Study on inhibitors of rebar corrosion using
simulated pore solutions

Ahmed Elshami, Marta Choinska, Stéphanie Bonnet, lgrre
Mounanga, Abdelhafid Khelidj and Roger Coué

GeM, UMR CNRS 6183 - Research Institute of CngiEeering and Mechanics,
University of Nantes - IUT Saint- Nazaire, 58 Miehel Ange, BP 420, F-44606
Saint- Nazaire cedex, France

Ahmed.El-Shami@univ-nantes.fr ; Marta.Choinska@unaintes.fr ;
Stephanie.Bonnet@univ-nantes.fr ; Pierre.Mounangai@unantes.fr ;
Abdelhafid.Khelidj@univ-nantes.fr

RESUME . L’Entretien, la protection de Il'acier contre korrosion et le renforcement des

structures en béton ont pris ces derniers tempspaneimportante des activités de l'industrie

du béton dans les constructions en milieux mari@sla se reflete dans la présence
d’'innombrables inhibiteurs de corrosion disponibss le marché. Ce document présente un
travail réalisé dans ce sens au GeM, IUT de sairtdita. Le but de cet article est d'étudier

I'efficacité d'un nouveau inhibiteur a base de zihosphate (ZP) pour protéger les barres
d’acier doux contre la corrosion par des ions chi@ dans une solution simulant celle du

béton. Le comportement a la corrosion de l'acieréta a été évalué par le potentiel de
polarisation potentiodynamique et spectroscopiengdédance électrochimique et ceci dans
une solution alcaline avec et sans NaCl.. Les rémulbat démontré que les inhibiteurs de
nouvelles génération montrent une adsorption sweuidace de I'acier et offre une résistance
efficace contre la corrosion par rapport aux bargarmature en acier sans inhibiteurs.

ABSTRACT Maintenance, protection of steel from corrosiomdastrengthening of concrete
structures has become a very important part of slotivities of the concrete industry
especially built in marine environments. This ifleeted in the innumerable proprietary a
commercial corrosion inhibitor available in the nkat. Because the life cost of a repaired
structure is potentially very high. This paper mets information which Arose and carried
out at the GeM, IUT de saint Nazaire. The aim of ffaper is to explore the efficiency of a
new inhibitive pigment zinc-phosphate (ZP) obtaibhgdathodic electrochemical treatment,
to protect mild steel rebar against the corrosiop thloride ions in fresh pore concrete
simulating solutions. The corrosion behaviour ofitenl steel was assessed by open circuit
potential, potentiodynamic polarization and electiemical impedance spectroscopy.
Cathodically were tested experimentally in alkalimduon with and without NaCl by
electrochemical techniques. Results demonstrattile new inhibitors show an adsorption
on steel surface and provides an effective corrosésistance compared to mild steel rebar

MOTSCLES:INHIBITEUR DE CORROSIOMCIER EIS,SEM, POLARISATIONCHLORURE LA CORROSION ALCALINEBBETON
KEYWORDSCOORROSION INHIBITORSTEEL, EIS,SEM,POLARIZATION CHLORIDE, ALKALINE CORROSION.ONCRETE
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1. Introduction

Steel in concrete remains in the passive statdkalime solution but various
contaminants have a detrimental effect on passiitgong them, chloride ions are
the most common ones and localized corrosion trigygéhen chlorides reach the
metal surface (Valcarce and Va'zquez, 2008). Thee afscorrosion inhibitors is
probably more attractive from the point of view etonomics and ease of
application (Ergun et al. 2008). Reviews of the moemmonly used corrosion
inhibitor types and the various possible mechanighishibition have been recently
published (Fekry and Ameer, 2010; Altaf et al. 2010

The influence of the ions in depassivating tieelssurface even at high pH
levels can be seen as a function of the net balasiveeen two competing processes:
stabilization (and repair) of the film by ionsdadamage of the film by ions. For
this reason, many studies have been performedntb dut the best method of
preventing corrosion in reinforcing bars (Mannaakt2008). Among the possible
anti-corrosion methods, phosphated reinforcing bagsemployed to extend the life-
time of the rebars in concrete structures (Mannal.e2006). The literature shows
that the alkaline stability of phosphate coatingspehds on their chemical
composition and their crystal structure. These phate coatings are generally
composed of hopeite (4{#0,)..4H,O and phosphophyllite (ZRe(PQ),.4H,0).
The alkaline solubility of hopeite is higher thdrat of phosphophyllite (Ogle et al.
2003; Tomandl et al. 2004).

Thus, the alkaline solution dissolves firstly tleeating composed of
hopeite. Then, the dissolution reaction continué whe layers rich in iron and
mainly composed of phosphophyllite. There are felighed fundamental studies
concerning the alkaline stability of the phosphedating and particularly in Ga
saturated solution. The aim of this work is to depezinc phosphate coatings on
reinforcing bars to study its stability and cormysbehaviour in an alkaline solution.
Synthetic media, saturated in“Céons, were used to simulate the aqueous solution
existing in concrete pores at early stages andridelaons were added to simulate
degraded concrete. These tests in simulated cenpoge solutions are necessary to
understand the protection ability of the phosphedating, prior to its use on
reinforcing bars embedded in concrete.pages) atpadans les revues publiées par
Lavoisier. Le présent texte peut servir de mod&ler gous les articles composés
avec le logiciel word.

2. Materials and methods

2.1. Substrate and coating
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The rolled steel (with 0.42 wt. % C, a diamete8 mm) noted CS. was given the
following treatment. The steel samples dipping @fuson consist of 184 ml HCI
(33%), 2g hexamethylene tetramine the rest ¥® Hper litre during one minute.
Vinyl examination gloves were worn to prevent comitzation. Then rolled steel
rinsed several times with deionized water. Aftersing, samples are immersed in
solution containing 36 bathes per litre of the Soly at room temperature for 10
minute as showing in (table 1). The present stiglyotused on the only three
phosphates surface (noted A2, B4 and C7). Twoddejsaphite rectangle electrodes
(1 ecm * 2cm* 6cm) were placed on both sides ofrttilel steel substrate as counter
electrodes and calomel electrode as referencecagrghin (figure 1a,b). The pH of
the electrolyte solution was in the range 2. Cathaaectrochemical treatment
(CET) is performed at (around —1800 mV) (Simescd Hirissi, 2009). After the
cathodic process samples rinsed with deionisedrneaie dried in ambient air.

Bath composition

number

1 Reference bathl, HN@.9 ml /L), ZnO(13.7g/L), NiSEF6H,0(4.47g/L),
,H3PO,(23.3 ml /L), NaNQ(0.5g/L), NaGHsCOO(0.5g/L),
NasCsHs0,(0g/L),

Al Bathl+ HNQ(5.5 ml /L),

Bl Bathl+ HNQ(3.3 ml /L),

C1 Bath1+ HNQ(0.0 ml /L),

2 Reference bath2, HN@O ml /L), ZnO(15g/L), NiSQr6H20(1.27g/L),
,HsPO,(18 ml /L), NaNQ(0.5g/L), NaGHsCOO(0.5g/L),
NagCeHs0,(0g/L),

A2 Bath2+ HNQ(5.5 ml /L),

B2 Bath2+ HNQ(3.3 ml /L),

C2 Bath2+ HNQ(0.0 ml /L),

3 Reference bath3, HN®.O0 ml /L), ZnO(13.7g/L), NiS@6H,0(5g/L),
,H3PO,(30 ml /L), NaNQ(0.5g/L), NaGHsCOO(0.5g/L),
Nas,CsHs0,(20g/L),

A3 Bath3+ HNQ(10 ml /L),

B3 Bath3+ HNQ(5.5 ml /L),

C3 Bath3+ HNQ(3.3 ml /L),

4 Reference bath4, HN®.O0 ml /L), ZnO(13.7g/L), NiSE6H,0(20g/L),
,H3PO,(30 ml /L), NaNQ(0.5g/L), NaGHsCOO(0.5g/L),
NasCsHs0,(20g/L),

A4 Bath4+ NiSQ*6H,0(15g/L)

B4 Bath4+ NiSQ*6H,0(10g/L),

C4 Bath4+ NiSQ6H,0(5g/L),

5 Reference bath5, HN(.5 ml /L), ZnO(13.7g/L), NiS¢FsH,0(22g/L),
,H3PO,(23.3 ml /L), NaNQ(0.5g/L), NaGHsCOO(0.5g/L),
NasCeHs0,(0g/L),

A5 Bath5+ NiSQ*sH,0O(11.7g/L)
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B5 Bath5+ NiSQ*6H,0(1.27g/L)

C5 Bath5+ NiSQ6H,0(0g/L)

6 Reference bath6, HN(3.3 ml /L), ZnO(13.7g/L), NiSEF6H,0(4.47g/L),
,H3PO,(30 ml /L), NaNQ(0.5g/L), NaGHsCOO(0.5g/L),
Nas,CsHs0,(20g/L),

A6 Bath6+ NiSQ*6H20(1.27g/L)

B6 Bath6+ NiSQ*6H20(0.5g/L)

C6 Bath6+ NiSQ6H20(0.0g/L)

7 Reference bath7, HN@O ml /L), ZnO(10 g/L), NiS@6H,0(4.47g/L),

,HsPOy(18 ml /L), NaNQ(0.5g/L), NaGHsCOO(0.5g/L),
NasCsHsO+(1.5g/L),

A7 Bath 7+ NiS@*6H,0(3.27g/L)

B7 Bath 7+ NiS@6H,0(2.1g/L)

c7 Bath 7+ NiSQ*6H,0(0.0g/L)

8 Referencebath8,HN(®.5ml/L),ZnO(13.7g/L),NiSQ6H,0(1.27g/L),
H3PO,(23.3ml/L),NaNQ(0.5g/L),NaGHsCOO(0.5g/L),
NagCeHsO-(0g/L),

A8 Bath8+ HP(0,(20.3 ml /L),

B8 Bath8+ HP(y(11.5 ml /L),

C8 Bath8+ HPO,(4.5 ml /L),

9 Reference bath9, HN(.3 ml /L), ZnO(15g/L), NiS@6H,0(1.27g/L),
,H3PO,(23.3 ml /L), NaNO2(0.5g/L), NagEisCOO(0.5g/L),
NagCeHs0,(0g/L),

A9 Bath9+ HP(0,(20.3 ml /L),

B9 Bath9+ HP(Q,(11.5 ml /L),

C9 Bath8+ HPO,(4.5 ml /L),

Table 1. Composition of the phosphating bath

tec
Commier elee
—4 | — Graphie etectrode
= 'II Mald steel substrate
I

Figure.1. Cathode electrode treatment

2.2. Electrolytes

The A2, B4 and C7 in comparison with CS sampleevimmmersed in alkaline
solutions simulating the concrete interstitial &lelyte at ambient temperature
(Table 2). A saturated calcium hydroxide solutiotéd S1) has been used to
simulate the aqueous alkaline content of the ceacpore solutions, with an
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approximate pH of 12.7. To simulate the aqueous®lud a concrete contaminated
with chloride, 35 g/L NaCl was introduced in the &ilution to obtain an electrolyte
designated by S2. The pH of the solution contaieinigride was 12.5.

Solution | Ca(OH)(mol/L) | NaOH(mol/L) | KOH(mol/L)| NaCl(g/L)| PH

S Saturatiol 0.001 0.001 0 127

S2 Saturation 0.001 0.001 35 12.5

Table 2. Description of the various electrolytes used.
2.3. Electrochemical measurements

Different electrochemical techniques were used taluate the corrosion
behaviour of the A2, B4 and C7 in comparison witB €ample: open circuit
potential (noted Ecorr), potentiodynamic polariaati and electrochemical
impedance spectroscopy (EIS) measurements. iBas monitored during 6 days.
Polarization curves (I #E)) were plotted with a scan rate of 0.1 mV/s frd@0 to
1000 mV vs. E,, in the anodic direction. EIS measurements wereechiout at
corrosion potential with a frequency variation be¢w 100 kHz and 0.05 Hz and a
potential sine signal of 10 mV. Impedance data Vit using EC-Lab software.

2.4. Surface analysis

The morphology and the coating compositionsevetndied by scanning electron
microscopy (SEM) in secondary electron imaging §SEI

3. Results and discussion
3.1.Morphology and composition of the coating

The SEM observations show that the coating ispamt) well crystallized and
covers completely the steel surface of cauliflogigiure. 2a). The structure is, in a
few small areas, characterized by nodules and @ with higher sizes (up to 20
um, figure. 2b), which have lamellar shapes witlesigup to 1Qum, figure. 2d). The
nodules are uniformly mixed with the sand roseseyThlso present many pores
formed by the dihydrogen bubbles released duriagtfating elaboration.
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2m' EHT=2500W  SigralA=SE1 Crambre = 1.316.003 Pa
WD=90mm  Gand.= 500KX

ENT1500N SigalAsSEL Chankre= 1066003 P 104m EHT= 1500 SrlA=SEI Cranbre=237e004Pa
Wo=100mn  Gand= 500X — WD=100mm  Gand.= 200KX

(a) A2 (b) B4 (c) C7
Figure 2. SEM micrographs of mild steel coated surface: dadliflower, (b)
nodules and sand roses and (c) Shiny spots of seeds

3.2. Corrosion behaviour

3.2.1. Alkaline medium and neutral solution
3.2.1.1. Corrosion potential evolution

For the coated steel, more cathodic potentales are observed with an
increase up to -500 mV/SCE, (Table 3) after 6 dafysmmersion. Zinc is an
amphoteric metal, stable over a wide range of pHL265). At a pH above 12.5, zinc
dissolution and hydrogen evolution produce a caatirs dissolution of the metal.
This is possible because the nodules are uniformiked with the sand roses and
this distribution gives for A2, B4 and C7 in comigan with CS sample a similar
behaviour to that of galvanized steel. For the Istathout coating in alkaline
medium contaminated by chloridg g of CS decreases (Table 3) to -220 mV/SCE
after 6 days of immersion. For the coated steebriEof A2, B4 and C7 decreases
from -673 and stabilizes after 6 days at a valug3-82nW/SCE. This evolution
corresponds to an active state of the steel. Theosion probability of rebars
embedded in concrete is less than 10% when thepogshtial is above -120 mV
(SCE) and it is more than 90% when the rest pakidi below -276 mV (SCE)
(ASTM C876).

3.2.1.2. EIS measurements.

A proposed R(QR) electric equivalent circuir fnon treated steel given in
(figure. 3a) where Re corresponds to the elecotgsistance, while JSand Rt
present the double layer capacitance and the chaegesfer resistance of the
steel/solution interface. The proposed electrigvadent circuit for steel treated with
inhibitors is given in (figure 3b) whererGnd R represent the capacitance and
resistance of the inhibitor film. The EIS experirtseffor steel treated in alkaline
solution at different concentrations of zinc phaaghcompound were shown in
(figure. 4).
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a. Equivalent circuit used for non treated steel
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b. Equivalent circuit used for steel treated withibitors.
Figure 3. Equivalent circuit used for modelling the EIS data
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Figure 4. Nyquist plots for steel treated at different cortcations of zinc
phosphate compound

Figure 4 showing main conclusion for all typedndfibitors were drawn to present
the three inhibitors show a passive layer on sarfaicsteel: A2 and B4 have the
lowest corrosion rate, however, C7 always has lowggrosion rate than CS. The
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order of inhibition is: C7 >B4 > A2 >CS according the values of EIS. For Icorr
the order of inhibition from high to weak is: CS 24 B4 >C7.

For non-treated-steel, the Nyquist plots drel Bode diagrams are presented in
(figure. 5a,b).The electrical parameters (Cdl,Ri)amed through fitting EIS data,
using the electric equivalent circuit R(QR), atdd in (table 3). For coated steel,
the double layer capacitance; & 2.5 uF/cnf shows that a small part Rt of the
coated steel surface is involved in the electroébainreactions at steel/solution
interface (Simescu and Idrissi, 2009).The chlormlesence in S2 (figure. 5b)
solution gives simultaneously a competition betweaba formation and local
destruction of the film obtained by the slow cogtidissolution. This classical
corrosion mechanism leads to the diminution of IRt 8o the increase of the double
layer capacitance 4 this evolution corresponds to the electrolytdudibn into the
coating pores.

100

——CS  —— b2

——B4 =07 s0
600

Phase fDegree

2

~Im(Z) Kohm cm

o
LOE-02 LOEHID 10EH)Z 1 0EH4 10EH6 - o0 Log (Frequency) (Ha)
Log (Frequency) (Hz)

~Im(Z)/Kohu. crt

- ¥ —B4 —o-C7

Re(Z)Kolun.cm® ) Re(Z)Kohum.cxn®
(a) Alkaline solutions S1 (lkaline solutions with 35 g/L NaCl

Figure 5. Bode and Nyquist plots for steel without treatinand with compound
A2,B4and C7 after 6 days of immersion in a) S1n82

3.2.1.3. Polarization curves.

Figure. 6a, b shows the polarization curveA2fB4 and C7 with CS specimens
after 6 days of immersion in S1 solution. For icaatue, it was found to decrease so
slightly till 0.3 pA/cm2 then increases till, 0.9,Qu&/cm? for A2 and B4 to exhibits
lower passive current density than CS @2cm? This means that A2 has the lowest
corrosion rate at 0i9/cm2 and B4 at, 0;6A/cm?, however, C7 as zinc phosphate
coating always has lower corrosion rate than comgdiS (Table 3). According to
RILEM studies (Andrade et al. 2004), 4 ranges ofr@gion activity can be
distinguished from negligible, to weak, to modersaed up to high, the
corresponding thresholds being 0.1, 0.5 apd\tm?2. It can be concluded that A2,
B4 and C7 in C4 saturated solution presents higher stability t8&nhand that zinc
phosphate coating offers an extra corrosion resistato CS after 6 days of
immersion.
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Sample Ecorr [ corr Rf Rt CdI Epit
(MV/SCE) | (nAlem?) | (kQ.crf) | (kQ.cnf) | (uF/enf) | (mV/SCE)

Cs -220 3.28 - 106 44.8 404

A2 -673 0.92 0.226 263 1.81 504

1.4126 -393 0.57 0.462 489 1.06 630

Cc7 -383 0.39 1.292 587 0.24 640

Table 3.Corrosion potential, current density and pittingteotial for CS and A2,B4
and C7 specimens after 6 days of immersion in §iic0.

o 0
-2
-2
N
5 4 B 4
I 2
(S S 5.
g6 =
-8 | L2 8-
-10 : : : ‘ ‘ -10
-1600 -1200 -800 -400 O 400 800 -1600 -1200 -800 -400 O 400 800
E(MV/SCE) E(mV/SCE)
(a) Alkaline solutions S1 (31 admixed with 35 g/L NacCl

Figure 6. Polarization curves for CS and A2, B4&C7 after §slaf immersion in S2.

Higher significant potential shift is observeetween the coated and the uncoated
steels in solution S2. The increase of the passiveent density with the modified
pitting potential from 404 to-482 mV/SCE (for CSespnen) and from 640 to -185
mV/SCE (for A2, B4&C7) was observed. The drop ofattes of the current density
at corrosion potential of A2, B4&C7 with respectthe CS shows the beneficial role
of the zinc phosphate coating obtained by CET. fie&asured current density (at
corrosion potential) reaches a reproducible vafu4duA/cm? (Table 4).

Sample Ecorr icorr Rf Rt CdI Epit
(MV/SCE) | (uAlcm?) | (kQ.cnf) | (kQ.cnf) | (uF/cnT) | (mV/SCE)

Cs -1162 13.32 - 9.5 70.01 -482

A2 -729 2.38 1.067 26 67.6 -282

B4 -419 121 1.200 66 29.6 -266

C7 -353 0.43 8.000 97 9.6 -185

Table 4.Corrosion potential, current density and pittingteotial for CS and A2,B4
and C7 specimens after 6 days of immersion in &2ico0.
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4. Conclusion

- New protective coatings have been developgdathodic electrochemical
treatment (CET) on reinforcing bars to preventdsosion in concrete.

- In alkaline solution with or without chlogdthe phosphated mild steel sample
is more resistant than mild steel alone. The nwdtainc, in the presence of calcium,
forms a complex hydroxyzincate that is followed thy precipitation of calcium
hydroxyzincate (Ca(Zn (OH),.2H,0O)causing passivation of steel in concrete. Thus,
a dense and protective layer is formed.

- With a chloride ions solution, at very high coneatibns exceeding the chloride
threshold tolerated for the start of steel cornodio alkaline media ([CI-]/[OH-] >
0.6), the calcium hydroxyzincate film formed bysthreatment contributes to the
decrease of chloride aggressiveness and provideffeutive protection against the
corrosion of steel reinforcements.
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