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Abstract

A pre-treatment of steel reinforcement in mortaraby2 hours immersion in 0.1 M phenyl-
phosphonic acid (§HsP(O)(OH); PPA) was investigated. Then effectiveness of this
procedure for protection against the corrosionteélsbars embedded in pre- or post-addition
of sodium chloride mortar was evaluated by elettengical impedance spectroscopy, visual
inspection, SEM, and EDS analyses.

The results showed that for non-treated steelseieinent, the charge transfer resistafge (
decreases considerably with time indicating a vadyanced state of corrosion after 54
months corrosion test. In contrast, for pre-treadggkl rebar, this resistance remains high
reflecting the effectiveness of the pre-treatmeathod against corrosion. The corrosion rate
evaluated from the charge transfer resistance ah&4ths corrosion in chloride containing

medium was 0.5 pm year

Key words: Pre-treatment, Phenylphosphonic acid, Mortar, Ebetiemical Impedance
Spectroscopy, Sodium chloride.
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1 Introduction

The high alkalinity of the concrete ensures chehpoatection by the formation of protective
passive layer on the reinforcements. However, m phesence of water, of oxygen, and
various aggressive agents such as chlorides amdrcaioxide, this film will be damaged.
Corrosion process thus starts, and as consequence® hand the formation of expansive
corrosion products leading to the loss of adheréndbe concrete, and on the one hand, the
reduction of the steel reinforcements sectiongsilting in a loss of mechanical resistance.
The former will involve the cracking of the con@eind will accelerate thus the process of
corrosion by facilitating the diffusion of oxygendathe corrosive species.

Several methods are used to mitigate the corrosibect of the reinforcements in the
concrete; they include cathodic protection [1], ail&t, inorganic, or organic coatings, and
addition of inhibitors to the freshly mixed con@dike additives [2] as preventive methods,
or by surface impregnation on hardened concretag3jurative application.

The calcium nitrites as additives in the concretes wroposed as the first inhibitors [4], and
revealed a significant decrease of the corrosite oh the steel reinforcements. However,
their toxicity led several researchers to propdaberinhibitors innocuous and friendly to the
environments [5].

The use of the phosphates (R@sF[6-9], NaPO, [10-13]), recognized not toxic, gave
promising results. They indeed showed, a remarkalfffiectiveness in alkaline medium
simulating the interstitial solution of the coneeHowever, its efficiency is partially lost in
concrete [12]. The loss of efficiency of these coompds when added to fresh concrete is
attributed to the reaction with Ca formings(RRO»), that precipitates in the pores reducing the
content of soluble P{J in the pore solution able to actuate as inhibitsr,happens with

NaPOsF [6-9].



Phosphonates are molecules that contain one or mareps R-PO(OH) Their good
chemical stability and solubility in water make piide their use in oil production, in the
formulation of detergents, and in the inhibitioncgirrosion and scale formation [14]. Among
all these properties, their ability to form stracmmplexes with metals plays a very important
role in the rate of transports of these compoundke environment.

The use of phosphonic acids to protect carbon sigehst corrosion was studies by various
work [15-24]. In part | of the present paper [2Blteyeb et al. reported the viability of the
pre-treatment of carbon steel in phenylphosphogid golution, against the corrosion in
alkaline chloride solution. Moreover, they showbdttthe protective film formed by the pre-
treatment procedure is stable in air. In this paperthors will investigate the long-term
effectiveness of the pre-treatment against theos@mn of reinforcement steel when embedded
in mortars, especially by Electrochemical Impeda@pectroscopy (EIS) because this method
is considered as no-invasive. Indeed, in the lastides, several authors have studied the
reinforcement corrosion activity in concrete byd&techemical Impedance Spectroscopy [26-

29].

2 Experimental conditions

2.1 Mortar specimens

For this study, to ensure uniform distribution ¢éatric field, cylindrical mortar specimens,

70 mm in height and 46 mm in diameter, were prapafFbe overall aspect and the dimension
of mortar specimen are presented in Fig. 1. Theaneras fabricated with Ordinary Portland

Cement (OPC). A cement/sand (c/s) ratio of 1/3watkr/cement (w/c) ratio of 1/2 was used
[30, 31]. The steel reinforcement was set at thatreeof the mortar cylinder. The steel

reinforcement was made of a plain carbon steebfd@mm in diameter and 70 mm in length.

The bars were chemically cleaned, then rinsed wadatone and distilled water. The test



specimens were prepared with non-treated steelrgetad with steel rebars treated by
continuous immersion in 0.1 M Phenylphosphonic #idA) solution during 72 hours.

<Fig. 1>

Each rebar had a protruding part in the specime&nefectrical connection. To minimize
differential aeration and also to determine theoseg area, the top and bottom parts of the
rebar were covered with an insulating tape. Thesuppart, that is, the cover mortar thickness
was 2 cm. The length of rebar exposed to the magrof 3 cm in length thus having an area
of 5.7 cnf. The specimens were cured in a humidity box a#d&MH and 20 + 2 °C for 7 days
before any experiments. Three replica measuremesTis carried out for each series to check
the reproducibility of results.
Mortar tests were divided into two groups:
2.1.1 Group I
In this group, 1 % NaCl by weight of cement was eatido the mixing water. These
specimens were prepared with untreated steel relpefsrence specimens) or with steel
rebars treated as indicated above. This group llsdcaerby as “pre-chlorinated mortar”.
Between two collections of impedance spectra, tlogtan samples were left in a humidity
box. Fig. 2 illustrates the humidity box used fdre tageing of pre-chlorinated mortar
specimens. The specimens were set on a perfor&sticpplate and the water filled in the
bottom of the box to insure the humidity in thehtly covered plastic box.

<Fig. 2>

2.1.2 Group I

Mortar specimens without chloride were preparedhwittreated or treated steel bars. After a
curing period, the samples were submitted to atéra cycles of immersion and emersion, (2
days drying and 1-day immersion in 0.5 M NaCl solut thus 3 days for one cycle). This

system will be called “post-chlorinated mortar”.



For the former group, the aggressive chloride mese present initially by adding NaCl in
the mortar whereas for the second group, the ddoions were brought by immersion in
NaCl solution. The alternative cycles between insizer and emersion enhanced the

penetration of chloride ions inside the mortar matr

2.2 Electrochemical measurements
The experiments were performed to follow the tirharge of the electrochemical impedance
spectrum. Fig. 3 shows the electrochemical cetilayised for these measurements.

<Fig. 3>

The electrochemical impedance spectra (EIS) wetkeated with a Gamry potentiostat
(model PC4/300) using a 10mVrms ac-signal at thenogircuit corrosion potentiaEfc)
from 100 kHz to 10 mHz with 5 points per decade.

The saturated calomel electrode (SCE) was useef@®nce and in fixed at the upper part of
the mortar cylinder. The electrical contact to thertar that consists of the electrolyte was
ensured with a tiny wet synthetic sponge. The cauelectrode was stainless steel wire of 0.5
mm in diameter surrounding the lateral part of thertar cylinder. A wet synthetic sponge
surrounding the lateral part of mortar cylinder @sdottom allows also the electrical contact
with the counter electrode and also avoids thendrgf mortar specimens during impedance
measurements. After these measurements, the mepteimens were transferred to a

humidity box or an immersion — emersion cell fag tiext impedance measurements.

2.3 Characterization of steel-mortar interface

At the end of the test, specimens were broken hedutrface state of steel and mortar were
examined visually.

This examination made possible the characterizaifotine corrosion pattern. The corrosion
products and steel-mortar interface were then aedlyith Energy Dispersive Spectrometry

(EDS) coupled with Scanning Electron Microscopy MBEFirst, visual inspection gives a
5



global overview of the interface between steel mwdtar. By using SEM with EDS analyses

chemical composition of the corrosion products lbametermined.

3 Resultsand discussion
3.1 Electrochemical Impedance Spectroscopy (EIS)

3.1.1 Pre-chlorinated mortar

The variation of electrochemical impedance spg&lt8) with ageing period at 1, 3, 9, and 54
months for untreated specimens is presented irMdFig.

<Fig. 4>

In the absence of pre-treatment (Fig. 4), all @f ilmpedance spectra are formed of a single
capacitive loop. A decrease in the value of thaltohpedance, with respect to the ageing
time in humidity box was observed reflecting anedertion of the corrosion.

The experimental diagrams were modelled using amivalgnt electric circuit, which
comprises an electrolyte resistan&g),(a charge transfer resistané®) (n parallel with the
capacitancey) relative to the double layer as illustrated ig.F. The impedance modulus
remains almost constant in high frequency domaieredis a small increase of phase shift
was observed for the frequencies above several Bzomparison with treated specimen
(Figs. 5 and 7), this behaviour was allocated o rtiortar phase itself [32], and not to the
steel reinforcement. A depressed feature of theedapce diagram in Nyquist plot was
expressed by a Cole-Cole type distribution of tooastant:

R
1+ (j (R, ()

Z=Re+ 1)

The variablex is a coefficient reproducing a depressed feature.
For the regression calculation however, a paratbeihexion of R and C circuit was added in

series for the mortar phase behaviour. The impedaheery high frequency domain was not



analysed in this paper because this part doesamatecn the characterization of corrosion
behaviour of reinforcement steel.

With pre-treated steel rebar (Fig. 5), the appe=af another loop in higher frequencies is
observed. Its capacitance values is in the ordesewéral nF cif, and thus attributed to a
surface film formed by the pre-treatment. To méet hew feature, the impedance spectra
were modelled with an electrical circuit with tweerarchical connections & andC circuits

as illustrated in the right hand. The experimeatad calculated spectra overlaps well in the
whole frequency domain, thus corroborates the aatgqaf the equivalent circuit adopted.

<Fig. 5>

Fig. 6 shows the evolution of the equivalent cir@lémentdR; andCy for untreated and pre-
treated reinforcement steel. In the absence otrpegment, the charge transfer resistaRce
(Fig. 6a) is high at the beginning of the test.sTban be explained by the formation of a
passive film on the metal surface due to the higalimity of the medium (the pH of the
mortar pore solution is in the order of 13). Howew decreased then significantly with
ageing time and simultaneoustyy increased. These variations can be explained by an
increase of the active surface area induced bgdhesion.

In the presence of pre-treatment, it appears beatharge transfer resistariRes more than
two times greater at the beginning, and then ipgedmost constant during 15 months, then it
decreases with ageing time. At 54 months agdugalue is still greater than that obtained at
the beginning of untreated specimen. This can h@a&ed, probably, by the reaction of
phosphate film formed on steel rebar surface watlsiom of mortar. A higher value & all
through this experiments, shows the effectivendsthe pre-treatment against corrosion of
steel rebars embedded in chlorinated mortar.

<Fig. 6>



3.1.2 Post-chlorinated mortar

Fig. 7 presents the impedance spectra obtained Bfte, 9 and 54 months in immersion -
emersion cycles of reinforced mortar specimens miatleuntreated steel rebars. No chloride
was added in the mortar at the preparation (Grauput chloride ions were brought by
immersion-emersion cycles.

<Fig. 7>

In these diagrams, two capacitive loops can berebdeHowever, we note:

* A marked decrease of the high frequency loop beybmbnths.

» The diameter of the low frequency loop decreaseld ageing time.

The capacitive loop observed at high frequency doewas allocated to the mortar behaviour
as it was the case for untreated rebars embeddbd pre-chlorinated mortar (Fig. 4).

With the pre-treated rebars (Fig. 8), two capaeilvops were observed, as it was the case
with pre-chlorinated mortar. With pre-chlorinate@mar, the high frequency capacitive loop
was observed even up toseonth, in contrast this loop was vanished at Satimageing in
alternative immersion — emersion cycles. As fordbeosion test method, the post-chlorinate
mortar by immersion - emersion ageing can be censtl more aggressive, since the
protective film seems to be disappeared in a shaest period compared with the pre-
chlorinated mortar at 1 % NaCl.

<Fig. 8>

Figure 9 depicts the time changeRfandCy under immersion - emersion cycles without or
with pre-treatment. The features of these variatire similar to that shown in Fig. 6.

As for theR: change, as can be seen in Fig. 9a, for untreétetl rebars, it decrease steeply
with ageing period. It decayed to ca. one fifttDanonth corrosion test. For the pre-treated
specimens, the impedance modulus is much highteedieginning, almost twice as high, and
decreases much slowly as it was observed for gagtohted mortar. After 31 months

exposure in the post-chlorinated morfargdecreases by less than 10 %.



<Fig. 9>
For untreated steel rebars, the double layer cepea (Fig. 9b) increases steeply for the first

ten months then it increases much slowly. The dse® ofR and the increase &y are
closely correlated, and may be explained by thememgation of the active surface area
induced by the corrosion process as this is the @asthe pre-chlorinated mortar. For pre-
treated specimens, the double layer capacitansinitar at the early stage of corrosion test,
but increases much slowly. The pre-treatment is thund to be very efficient.

These results showed clearly that the protectlae fiormed on the steel rebars surface by pre-
treatment in 0.1 M PPA constitutes an efficientriearagainst the invasion of aggressive ions
(CI") as well for pre-chlorinated as post-chlorinateattars.

For pre-treated rebars for both mortar systeRnsas ca. 800® cnt at the end of the ageing
tests. By using Stern — Geary relationship [33hvitis coefficient equal 0.052 V [34] and the
dissolution valence of three, since the steel regthin the passive state, one gets the loss of
steel thickness equal to 0.5 pm ykhy considering the generalized corrosion. Thisazion

rate is sufficiently small to ensure the durabibfythe concrete structure.

3.2 Characterization of corrosion pattern

At the end of each test, the reinforced mortar ispeic was broken. It is important to notice

that the top and the bottom of steel rebars covbyenhsulating tape are not suffered of the
corrosion. Its protection, as often reported in litexature, is easy to apply and sufficiently

efficient. The surface state of the steel rebar thvas observed first visually then by SEM and
analysed by EDS. From visual inspection (Fig. 1@adppears that, in the absence of pre-
treatment, the steel surface exhibited a markedosion pattern. That is, in the case of
untreated steel rebar, there is a formation of prarective corrosion products through two

main stages according to the literature. In a #itsfp, transient products, called green rust,

should be formed [35, 36]. Then, in the absenceoxjfgen, they may transform into

9



magnetite. However, in most cases, oxygen is ptesed these products become FeOOH
(lepidocrocite, akageneite, etc.). This proceseegmvell with the observation, which shows
that corrosion products of iron in chlorinated eamment include Fé and F&" [37-39]. The
EDS analyses show the presence of the iron elemaitly as attested by SEM and EDS
analysis (Fig. 11).

<Fig. 10>
<Fig. 11>

The specimens with pre-treated steel, in contchdtpot show any degraded areas visible by
the naked eye (Fig. 10b and 10c) and the surfanained bright metallic aspect as prepared
by chemical cleaning. Thus, we can conclude thatsfrecimens with pre-treated steel rebar
provided a good protection to the embedded steshatycorrosion. SEM picture shows the
presence of a protective film. From EDS analyseappears the presence of the phosphor
element (Fig. 12 and 13), but with a small amotihts can be explained partly by its reaction
with calcium to form a complex as &£BOy), and also partly by the fact that surface film
obtained by pre-treatment was too thin to be arealyguantitatively.

<Fig. 12>
<Fig. 13>

4 Conclusion

The aim of the present investigation was to evalube long-term efficiency of the pre-

treatment of steel rebars, by immersion in 0.1M P#hution during 72 hours, against the
corrosion in pre-chlorinated and post-chlorinatemttar,.

The electrochemical impedance spectroscopy forl stdmars embedded in pre- or post-
chlorinated mortar showed that corrosion resistaieeeained high even after 4.5 years of
ageing in immersion — emersion cycles in 0.5 M Na@ution. The surface film formed on

the steel rebar surface during the pre-treatmdatspan efficient barrier layer against the

aggression of chloride ions, and offers a noticeatitigation against corrosion.
10



The visual inspection and SEM pictures corrobotiase results.
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FIGURE CAPTIONS:

1. Photograph of the reinforced mortar test ecspens employed

(a) overall view (b) the dimension
2: Humidity box in plastic vat for ageing afpchlorinated mortar specimens
3. Electrochemical cell layout for electrochieahimpedance spectroscopy measurements

4: Evolution of the electrochemical impedarspectra with respect to ageing time of

untreated steel rebar embedded in pre-chlorinatathm Ageing in a humidity box.

5: Time evolution of the electrochemical impade spectra of pre-treated steel rebars in
0.1M GHsPOsH,; embedded in pre-chlorinated mortar spectra(c/s3z W/c = %2, 1%
NacCl). Ageing in a humidity box.

6: Time dependence of charge transfer resisté (A) and double layer capacitancg,
(B) of steel rebars without and with treatment befembedding in the pre-chlorinated
mortar. Between two impedance measurements, théamgpecimens were left in a

humidity box.

7: Evolution of the impedance spectra of watied steel rebars embedded in post-
chlorinated mortar (c / s = 1/3, e / ¢ = ¥2). Agelmgalternative immersion - emersion

cycles: 1 day immersion in 0.5 M NaCl solution &hdays drying in ambient air.

8: Evolution of the electrochemical impedarspectra with ageing time of pre-treated
steel rebars embedded in post-chlorinated mortgeiny by immersion - emersion

cycles.

9: Time variation of the charge transfer resise, R (A) and the double layer
capacitance, &£ (B) of untreated and pre-treated steel rebars wébpect to the

immersion / drying ageing period with post-chlotedmortar.

10: surface state of steel rebars after 54thsoageing by immersion — drying cycles in
0.5 M NacCl (a) without pre-treatment (b) with pregtment for Group | and (c) with

pre-treatment for Group |I.

11: Characterization of non-treated steel/arariterface by SEM and surface analysis by
EDS.



Fig. 12: Characterization of pre-treated steel/arariterface by SEM and surface analysis by
EDS for specimens of Group I.

Fig. 13: Characterization of pre-treated steel/arariterface by SEM and surface analysis by
EDS for specimens of Group Il
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