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Abstract. One of the most important causes of reinforced concrete structures
deterioration is the corrosion of the reinforcement steel. This corrosion depends on
the presence of aggressive agents such as chlorides in the surrounding medium.
Numerous protection techniques have been employed to mitigate this corrosion.
Among them, the use of corrosion inhibitors has been considered as one of the most
effective solutions.

In the present work, the influence of phosphate based inhibitor on the corrosion
of reinforcing steels embedded in mortar, and immersed in sodium chloride solution,
was investigated by acoustic emission technique. The monitoring of specimens
shows that the phosphate based inhibitor addition in the mortar increase the
threshold of chloride concentrations, causing the breakdown of steel passivation
layer. Thus, the acoustic signatures of concrete fracture and of structure degradation
during the corrosion of these specimens have been highlighted. Similarly, the
mechanism of phosphate action in terms of preventing steel from corrosion in
mortar specimens was analysed by characterization methods (SEM, XRD) of the
steel-mortar interface.

Introduction

Steel corrosion in reinforced concrete is one of the main pathologies in civil engineering.
Observed predominantly in marine structures and chemical industries, it is also very present
in civil and / or nuclear structures: buildings, bridges, seawater pipelines, reactors and
nuclear waste containers.The initiation of reinforcing steel corrosion is mainly due to
chloride ions in the pore solution of the surrounding concrete, but can only starts once the
chloride content at the steel surface has reached a certain threshold value. In literature, this
value is generally referred to a critical chloride content or chloride threshold value. This
later is expressed according to the ratio R = [CI'] / [OH'] [1]. The knowledge of such values
is importance for service life predictions when pitting corrosion is the likely failure

.

License: http://creativecommons.org/licenses/by/3.0/




mechanism. In service life modelling, chloride threshold values are required as input
parameters but to date, no agreement on the reported value is however obtained and it
seems to be related to many factors (type of binder, C3A content, steel concrete interface,
ratio of chloride, alkalinity of the pore solution...) [2-6].

Numerous protection techniques have been employed to limit the corrosion risk.
Among them, the use of corrosion inhibitors has been considered as one of the most
effective solutions. In particular, phosphate-based inhibitors appear promising to protect
steel corrosion in concrete, due to their non-toxicity. However, only few authors have
investigated this treatment effects in order to elucidate their action mechanism and explain
their effectiveness. Previous study [7-10] indicates that inhibitors based phosphate slows
chloride ions diffusion and reduces the corrosion rate.

The aim of this work is to evaluate the efficiency of phosphate based inhibitor on the
corrosion behavior of reinforcing steels in mortar and immersed in sodium chloride
solution. In this context, the acoustic emission technique associated to electrochemical
measurements is used to monitor in-situ this phenomena.

1. Experiments
1.1 Materials and concrete mix
The specimens were a reinforced concrete cylinder with a diameter of 30 mm and a length

of 60 mm. Reinforcement was a rod (6 mm in diameter and 70 mm long), made of plain
carbon steel (C <0.22) (Fig. 1).
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Fig. 1. Test specimen

Before concrete casting, the electrodes are polished using a series of silicon carbide
emery papers of grade between 120 and 4000 under a fountain to remove surface defects.
The electrode surface area is only along the longitudinal direction, and is equal to 9.42 cm?.
Concrete specimens were made with ordinary Portland and standardized sand. The water
cement ratio (w/c) was equal to 0.5 and the cement sand ratio (s/c) to 0.3.

Two types of mortar were prepared; the first one is the reference mortar (blank
specimen) such as the mixing water does not contain phosphate inhibitor. For the second



one, the phosphate inhibitor was added to the mortar mixing water, at the content of 0.3
mol per 1Kg of cement. The produced paste is poured into a P\VC mold and then compacted
using a vibrating table during 60s. The carbon steel reinforcement is placed, afterwards,
into the mold according to its longitudinal axis. After casting, all specimens were dried in
air for 24h, and then cured in water for 7 days.

After curing days, the upper face of the cylinder is polished with a silicon carbide
paper (standard P180) to obtain a smooth surface giving a better contact interface with the
acoustic emission sensor.

1.2 Morphology and structure analysis

For SEM observation and EDS analysis, both types of mortars were prepared with the same
composition previously described, but using prismatic molds (40 x 40 x 160 mm).These
mortars were dried in air for 24h. Then, they were removed from the mold and stored for 28
days in a humid chamber (temperature of 23°C and relative humidity, RH, > 95%).

The mortars were split and then small portions of samples were analyzed by Scanning
Electron Microscopy (Philips XL20).

1.3 Electrochemical measurements

All tests were carried out in a three-electrode cell with a saturated calomel electrode (SCE)
as reference, a platinum electrode as auxiliary and the reinforcement steel in the mortar as
working electrode. The corrosion medium of this study is 3% NaCl solution.

In order to accelerate corrosion, anodic potential above the pitting potential
(1000mV/SCE) was maintained. Each specimen corresponds to several cycle series of
electrochemical measurements as following:

1 - Corrosion potential evolution until stabilization

2 - Polarization curves plot i = f (E)

3 -Anodic polarization at imposed potential (Imposea = 1000mV/SCE) during
12h.

The first series of measurements was carried out, before the anodic polarization
(denoted Cy). The second, Cy, is the first series of measurements carried out after the first
anodic polarization and C, is the second series of measurements recorded after the second
anodic polarization etc.

Open circuit potential (OCP) of the specimens were measured during 120 min in
immersion in chloride solution. The experimental parameters of potentiodynamic
polarization were carried out at a constant scan rate of 25mV/min.

The electrochemical measurements were performed made with a RADIOMETER
potentiostat/galvanostat using the VOLTALAB version 3.10 software.

1.4 Acoustic Emission

Acoustic emission was recorded in parallel with the polarization curves. Acoustic emission
instrumentation consisted in an acquisition card (MISTRAS), a preamplifier (EPA 1220-
gain 60 dB) and a WD piezoelectric sensor (frequency range from 100 to 1000 kHz). The
threshold applied for all AE measurements was 28 dB and the sample rate was fixed at 4
MHz with the Mistras software. All recorded signals can be characterized by acoustic
parameters as the amplitude; duration...The signals with counts number inferior to three
and/or duration inferior to 10 ps were filtered. The acoustic activity is the number of
detected AE signals. The energy is the integral of the squared amplitude over time of the



signal duration and is expressed in term of energy units (eu). One eu means 10™ V2,
corresponding to 10™® J with a reference resistor of 10 kQ.

2. Results and discussion
2.1 Morphological analysis

After 28 curing days in a humid chamber, mortar samples made up with and without
NasPO, inhibitor were cut and the inner part of each mortar was observed by Scanning
Electron Microscope (SEM).

The section observation of the reference mortar shows a high porosity of the mortar
(Fig. 2). The energy dispersive analysis (EDS) (Tab. 1) shows the presence of calcium,
silicon and aluminum. These elements are characteristic of usual cement hydrate (calcium
silicate, aluminates ..).

Fig. 2. SEM observation of reference mortar, after 28 days of curing.

Table 1. Composition (Wt. %) determined by EDS analysis of reference mortar, after 28 days of curing.

Elements @) Al Ca Fe Si
Wt. % 36.9 1.7 42.3 25 16.6

The SEM observation of the mortar containing NasPO, inhibitor (Fig.3) shows the
presence of rods dispersed over the entire surface, covering and blocking the most of pores.
The EDS analysis (Tab. 2) indicates that these sticks contain essentially phosphorus and
calcium elements.

Fig. 3. SEM observation of mortar containing phosphate inhibitor, after 28 days of curing.



Table 2. Composition (Wt. %) determined by EDS analysis of mortar containing phosphate inhibitor, after 28
days of curing.

Elements 0] Al Ca Fe p
Wit. % 225 1.7 555 1.2 19.2

2.2 Effect of NazPO, inhibitor on the corrosion behavior of the mortar reinforcement
2.2.1 Polarization curves

The cyclic polarization curves for reinforcing steels in mortar specimens respectively
without and with phosphate inhibitor are recorded after 2 hours of immersion in the
chloride sodium solution and during each cycle.

The cyclic polarization curves recorded during the first cycle measurement (Co) for
both types of samples are all typical of a system in a passive state (Fig. 4). Indeed, they are
characterized by a passivation plateau, a low anodic current density and an absence of
hysteresis loop. This behavior indicates that before steel polarization, the passive layer
previously formed on the steel surface prevents the corrosion initiation.

For the second cycle (C,) of the reference specimen tested, polarization curve shows
the absence of passivation plateau and the high corrosion current density characterize
generalized corrosion, which is typical of an active state. It seems that chloride content,
which reaches the reinforcement surface, has greatly exceeded the critical value of steel
depassivation. This leads to the corrosion propagation [13-15].

It is only beyond the second anodic polarization (Eimp, C, cycle) that the
electrochemical behavior of phosphate adjuvant system is typical of an active system. The
corrosion current density reaches 4.8pA/cm2. Chloride ions dissolved in the pore solution,
diffuse toward the reinforcement surface and then cause general depassivation. In this case,
the phosphate content becomes insufficient to protect the steel from corrosion.
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Fig. 4. Cyclic polarization curves for reinforcing steels in mortar specimens without (a) and with phosphate
inhibitor (b), recorded during each measurement cycle.

2.2.2 Acoustic emission measurements

The acoustic emission has been recorded in parallel with the polarization curves. During the
first polarization curve of the reinforcement (Co, cycle), almost no acoustic activity has been
detected for both types of samples. During the second polarization curve (Eimp, C1 cycle),
the acoustic activity is only detected with the reference mortar. This is after the second
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anodic polarization (Eimp, C, cycle), that the acoustic activity occurs for the mortar
containing NasPO,. These results are in agreement with those obtained by the
electrochemical tests.

Figure 5a and b show the acoustic activity evolution recorded respectively during the
C, cycle for the reference mortar, and the C, cycle for the mortar mixed with NazPO,. A
high acoustic activity was observed and various types of signals have been detected. The
evolution of the acoustic activity can be characterized by three stages.
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Fig. 5. Polarization curves and acoustic activity correlation for reinforcing steels in mortar specimens without
(a) and with phosphate inhibitor (b) recorded in the last cycle of each specimen.

During the first stage (zone 1), the current density progressively increases and the
acoustic activity is very low. This first period corresponds to the competition between the
passivation and depassivation of steel surface by local destruction of the passive layer
previously formed on the steel surface. Indeed, the depassivation of the metal are not
enough energetic to generate significant acoustic activity [11]. During this stage the signals
energy is particularly low (E < 9 e.u) (Fig. 6).

During the second stage (zone Il), a significant increase of acoustic activity was
observed, due to corrosion propagation. This phenomenon is correlated to the cyclic
polarization curve of the reinforcement, which shows an increase of the anodic current
density (Fig. 5). The diffusion of a high concentration of chloride ions into the in the mortar
leads to the destruction passive layer which causes an attack of the metal and the formation
of corrosion products on the surface sample. The presence of these massive corrosion
products applies a pressure on the mortar which causes its cracking and subsequently its
rupture. These phenomena are responsible for the largest increase of acoustic activity.
During this stage, the signals energy is much higher (up to 80 eu) than previously (Fig. 6).
Several studies have shown that the propagation of corrosion and crack initiation are
characterized by a sudden increase of acoustic activity [16, 17].

The acoustic emission signals recorded during this stage (zone I1) are much more
energetic than those recorded for the zone 1. Two types of signals can be distinguished:

- Signals peak frequency of about 130 KHz, characteristic to the formation of
corrosion products and bubbles gas release such as H, [18].

- Signals frequency peak from 160 to 200 kHz, is characteristic of micro-cracks
propagation [18].

Zone Il is characterized by a decrease of the current density and a slight increase of
acoustic activity.
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On the other hand, the acoustic activity evolution and the signals energy observed in
the case of mortar mixed by NazPO, inhibitor are significantly lower than that obtained
with the mortar without inhibitor. The comparison of these results for the mortar with or
without inhibitor demonstrates the protective behavior of the NazPO, inhibitor which
decreases the corrosion rate and thus limits the mortar rupture. Indeed, phosphates slowed
the chloride diffusion in the mortar and blocks the anodic sites by FePO, and Fe3(PO,),
precipitation when the armature corrosion is initiated [19].
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Fig. 6. Absolute energy for reinforcing steels in mortar specimens without (a) and with phosphate inhibitor
(b) recorded in the last cycle recorded in the last cycle of each specimen.

Conclusion

The influence of a phosphate based inhibitor on the corrosion behavior of steel
reinforcement in mortar immersed in 3%NaCl solution was investigated by electrochemical
measurements associated with acoustic emission technique, and completed by SEM
observations and EDS analysis. It appears that as, the phosphate content in the vicinity of
the reinforcement is high; the passive layer formed on the metal surface protects efficiently
the steel against localized corrosion. Indeed, the presence of this inhibitor in the concrete
pore solution restrains chloride diffusion to the reinforcement and blocks the anodic sites of
reinforcement by forming a stable compounds containing phosphates (FePO4, Fes (POy)2).
The concentration of CI™ ions causing the initiation of reinforcement localized corrosion of
the reinforcement increases compared to that usually considered in the literature (0.6.10°
mol / L). The correlation between acoustic activity and the polarization curves shows that
the AE can be an effective tool for monitoring the degradation of mortar reinforcement.
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