of decay
measurements for mortar specimens under pCPrev as a comparison of 210 and 320 days, showing that
the achieved decay is 70 mV at 210 days and 90 mV at 320 days within 11h only (meaning that a
sufficient decay of 100 mV will be achieved after 24h). Figure 4(b) depicts a decay measurement for
specimens under CPrev, showing a 150 mV decay after 22h. Apparently, both regimes (conventional
and pulse) are satisfying the generally accepted (according standards) criteria for protection efficiency.

4.2. Steel/cement paste interface (reinforced mortar at 320 days).

Both CPrev and pCPrev are effectively working according conventional monitoring and accepted
criteria. In order to fundamentally prove the latter and moreover, to provide evidence for the
performance of both cathodic prevention regimes, the steel/cement paste interface was investigated for
morphology, distribution and appearance of product layers (as a result of the different conditions).
Additionally, wet chemical analysis was performed for chloride concentrations (total chloride in wt.%
per dry cement weight), performed in the locations of interest as shown in Fig.5.
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Fig.5 Geometrical location for chloride analysis; the presented values are an average of 3 replicate
specimens.

The analysis was performed for all specimens (including those under cathodic prevention). For the
corroding specimens and these under CPrev or pCPrev, similar Cl- concentrations were derived: as
seen from Fig.5, in both the immediate vicinity of the steel bar, as well as the bulk matrix surrounding
the steel surface, chlorides were found to be exceeding the chloride thresholds for corrosion initiation
i.e. in the range of 5 wt.%, thus far beyond the threshold of 0.15 wt. % per dry cement weight [10].
Thus, it will be expected that if cathodic prevention was not applied, significant corrosion will be
relevant for all specimens. Additionally, it was interesting to know if CPrev indeed halted any
corrosion initiation on the steel surface. Therefore, microstructural (SEM) and EDX analysis at the
steel/paste interface are essential as evidence of the above. Fig. 6 presents the steel/cement paste
interface in a control (Fig.6a) and a corroding (Fig.6b) specimen in comparison with specimens under
CPrev (Fig.6¢) and pCPrev (Fig.6d).

As seen from the micrographs, there are no corrosion products formed at the interface in the control,
CPrev and pCPrev specimens, whereas significant accumulation and already penetration of corrosion
products into the bulk cement based matrix is evident for the corroding specimens. Further, EDX
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mapping at the steel/paste interface in CPrev (Fig.7a) and pCPrev (Fig.7b) specimens shows none (or
minimum) chloride accumulation in the vicinity of the steel surface.
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Fig.6 ESEM micrographs (500x) of the steel/cement paste interface in a control (a), corroding (b),
CPrev (c) and pCPrev (d) specimens

4.3. Conventional monitoring reinforced concrete

The results from conventional monitoring in reinforced mortar are further correlated with such in
reinforced concrete. The “concrete” series is a larger one and is still an on-going investigation.
Presented below are the evolution of “on” potentials and decay measurements.
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Fig.7 Steel/cement paste interface (left) and the relevant EDX mapping (right) for specimen CPrev (a)
and pCPrev (b)
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Fig.8 “On” potentials for cells under conventional cathodic (CPrev) and pulse cathodic prevention
(pCPrev) (reinforced concrete in 2 regimes of each prevention application: 1 mA/m? and 3 mA/m?
steel surface)
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Fig.9 Decay/polarization cycle for specimens under CPrev (ImA.m2) — a); decay/polarization at 1
mA/m? and 3 mA/m? for specimens CPrev (b)

Fig. 8 depicts the recorded “on” potentials for the CPrev and pCPrev regimes (values are an average of
6 readings i.e. 6 cells per type per age). As seen from the plot, both regimes perform similarly in terms
of achieving the relevant polarization (cathodic) and are similar to the previously recorded “on”
potentials in mortar (for identical cathodic current densities). The difference here (with respect to
mortar) is that the 1 mA current density and the 3 mA current density were applied at same intervals
(starting with immersion in 5% NaCl at a concrete age of 28 days). Therefore it can be concluded, that
within the application in concrete, there is no significant difference in steel polarization, despite the
different cathodic current density values. In other words, the cells under ImA/m2 behave as those
under 3 mA/m2. The result can be only explained with the different microstructural properties (bulk
matrix) of the concrete specimens, which were cured for 28 days (in contrast to the previously
discussed mortar, cured only 7 days), implying a denser and more matured pore structure and therefore
a more closed pore pathways, electrolytic pats and consequently, altered electrical current flow and
steel polarization respectively. A correlation of conventional monitoring, electrochemical paramaters
and microstructural investigation will be subject to a future work, when the on-going test is finalized.

Further, decay measurements denote for the efficient protection of the steel re-bars, showing sufficient
depolarization (of more than 100 mV), Fig.9 (a). A comparison of the decay measurements, resulting
form the application of ImA/m2 and 3mA/m2 (CPrev) is given in Fig.9b). Fig.10 presents the
polarization/decay/polarization scans for cells under the pulse regime (pCPrev).

All decay measurements show sufficient steel polarization in both regimes and are in line with the
previously recorded behavior for the mortar specimens.
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Fig.10 Decay/polarization cycles at 1 mA/m? and 3 mA/m? for specimens pCPrev.

5. CONCLUSIONS

Both pulse and steady cathodic prevention, using very low current densities (in the range of 1 to 3
mA/m?2), are able to prevent corrosion initiation on the steel surface, even in an extremely aggressive
environment such as 10% NaCl.

Cathodic polarization was achieved in both reinforced mortar and reinforced concrete specimens,
proved by the decay measurements for both groups.

For both CPre and pCPre conditions (mortar series), EDX analysis reveals no corrosion products and
minimum (or chemically bound only) chlorides in the immediate vicinity (~ 100 um away) of the
steel/cement paste interface. Chlorides were, however, present in very high concentrations of
approximately 5 wt.% in the proximity of the steel re-bars as well as in the bulk matrix, meaning that
both regimes of prevention effectively prevented corrosion initiation.

Microstructural changes (mainly in terms of porosity and pore size distribution) are normally
accompanying cathodic protection applications. In the case of CP prevention, these changes are
expected to be less pronounced. A thorough investigation, including microstructure at the steel/cement
paste interface is on-going and will be further reported.
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