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The corrosion behaviour of hybrid organic-inorganic coatings applied on carbon steel embedded in car-
bonated ordinary Portland cement (OPC) and alkali-activated fly ash (AAFA) mortars and immersed in a
3 wt.% NaCl solution was evaluated using electrochemical methods. The sol-gel coatings were prepared
by condensation and polymerization of TEOS/MPTS, TEOS/MTES, TMOS/MPTS and TMOS/MTES mixtures
with a molar ratio of 1.0 and deposited by dip-coating on the carbon steel substrates. The coated steels
embedded in AAFA mortar presented higher corrosion potential and lower corrosion current density
values than those embedded in OPC mortar, indicating that the coatings were more efficient in pre-
venting corrosion of the rebars in this environment. Hybrid coatings synthesized with TEOS/MTES and
TMOS/MTES mixtures showed the longest permanence of steel in the passive state when covering rebars
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Carbonation embedded in carbonated AAFA mortar. This enhancement of protection may be due to the denser and
Chloride more compact structure of sol-gel coatings and their greater adhesion to the metallic surface. The study

Electrochemical techniques also considered uncoated steel specimens embedded in OPC and AAFA mortars for comparative purposes.
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1. Introduction

Concrete is the most widely used construction material in the
world with an estimated current consumption of 1 m? per person
per year [1]. The cement industry is regarded to be responsible for
up to 6-7% of all greenhouse gases emitted world-wide, produc-
ing 0.85-1.0t of carbon dioxide (CO,) per ton of cement. This is
mainly a consequence of the calcination of limestone, one of the key
ingredients of Portland clinker, which involves the formation and
release of CO, and high energy consumption during the heating of
raw materials in a rotating kiln [1]. Thus the construction industry
is very interested in the development of new cementitious binders
as an alternative to ordinary Portland cement (OPC).

One of the most promising alternatives is the use of clinker-free
cements, known as alkali-activated cements, which are based on
wastes and industrial by-products and are produced by the chemi-
cal reaction of a poorly crystalline precursor with a highly alkaline
solution to form a hardened solid [2]. One of the most widely used
precursors for production of alkali-activated cements is fly ash
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(FA) from the combustion of coal in thermal power stations [3].
Alkali-activated FA (AAFA) has been extensively studied over the
past decades [4-7], and its mechanical and durability properties
have been seen to be strongly dependent on the type of FA [8] and
activating conditions used [9].

Several studies have reported that carbon steel reinforcements
are compatible with AAFA mortar [10,11], showing lower corro-
sion rates than those recorded in OPC mortar. Reinforcing carbon
steel embedded in carbonated AAFA mortar specimens partially
immersed in a water solution containing 1% (by binder weight)
sodium chloride (NaCl) has shown one order of magnitude higher
linear polarization resistance (LPR) values than those measured for
OPC mortar [10]. The resulting corrosion current density (icorr) Was
about 0.9 and 0.2-0.5 wA cm~2 for OPC and AAFA mortars, respec-
tively, indicating lower corrosion rates in alternative cementitious
materials based solely on AAFA. Consistent results have been found
in naturally carbonated AAFA concretes, where long-term electro-
chemical testing showed that the high alkalinity of these systems
promoted passivation of the steel rebar during the first 200 days
after casting [12]. In the case of alkali-activated concretes based
on low-Ca FA, the corrosion potential (Ecorr) Values were within
the range of minimal corrosion risk, while higher-Ca FA-based con-
cretes yielded Ecorr values within the range of high risk of corrosion
of the steel rebars.
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Corrosion of reinforcing steel is one of the main causes of the
premature failure of reinforced concrete structures (RCS). The pas-
sivity of reinforcing steel in concrete is often attributed to the
formation on its surface of a thin passive film whose growth and
stability is dependent on the high pH of the surrounding concrete
[13,14]. The onset of corrosion in RCS can be accelerated by the
presence of chloride ions or CO,. When chloride ions reach the
metal/concrete interface they produce pits on the steel surface and
localized corrosion takes place [ 15], while in the presence of CO, the
passive film may be destroyed when CO, reacts with the hydrated
cement matrix and lowers the pH (below 9), leading to generalized
corrosion attack [16].

Corrosion protection of RCS is often achieved by adding corro-
sion inhibitors to the concrete, using high performance concrete
mixtures, protective coatings, stainless steel rebars, or applying
cathodic protection (CP) systems. Of these methods, the use of
protective coatings is most attractive because of their low cost com-
pared to other systems such as CP or the use of galvanized steel or
stainless steel [17,18].

In recent years the sol-gel process has proven to be a useful
method for obtaining protective coatings on a wide variety of mate-
rials such as glass [19], ceramics [20], organic materials [21], and
metals like copper [22], aluminium and its alloys [23], stainless
steel [24] and carbon steel [25]. The sol-gel process is a chem-
ical route based on the hydrolysis of various alkoxides to form
the respective silanols [26-28], followed by a condensation reac-
tion between the silanols or the silanols and alkoxides. The sol-gel
process involves the evolution of inorganic networks through the
formation of a colloidal suspension (sol) and gelation of the sol to
form a network in a continuous liquid phase (gel) [29]. The pre-
cursors for the synthesis of such colloids are metal or metalloid
elements surrounded by various reactive ligands. Metal alkoxides
are often used because of their high reactivity with water. The most
widely used alkoxides are alkoxysilanes such as tetraethyl orthosil-
icate (TEOS). There are also other alkoxysilane precursors modified
with a polymerizable group, such as epoxy, methacrylic or acrylic
organofunctional species, and a common compound with polymer-
izable organic groups is 3-methacryloxy-propyl-trimethoxysilane
(MPTS). The main advantages of this process are the low produc-
tion cost, high efficiency, good adherence to the substrate, low
processing temperature, high homogeneity of the final product
and resistance against corrosion and oxidation, homogeneity of the
treated surfaces, and high mechanical and chemical resistance.

Depending on their nature, protective sol-gel coatings can be
inorganic (when prepared from metal alkoxide precursors) [30] or
hybrid organic-inorganic (obtained by including organic groups in
the inorganic network to obtain thicker layers and/or flexible films)
[31]. Organic-inorganic hybrid materials have attracted particular
interest in the microelectronics and optics industries because of
their molecular homogeneity, transparency, flexibility, rigidity and
durability [27].

In recent studies [32,33] the authors have evaluated the thick-
ness and composition of four types of hybrid organic-inorganic
coatings produced with TEOS, MPTS, methyl-triethoxysilane
(MTES) and tetramethyl orthosilicate (TMOS) at various molar
ratios and analysed their corrosion behaviour when deposited on
steel rebars immersed in a simulated concrete pore (SCP) solution
contaminated with chloride or in a carbonated synthetic solu-
tion simulating the carbonated concrete pore (SCCP) solution. The
results show that all the considered organic-inorganic coatings
improve the corrosion resistance of carbon steel when exposed
to both aggressive media, though their effectiveness is strongly
dependent on the nature of the organic reagents used.

In the present study the protective properties of hybrid organic-
inorganic coatings prepared via sol-gel with a molar ratio of
1.0 and deposited on carbon steels are assessed using LPR and

Table 1
Chemical composition (% in mass) and Blaine finesses of the tested ordinary Portland
cement (OPC) and fly ash (FA).

OPC FA

LOI 3.28 6.76
IR 1.04 1.96
SiO, 21.13 46.32
Al,03 416 31.01
Fe,03 3.80 4.50
Cao 63.94 4.90
MnO 0.01 0.05
Na,0 0.25 0.34
K,0 0.74 134
MgO 0.13 1.29
SO3 3.06 0.91
Sireact - 36.4
Free CaO 1.28 -
Blaine (m? kg~ 1) 386.7 336

LOI=Loss on Ignition, IR =Insoluble Residue.

electrochemical impedance spectroscopy (EIS) methods. The
coated rebars were embedded in carbonated OPC and AAFA mortars
and immersed in a 3 wt.% NaCl solution for up to 240 days.

2. Experimental methodology

2.1. Preparation of coated steel reinforcing bars

Sol-gel coatings were prepared by condensation
and polymerization of TEOS (Si(OCH,CH3)4) and MPTS
(CH, =C(CH3)COO(CH;)3Si(OCH3)3); TEOS and MTES

((CH3)Si(OCH,CH3)3); TMOS (Si(OCH3)4) and MPTS; or TMOS
and MTES. All the organic reagents used were analytical grade
from Sigma-Aldrich. As described in detail elsewhere [34], the
sol-gel coatings were prepared by mixing 5g of MPTS or MTES
with TEOS or TMOS at a molar ratio of 1.0. This molar ratio was
selected on the basis of previous reported results [32-34], where
it was determined that a molar ratio of 0.5 was insufficient to
obtain a corrosion protective hybrid organic-inorganic film, and
that the use of a molar ratio of 2.0 may increase the cost of coating
synthesis without improving on the protective properties achieved
with coatings produced with a molar ratio of 1.0.

Carbon steel bars of 10 mm in diameter and 100 mm in height
were used for the electrochemical tests. Their chemical composi-
tion (% by weight) was: 0.45C, 0.22 Si, 0.72 Mn, <0.010P, 0.0225S,
0.13Cr, 0.13 Ni, 0.18Cu, and balance Fe. The carbon steel bars were
dipped in the hybrid organic-inorganic solutions, withdrawn at a
rate of 14 mm min~!, and air-dried for approximately 10 min. This
procedure was carried out twice, after which the coated steels were
heated at 65 °C for 24 h and cured at 160°C for 3 h.

2.2. Preparation of prismatic mortar specimens

A type I (42.5 R) commercial Portland cement and a Class F FA
obtained from a steam power plant in Cérdoba (Spain) were used as
binding materials to produce the mortar slabs. The chemical com-
position and Blaine fineness of the materials (Spanish/European
Standard UNE-EN 196-6) are shown in Table 1.

As alkaline activator a solution containing 85wt.% 10 M NaOH
and 15 wt.% sodium silicate was used. The reagents used to pre-
pare this solution were laboratory grade sodium hydroxide (NaOH)
pellets (Panreac) and sodium silicate or waterglass containing 27%
Si0,, 8.2% NaOH and 64.8% H,0 (Merk). The sand:OPC and sand:FA
ratio used in the mortars was 3.0. A standardized, evenly graded
siliceous sand was employed (99% SiO, content, with 65% particle
size <1 mm and 35% <0.5 mm). In all mortar types the liquid:binder
ratio was 0.6 in order to favour the carbonation process.
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Table 2

Hardening (Step I and Step II), carbonation (Step III) and exposure steps for reinforced mortar specimens. During Step IV carbon steel reinforced specimens were partially

immersed in a 3 wt.% NaCl solution.

Step OPC Mortar

AAFA Mortar

1 24 h at room temperature, 100% RH
11 28 days in a humidity chamber (98% RH, 20 £ 2°C)

24hin oven at 85°C, 100% RH

11 60 days in a carbonation chamber at a 43.2% RH in a K, CO5 solution. The chamber was CO, saturated by filling it with the gas two times a day [32]

v 240days of partial immersion in a 3 wt.% NaCl solution

Prismatic mortar specimens similar to those used in a previous
work [35] were prepared with dimensions of 8 cm x 5.5cm x 2cm
and two embedded carbon steel bars, as illustrated in Fig. 1. Two
specimens were made for each mortar/steel system, giving four test
bars for each condition. The OPC and AAFA mortars were subjected
to hardening and carbonation steps in the conditions specified
in Table 2 [36] and subsequently, without any prior water pre-
saturation, the specimens were partially immersed (2.5 cm from
specimen bottom) in a 3 wt.% NaCl solution for up to 240 days at
room temperature and open to the air.

Completion of the carbonation reaction was checked with cubic
samples (side 10 cm) produced and carbonated under similar con-
ditions to those specified for the reinforced slabs (Table 2). The
cubes were sectioned at different CO, exposure times and the
carbonation depths were monitored by spraying the freshly cut
surfaces with a 1% phenolphthalein solution.

Fig. 1. Photograph of one of the studied prismatic mortar specimens.

2.3. Electrochemical measurements

Ecorr, LPR and EIS measurements were recorded after 1, 7, 30,
60, 90, 120 and 240 days of partial immersion of the specimens in
a 3 wt.% NaCl solution. The NaCl solution was replaced with a fresh
solution after each measurement in order to avoid contamination of
the electrolyte and to maintain constant the chloride concentration
in the solution.

For the electrochemical measurements a conventional three-
electrode configuration cell was used, consisting of an external
stainless steel cylinder of 5 cm in diameter with a centrally drilled
hole as counter electrode, a saturated calomel electrode (SCE)
placed in the hole as reference electrode, and the coated or
uncoated steels embedded in the prismatic mortars as working
electrode. A pad soaked in tap water was used to facilitate the elec-
trical measurements. The exposed steel surface area on the working
electrode was controlled by covering it with adhesive tape and
leaving an active surface area of 10 cm?2.

A PARC 273A Potentiostat and a Solartron 1250 FRA were uti-
lized for the electrochemical measurements. LPR was obtained by
applying a AE of £15mV vs. Ecorr, at a scan rate of 0.1667 mVs~!.
The icorr Was calculated using the Stern-Geary equation [37]: icorr =
B/Ry, adopting a tentative B value of 52mV or 26 mV for carbon
steel in the passive or active (corroding) state, respectively [38].
EIS measurements were recorded at the Ecor in a frequency range
from 64 kHz to 10 mHz with a logarithmic sweeping frequency of
5 points per decade. EIS involved the imposition of a 10 mV rms
amplitude excitation voltage. Both LPR and EIS measurements were
performed after the Ecorr was stabilized for at least 30 min.

3. Results and discussion

3.1. Evolution of corrosion potential and corrosion current
density

Fig. 2 shows the variation in Eco for carbonated OPC mortar
specimens with uncoated and coated steel rebars as function of the
immersion time in 3 wt.% NaCl solution. The Ecor of the uncoated
rebar embedded in OPC mortar always shows very negative val-
ues (between —570 and —640 mV vs. SCE) throughout the exposure
time. According to ASTM C876-09 standard [39], if the E¢orr of arein-
forcement embedded in concrete is more negative than —270 mV
vs. SCE, there is a high risk of corrosion with 90% probability. The
Ecorr Of the coated rebars embedded in OPC mortar, as shown in
Fig. 2, is between —560 and —690mV vs. SCE, corresponding to
an active state. These shifts in the Eqor to more negative values
also indicate that the mortar present low resistivity. Typical Ecorr
ranges of carbon steel in low resistivity concrete (wet and chloride-
contaminated) are between —400 and —600 mV vs. SCE, according
to RILEM TC 154-EMC Recommendations [40]. Similar values are
obtained for the uncoated steel in the first days of immersion.
The initiation of corrosion on the uncoated steel rebar embedded
in the mortar specimen is probably a consequence of the break-
down of the passive film induced by the chloride ions, given that
the specimens present low resistivity (more open pore structure)
which allows the transport of chlorides into concrete [41,42]. For



14 M. Criado et al. / Progress in Organic Coatings 99 (2016) 11-22

0.0
OPC
10% Probability of Corrosion
02| Uncertainly of Corrosion
—— Uncoated
—@— TEOS/MPTS
0.4 |- - . —A— TEOS/MTES
g 90% Probability of Corrosion w— TMOS/MPTS
—%— TMOS/MTES
-0.6 - I\ -
- / %2 = \\\lél ;
/
1 1 1 1 1 1
AAFA

E_/Vvs.SCE

corr

St—

0 40 80 120 160 200 240
Time/ Days

Fig. 2. Corrosion potential (Eco) evolution of uncoated and coated steel rebars
embedded in carbonated OPC and AAFA mortars over immersion time in a 3 wt.%
NaCl solution.

specimens with a coated steel rebar, the corrosion mechanism is
probably controlled by chloride penetration through defects in the
coating initiating the corrosion process.

For the carbonated AAFA mortar immersed in the NaCl solu-
tion it is seen (Fig. 2) that both the uncoated steel rebars and those
coated with polysiloxane hybrids synthesized from the TEOS/MPTS
mixture cross the threshold potential limit of —270mV vs. SCE
within 7 days of exposure, indicating a more than 90% possibility
of the occurrence of corrosion. The Eco of the other coated steel
rebars is —270mV vs. SCE up to 30days of immersion, and then
shifts negatively to about —550 to —580mV vs. SCE. These coated
rebars remain in a passive state for a longer time (between 7 and
30days instead of 1 and 7 days).

The icorr values measured using the LPR method for the uncoated
and coated steel rebars embedded in carbonated systems at differ-
ent exposure time intervals are shown in Fig. 3. The criteria used
to analyse these results are based on the state of corrosion of steel
in concrete reported in [43-45], where a icorr of <0.1 WA cm—2 cor-
responds to passivity, 0.1 pA cm—2 <icorr<0.5 LA cm~2 corresponds
to low corrosion, 0.5 WA cm—2 <icorr<1.0 WAcm—2 to high corro-
sion, and icorr > 1.0 pA cm~2 to very high corrosion. The icor of the
uncoated rebar embedded in OPC mortar specimens is 0.8 pA cm—2
after 7 days of immersion, a high corrosion level, and increases
rapidly to 1-10 wA cm—2 for longer chloride exposure times, indi-
cating very high corrosion. The coated steel rebar with polysiloxane
hybrids synthesized from the TEOS/MPTS mixture has the low-
est icorr at 7 days of exposure (see Fig. 3). However, a progressive
increase in the icorr value is observed for coated rebars with the

10" ¢
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Fig.3. Corrosion current density (icorr ) evolution of uncoated and coated steel rebars
embedded in carbonated OPC and AAFA mortars over immersion time in a 3 wt.%
NaCl solution.

other organic-inorganic films due to their deterioration in the pres-
ence of chloride ions, indicating that their protective properties are
not always good.

The i values of uncoated and coated rebars embedded in
carbonated AAFA mortar specimens immersed in 3wt.% NaCl
solution are also shown in Fig. 3. During the first days of
immersion (~1 week) all the steel rebars exhibit ico val-
ues of the order of 0.05uAcm~2, except for the uncoated
steel and the coated steel rebars with organic-inorganic hybrids
synthesized from the TMOS/MPTS mixture, whose icor Vval-
ues are higher (0.18 wuAcm~2 and 0.29 wAcm~2, respectively).
After 60 days of immersion the corrosion level for the uncoated
steel and the coated steel rebars with organic-inorganic hybrids
synthesized from the TMOS/MPTS and TEOS/MPTS mixtures is
high (0.5 pAcm 2 <icorr <1 wAcm—2), while that of the other
coated rebars is low (0.1 A cm =2 <icorr < 1 WA cm—2) [43-45]. After
90 days of immersion all the specimens present similar icorr val-
ues of around 1.9 wA cm~2. These values remain roughly constant
throughout the immersion time, except for the coated steel rebar
with organic-inorganic hybrids synthesized from the TEOS/MTES
mixture, which exhibits the lowest ico+ value. This coated steel
rebar embedded in carbonated AAFA mortar exhibits the best pro-
tective properties over the 240 days of immersion.

The higher Ecorr values and the lower i values of the
TEOS/MTES and TMOS/MTES coated steel rebars embedded in car-
bonated AAFA mortar may be attributed to the establishment of a
physical barrier to aggressive ions by the deposition of these more
protective coatings on the metal surface.
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Fig. 4. Nyquist plots for uncoated steel rebars embedded in carbonated OPC and AAFA mortars over 240 days of immersion in a 3 wt.% NaCl solution.

In the light of the results, the type of cementitious matrix (OPC or
FA) had a notable influence on the onset of corrosion on the coated
steel rebars. This is to be expected, as the two systems present
wide differences in terms of the chemical composition of their
main reaction products: calcium silicate hydrate (C-S-H) gel in the
hydration of Portland cement [46] and the alkali aluminosilicate
hydrate (N-A-S-H) gel generated as a result of FA activation [47].
Therefore, the reaction mechanisms involved in the production of
the two types of gel and in the kinetics of the formation processes
influence on the onset of corrosion. It is also important to stress that
the exact chemical composition of the pore solution of the cemen-
titious matrix is quite complex to determine, and varies with the
type of cement, water:cement ratio, degree of hydration and expo-
sure conditions, and therefore the presence of certain species in the
pore solution could influence the corrosion process.

Porosity is known to affect not only mechanical strength but
durability as well, as high porosity allows aggressive agents like
chloride ions to penetrate the material. Fernandez-Jimenez et al.
[48] determined the effective porosity and pore size distribution in
OPC and AAFA mortars. The specimens used were similar to those
tested in the present research but with a different liquid:binder
ratio. OPC and AAFA with a sodium silicate and sodium hydroxide
solution presented porosity values of 7.6 and 9.6%, respectively.
These values were very similar and suggest that the two materials
could present comparable corrosion performance. Another study
carried out by the authors [11] also indicates the presence of com-
parable permeability in OPC and AAFA mortars, using the same
liquid:binder ratio employed in this study. The results show that
at the end of the exposure time the carbonated mortars presented
a pH value of about 9.5 and the soluble chloride concentration (in
wt.% vs. binder) was: 0.44 +0.11 in OPC and 0.37 +0.06 in AAFA
with sodium silicate and sodium hydroxide solution.

It should also be noted that the FA was activated with a blend of
NaOH and sodium silicate, and therefore the electrolyte present in
these mortar pores may act as a corrosion inhibitor to hinder steel
corrosion. Silicate anions are known to be corrosion inhibitors for
iron and steel [49,50]. These authors observed that Fe(II) dissolu-
tion current values were smaller in the solution containing silicate,
which may be explained by assuming that the ionic resistivity of the
passive film is greater when silicate is present in the solution. This
behaviour is probably due to its incorporation in the film, which
reduces the dissolution of ferrous species. Therefore, the signifi-
cant silicate concentration in the electrolyte of AAFA mortar may
be the cause of the better corrosion behaviour of steel in this mortar
than in OPC mortar.

On the other hand, the TEOS or TMOS/MTES formulations had
a denser and more compact structure, with a degree of conden-
sation of between 82-85% and a d parameter between 2.86-2.99
[34]. Moreover, these coatings presented a large number of cova-
lent bonds, a higher atomic percentage of Si in their compositions
[33], and strong adhesion between the coating and the steel sub-
strate, and thus less susceptibility to debonding and delamination
of the coatings. Therefore these polysiloxane hybrid films provided
a more effective physical barrier which prevented the penetration
of the electrolyte, promoting a lower corrosion susceptibility in
carbonated AAFA mortar for up to 60 days of exposure in a chloride-
rich solution.

3.2. EISresults

Fig. 4 shows Nyquist plots for uncoated steel rebars in car-
bonated OPC and AAFA mortars over 240days of immersion in
3 wt.% NaCl solution. The plots show three time constants regard-
less of the immersion time. At frequencies above 103 Hz the spectra
show a semicircle characterising the dielectric properties of the
bulk matrix [51]. In some cases, only a section of this semicircle
is observed within the available instrument frequency range. The
second time constant in the intermediate frequency range (usually
in the 103-1 Hz range for OPC mortar and in the 103-10 Hz range
for AAFA mortar) is attributed to the properties of the passive layer
formed on the steel rebar due to the high pH of OPC or AAFA pore
solutions. The third time constant in the low frequency range (<1 or
10 Hz for OPC or AAFA mortars, respectively) is related to the inter-
face properties between the steel rebar and mortar where corrosion
took place, namely charge transfer resistance (R¢t) and double-layer
capacitance (Yg).

Fig. 5 depicts Nyquist plots for coated rebars embedded in car-
bonated OPC and AAFA mortars over 240 days of immersion in
3 wt.% NaCl solution. These specimens also present three time con-
stants, which appear in the same range of frequencies as those
observed for the uncoated rebars in both mortars (Fig. 4), except for
the first time constant of OPC mortar which appears at frequencies
above 102 Hz. In the case of the coated rebars, the first time constant
is also attributed to the dielectric properties of the bulk matrix, the
second is associated with the presence of the hybrid coating layer,
and the third is also related to the corrosion process occurring at the
steel/mortar interface. In the AAFA system the three time constants
are more difficult to see, since the capacitance values are very close
(between 10~> and 104 Fcm~2 s~(1-%)) and even overlapping. In
contrast, in the case of the OPC system the capacitance values at
high frequencies appear between 10~8 — 10~7 Fcm=2 s~(1-2nF) at
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Fig. 5. Nyquist plots for coated rebars embedded in carbonated OPC and AAFA mortars over 240 days of immersion in a 3 wt.% NaCl solution.

intermediate frequency around 10~>-10~4 Fcm—2 s—(1-F) and at
low frequency in the order of mF cm~2 s—(1-@F), easily observable
in the Nyquist plot (see Figs. 4 and 5). It should be noted that Bode

plots (not included) did not allow visual observation of the three
time constants described in the fitting process.
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Table 3

Parameters used in the fitting of impedance data for the carbonated OPC mortar with uncoated steel rebar after different times of immersion in a 3 wt.% NaCl solution. The

error, in%, associated with each parameter value is given in parenthesis.

TimeDay R. Qcm? Yy, nFem2s (-amr) o Rm Qcm?  Yp, pFem 2 s~(-r) Re Qcm?  Ygq, mFem 2 s () oy Ret K2 cm?
1 0 61(9) 0.64(1) 1251(6)  480(8) 050(3) 662(6) 5(7) 0.65(5) 3(13)
7 0 64 (12) 0.62(1) 2161(1)  91(13) 0.71(4) 659(6)  2(5) 0.53(5) 13(15)
30 1910(1) 1061 (13) 0.55(3) 770(4) 121(10) 0.65(3) 318(5)  3(1) 0.56(2) 22(13)
90 2617(1) 602 (20) 0.76 (8) 416(8) 142 (11) 0.62(5) 1269(7) 3(13) 0.67(7) 4(17)
240 3350(1) 370(8) 0.58(2) 1863(2)  67(6) 0.65(2) 594(3) 2(1) 0.70(3) 5(8)
The dielectric properties of the bulk matrix, passive film CPE

or hybrid coating film and electrochemical behaviour at the -

steel/mortar interface can be quantified by fitting an appropriate

electrical equivalent circuit (EEC) model to the EIS data. In the —W—

present study the EEC shown in Fig. 6 was utilized, obtained using R,

ZView Software for the fitting process. The chi-square (x2) value

was of the order of 103 in all cases, indicating a good fit. In the EEC ";:V

a constant phase element (CPE) was used instead of a pure capacitor B

in order to consider the non-homogeneity of the studied system,

which mainly comes from irregularities on the steel surface, surface
roughness, fractal surface and in general certain processes associ-
ated with an irregular distribution of the applied potential [11,41].
The electrical impedance of a CPE is defined by the expression:
Zepe = (Yp) ~'(jw)™®, where Y, is the admittance, o is the angular
frequency equal to 27f, fis the applied frequency, 21 is the habitual
conversion constant, j2=(—1) is the imaginary unit, and o, defined
as the CPE power, is in the range —1<a<1. When a =0, CPE is a
resistor; when a=1, it is an ideal capacitor; and when a=—1, it is

Table 4

Fig. 6. Equivalent electrical circuit (EEC) for carbonated OPC and AAFA with
uncoated and coated steel rebars.

aninductor. Finally, if « = 0.5, the CPE is the Warburg admittance. Re
in Fig. 6 accounts for the electrolyte resistance, which is associated
with the ionic mobility in a solution. Ry, and Yy, are associated with

Parameters used in the fitting of impedance data for the carbonated AAFA mortar with uncoated steel rebar after different times of immersion in a 3 wt.% NaCl solution. The

error, in%, associated with each parameter value is given in parenthesis.

TimeDay Re Qcm? Yy, pFem 2 s~U0-omr) gy Rm Qcm?  Yj, wFem=2 s~(-F) o R Qcm?  Yg pFem=2s~0-r) gy Ret k2 cm?

1 347(1)  10(9) 0.78(12) 56(17) 59 (7) 086(8) 550(16) 63 (13) 0.85(5) 3334(17)

7 282(1) 19(13) 0.69 (18) 41(14) 128 (12) 0.76 (13) 332(13) 110(17) 0.76 (9) 700(12)

30 110(2)  36(13) 0.63(11) 28(18) 249 (12) 066(7) 264(17) 562(11) 0.71(3) 909 (15)

90 200(2) 4(9) 0.55(12) 106 (4) 85(19) 0.68 (4) 286 (7) 633(2) 0.60(1) 2630(13)

240 250(1)  1(18) 057(5) 163(2) 148 (17) 0.60(4) 211(9)  513(9) 0.66(4) 2(16)
Table 5

Parameters used in the fitting of impedance data for the carbonated OPC mortar with coated steel rebar after different times of immersion in a 3 wt.% NaCl solution. The error,

in%, associated with each parameter value is given in parenthesis.

TimeDay R 2cm? Yy, nFem2s-(-omr) o Rm Qcm? Yy, pFem=2 s~(-ar) o Ry Qcm?  Yg, mFem 2 s (-er) gy Ret K2 cm?
TEOS/MPTS

1 0 10 (10) 0.72(1) 6030(6) 80(12) 062(11) 1124(18) 1(12) 055(12) 34(16)
7 0 10(3) 078(1) 4130(1) 250(17) 049 (6) 1099(9)  3(6) 0.58(7)  7(18)
30 3472(1) 2965 (18) 063(6) 475(4)  413(18) 045(7) 1288(17) 5(18) 0.92(17) 2(12)
90 5469 (1) 413 (13) 061(2) 2331(8) 87(19) 0.64(19) 720(18)  1(18) 041(19) 10(17)
240 5543 (1) 291(8) 054(1) 3901(2) 218(18) 049 (13) 934(16) 2(6) 061(3) 9(18)
TEOS/MTES

1 628(2)  49(6) 077(1) 1276(1) 267 (10) 0.58(4) 507(6)  2(1) 058(2)  50(18)
7 873(12) 64(15) 079(8) 1330(14) 514(17) 038(14) 2018(6) 2 (18) 0.83(10) 25 (10)
30 3404 (1) 89 (19) 092(9) 357(14) 403 (17) 043(10) 2151(16) 0.4(11) 0.59(10) 23 (16)
90 3855(1) 306 (14) 069(2) 764(8)  133(8) 048(4) 718(4)  2(13) 068(7) 30(17)
240 4043 (1) 160 (15) 071(2) 801(2)  211(3) 041(2) 1390(3) 2(1) 072(3) 30(19)
TMOS/MPTS

1 228(14) 58(6) 071(1) 1039(3) 98(4) 075(1) 580(2)  2(1) 060(1) 10(3)
7 2066 (1)  535(11) 084(9) 208(12) 92(16) 067(5) 1183(10) 0.6(2) 061(2) 12(5)
30 3729(1) 49 (11) 0.81(4) 909(6)  221(8) 048(2) 1137(5) 4(5) 068(4) 11(18)
90 4323(1)  205(9) 079(8) 550(3)  40(12) 064(6) 702(6)  2(3) 062(4) 14(14)
240 4972(1)  834(10) 056(2) 1608(4) 193 (11) 048(17) 917(16)  3(5) 060(3) 9(18)
TMOS/MTES

1 21(6) 47(8) 075(1) 1067(2) 153(6) 067(2) 725(4) 1(1) 063(1) 5(2)

7 0 5(17) 085(2) 2419(1) 190 (11) 0.55(7)  1465(14) 1(9) 076(7) 8(13)
30 2366(1) 396 (14) 0.82(8) 280(8)  214(1) 057(1)  2075(5) 03(1) 049(3) 15(6)
90 2778 (1)  416(13) 066(7) 774(7) 107 (13) 062(5) 638(6) 2(2) 071(2) 6(4)
240 2922 (1) 1295 (15) 052(5) 1442(6) 207 (19) 0.51(11) 553(15) 2(3) 070(2) 8(5)
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Fig. 7. Bulk-matrix resistance (Ry,) and capacitance (Yy,) values of coated steel rebars synthesized with TEOS/MPTS, TEOS/MTES, TMOS/MPTS or TMOS/MTES mixtures and
embedded in carbonated OPC and AAFA mortars for 240 days of immersion in a 3 wt.% NaCl solution. Left: Rp,. Right: Y.

the bulk matrix resistance and capacitance, respectively. The bulk matrix capacitance reflects the dielectric properties of the mortars.
matrix resistance reflects the ability of the mortar to hinder the R¢ and Yy indicate the passive film or hybrid coating film resistance
penetration of electrolytes containing aggressive ions and the bulk and capacitance, respectively. Finally, as indicated above, R.: and

Table 6
Parameters used in the fitting of impedance data for the carbonated AAFA mortar with coated steel rebar after different times of immersion in a 3 wt.% NaCl solution. The
error, in%, associated with each parameter value is given in parenthesis.

TimeDay Re Qcm? Yy, wFem=2 s~(-onr) o, Rn Qcm?  Yp, pFem=2 s(-ar) o R Qcm? Y pFem—2s~(-ar) gy Ree k2 cm?
TEOS/MPTS

1 201(1)  9(15) 073(7)  33(8) 61(17) 0.86(4) 316(16) 80(15) 0.89(2) 1853 (14)
7 0 0.1(12) 074(2) 192(1)  132(4) 076(1) 396(7)  80(6) 091(1) 517(11)
30 228(1)  180(16) 053(2) 14(10)  240(16) 073(5) 274(16) 144(16) 0.83(5) 115(15)
90 197(1)  20(14) 073(2) 11(15)  154(7) 063(1) 458(6) 93(6) 0.83(1) 161(6)
240 182(1)  328(7) 050(3) 48(16)  6(16) 099(8) 284(11) 165(12) 077(2) 62(11)
TEOS/MTES

1 201(1)  9(13) 080(15) 27(19)  72(12) 085(5) 369(17) 101(15) 087(2) 1113 (16)
7 200(1)  14(14) 078(16) 23(15)  69(12) 084(6) 326(16) 80(15) 089(2) 648(9)
30 46 (9) 1(14) 0.75(6)  80(7) 1010 (14) 062(8) 187(19) 3086 (10) 073(4) 9491 (16)
90 135(13)  51(14) 0.57(15) 13(8) 294 (5) 057(7) 298(15) 1864(5) 069(7) 9472 (11)
240 174(1)  26(15) 067(3) 13(14)  134(16) 060(4) 178(5)  1834(1) 062(3) 270(15)
TMOS/MPTS

1 153(1)  15(13) 070(17) 23(19)  159(12) 074(4) 894(17) 89(18) 072(4) 12241(18)
7 319(1)  13(15) 075(19) 46(13)  74(13) 081(9) 326(11) 154(16) 083(3) 1464 (16)
30 90(12)  154(11) 0.59(19) 8(6) 1537 (18) 056(17) 516(15) 6311(12) 0.80(11) 344 (17)
20 135(13)  51(9) 057(18) 13(17)  294(16) 057(15) 298(15) 1864(6) 0.69(4) 9472 (10)
240 139(1) 1(14) 1.00(16) 7(18) 105 (11) 070(2) 146(3)  1640(5) 059(3) 1816(12)
TMOS/MTES

1 120(4)  0.1(18) 086(12) 52(9) 127 (1) 073(1) 449(3)  75(2) 082(1)  16021(12)
7 153(1)  15(12) 070(17) 23(19)  159(16) 074(4) 895(16) 88(18) 072(4) 19889 (16)
30 97 (2) 3(13) 1.00(8)  3(10) 591 (12) 058(7) 350(12) 1401 (11) 0.66(5) 20864 (13)
90 139(1)  7(13) 080(12) 4(13) 175 (15) 061(4) 447(7) 1749(2) 061(3) 15397 (16)
240 141(1) 1(11) 1.00(5) 6(17) 96 (12) 068(3) 270(5)  2096(1) 053(3) 2576(15)




M. Criado et al. / Progress in Organic Coatings 99 (2016) 11-22 19

3000
opPC —u— TEOS/MPTS
2500 L —eo— TEOS/MTES
—A— TMOS/MPTS
—v— TMOS/MTES
2000
1500
L ]
1000 E
. 500f i
£
o
q " 1 1 1 1
v | AAFA
2500
2000
1500 -
1000 |-
ey,
0 " 1 " 1 " 1 " 1 "
0 50 100 150 200
Time/ Days

250

107 ¢
t OPC —u— TEOS/MPTS
—e— TEOS/MTES
—A— TMOS/MPTS
—v— TMOS/MTES
10° E
i3
F—
10* j% / !/
.
F a
N
.E " ! ! " ! !
. AFAA
—
10°E  Jo
E e .
E .
Ly T T
10" 5 S
o
1 0-5 N | | | |
0 50 100 150 200 250
Time/ Days

Fig. 8. Coatingresistance (R¢) and capacitance (Y¢) values of coated steel rebars synthesized with TEOS/MPTS, TEOS/MTES, TMOS/MPTS or TMOS/MTES mixtures and embedded
in carbonated OPC and AAFA mortars for 240 days of immersion in a 3 wt.% NaCl solution. Left: R¢. Right: Y;.

Y4 are associated with the charge transfer resistance of the cor-
rosion process and the double-layer capacitance, respectively. A
model similar to this was used to study the electrochemical char-
acteristics of enamel-coated steel rebars embedded in OPC mortar
[41].

Tables 3 and 4 list the EEC parameter values obtained by fitting
the Nyquist plots recorded for carbonated OPC and AAFA mortars,
respectively, with the uncoated steel rebar after different immer-
sion times (up to 240 days) in the NaCl-rich solution. Re values show
a tendency to increase over exposure time in OPC mortar, proba-
bly due to the mortar curing process, which induces a long-term
decrease in the mortar porosity and an increase in its resistivity. Re
values are in the range of 110-347 2 cm? for the AAFA mortar (see
Table 4). The decrease in the R. parameter may be attributed to a
high concentration of dissolved salts in the mortar pore network
solution.

The Ry parameter is in the range of 416-1863 Qcm? for
uncoated steel embedded in carbonated OPC mortar, and in the
range of 28-163 2 cm? for uncoated steel embedded in carbonated
AAFA mortar. The Y, parameter is in the range of 61-1061 nF cm ™2
s~(1=eur) for OPC mortar and 1-36 wF cm~2 s~(1-2r) for AAFA mor-
tar. These lower Ry, values and higher Yy, values for AAFA mortar
may be due the formation of different reaction products in the
cementitious systems, and the presence of a more electrically con-
ductive solution inside the carbonated AAFA mortar than in OPC
mortar. In AAFA mortar the penetration of CO, favours the forma-
tion of sodium carbonate while in OPC mortar it produces the more
insoluble calcium carbonate [10,52].

At intermediate frequency the R; parameter is in the range
of 318-1269Q2cm? and the Y; parameter is in the range of

67-480 wFcm~2 s~(1-F) for uncoated steel embedded in car-
bonated OPC mortar. For uncoated steel rebars embedded in
carbonated AAFA mortar the Ry and Y; values are of the same order
of magnitude. Finally, at low frequencies the R, parameter is as
high as 3.3 x 106 Q cm? for the uncoated steel embedded in AAFA
mortar, and this parameter always is higher than for uncoated
steel embedded in OPC mortar. This indicates a higher corrosion
resistance of the steel reinforcement in these new mortar types
(AAFA). R¢; presents a continuous decrease with immersion time
(~2-5kS2 cm?), indicating a transition from the passive state to the
active state. With time, an increase in the chloride ion concentra-
tion takes place on the metal surface and more corrosion pits are
formed on the passive film, leading to its eventual breakdown. The
Y4 parameter is in the range of 2-5 mF cm~2 s—(1-21F) for OPC mor-
tar and in the range of 63-633 wFcm~2 s~(1-2tr) for AAFA mortar.
The Yy, values increases with exposure time for AAFA mortar, but
these values are always lower than for OPC mortar. The lower Yy,
values of AAFA mortar also indicates higher corrosion resistance.

Accepting that the Stern-Geary equation can be applied, with
an approximate B constant value of 52 or 26 mV, the resulting icorr
is 1.04 wA cm~2 for OPC mortar and 0.06 A cm~—2 for AAFA mortar
after 30 days, showing steels in the active and passive state, respec-
tively. These results are not far from the icorr results obtained using
LPR measurements (see Fig. 3).

Tables 5 and 6 list EEC parameter values obtained by fitting the
Nyquist plots recorded for carbonated OPC and AAFA mortars with
the different coated steel rebars after different immersion times (up
to 240 days) in the NaCl-rich solution. The Re values for coated steels
embedded in OPC mortar are in the range of 228-5469 2 cm?2, and
are lower, between 46-319  cm? in the case of the coated steels
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Fig.9. Charge transfer resistance (R.;) and double-layer capacitance (Yg ) values for coated steel rebars synthesized with TEOS/MPTS, TEOS/MTES, TMOS/MPTS or TMOS/MTES
mixtures and embedded in carbonated OPC and AAFA mortars for 240 days of immersion in a 3 wt.% NaCl solution. Left: R. Right: Yy;.

embedded in AAFA mortar. This decrease in the R. parameter may
be associated with a high level of sodium salts from the activating
solutions which are found in the pores of the latter mortar when
carbonated [10,11].

Fig. 7 displays the changes in the bulk-matrix resistance (Rp)
and capacitance (Y ) parameters over time for coated steel rebars
synthesized with the TEOS/MPTS, TEOS/MTES, TMOS/MPTS or
TMOS/MTES mixtures and embedded in carbonated OPC and AAFA
mortars immersed in the NaCl-rich solution. Ry, values are in the
208-6030 2 cm? range for OPC mortar and in the 3-192 Q cm?
range for AAFA mortar, approximately thirty times lower. OPC mor-
tar presents higher resistivity than AAFA mortar, and the open
pore structure of OPC mortar is lower due to fact that the cal-
cium carbonate formed in these system is more insoluble than
sodium carbonate formed in the AAFA system. Yy, values are in the
ranges of 5-2970 nFcm=2 s~(1-®1r) and 0.1 — 328 wF cm~2 s~(1-2HF)
for OPC and AAFA mortars, respectively. In most of the mortars
assessed these ranges are of the same order as those obtained for
the uncoated steel embedded in OPC and AAFA mortars. Moreover,
the range of Y, value OPC mortar is in reasonable agreement with
what has been reported in the literature [51,53].

Fig. 8 shows the changes in the R; and Y; parameters with
time for coated steel with TEOS/MPTS, TEOS/MTES, TMOS/MPTS
or TMOS/MTES mixtures embedded in carbonated OPC and AAFA
mortars after different exposure times to 3 wt.% NaCl solution. The
Rfand Yy parameters measure the barrier performance of the hybrid
coatings against the penetration of water and chloride ions [54,55].
Irrespective of the coating deposited on the steel surface, Ry val-
ues are higher for OPC mortar than for AAFA mortar. This may be
attributed to a slightly lower deterioration of the coating in this
system, and a slower access of aggressive species to the steel. The

Y; parameter varies in the range of 40 — 514 wFcm~2 s—(1-2r) for
carbonated OPC mortar and 61-540 w.Fcm—2 s~(1-®F) for carbon-
ated AAFA mortar. The higher values for the AAFA mortar indicate
that the coatings deposited on the steel present a slightly higher
number of open channels allowing easier water uptake.

Fig. 9 displays the changes in the R and Yy parameters of
the coated steel with TEOS/MPTS, TEOS/MTES, TMOS/MPTS or
TMOS/MTES mixtures and embedded in carbonated OPC and AAFA
mortars after different immersion times in 3 wt.% NaCl solution.
These parameters are associated with the corrosion process. For
carbonated OPC mortar, R values remain fairly constant over the
immersion time, within the range of 2.5 x 103 —50.3 x 103 k2 cm?.
However, for carbonated AAFA mortar this parameter experiences a
continuous reduction over the exposure time to chlorides, present-
ing values within the range of 20.9 x 10 —61.7 x 103  cm?. After
240 days of exposure the Rt values indicate that steel embedded in
OPC mortar is in an active state, while the steels embedded in AAFA
mortar remain in a passive state for a longer time period. The Yy
parameter is in the range of 0.3-3.7 mFcm~2 s—(1-%1) for coated
steel embedded in carbonated OPC mortar and 75-6300 wF cm—2
s~(1-oF)) for AAFA mortar. The lower Yy values indicate a higher
corrosion resistance for this new type of mortar (AAFA), although
these values at the end of the test are similar to those obtained for
OPC mortar. This behaviour may indicate an increase in corrosion
activity at the double-layer interface by the diffusion of chloride
ions. In the light of the EIS results, carbonated AAFA mortar in the
presence of chloride ions shows higher corrosion resistance than
OPC mortar probably due to the higher concentration of silicate
anions in the pore solution of the AAFA mortar which is capable
of delaying the corrosion process [49,50]. A dense and compact
structure, higher dimensionality and degree of condensation [34],
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greater adherence to the steel, and higher atomic percentage of
Si in its composition [33] lead to a low electrolyte diffusion rate
through the film and protect the steel rebar against corrosion. These
results are in agreement with those obtained using direct current
(DC) measurements, shown in Fig. 3.

4. Conclusions

Corrosion of coated steel rebars embedded in carbonated OPC
and AAFA mortars in the presence of chloride ions is not only depen-
dent on the type of the cementitious system but also on the nature
of the reagents forming the coating. AAFA mortar is more efficient
against rebar corrosion than OPC mortar (high Ecorr values and low
icorr Values), as the silicate present in the alkaline solution used to
activate the FA may act as a steel corrosion inhibitor. The organic-
inorganic hybrids synthesized with TEOS/MTES and TMOS/MTES
for carbon steel embedded in carbonated AAFA mortar present the
lowest icorr Values, indicating that these coatings afford the best
protective properties over 240 days of exposure.
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