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Abstract: This article provides a comprehensive overview of the potential use of organofunctional
silane coatings in the corrosion protection of concrete reinforcement in close relation to other com-
mercially used coating technologies—i.e., epoxy coatings and bath hot-dip galvanizing coatings. The
application technology of the steel surface is described in detail, and the corrosion performance and
bond strength in concrete are compared. The paper also points out the possibility of improving the
durability of epoxy coatings by the addition of silanes and, in the case of application to the surface
of hot-dip galvanized steel, they can prevent corrosion of the coating by hydrogen evolution. The
application potential of organofunctional silanes is also presented in the form of hydrophobic coatings
on concrete surfaces or as corrosion inhibitors in simulated concrete pore solutions. The use of a
suitable type of modified silane coating on the surface of carbon steel reinforcement can increase the
corrosion performance and can also increase the bond strength in concrete. However, these facts need
to be experimentally verified.

Keywords: corrosion of steel in concrete; epoxy-coated steel; hot-dip galvanized steel; organosilane
coatings; bond strength

1. Introduction

The corrosion protection of reinforcement by coatings is often the most economically
acceptable option for the construction industry to guarantee the prolongation of the service
life of reinforced concrete structures. In contrast, the application of corrosion inhibitors
may not always be effective and cathodic protection can only be used in some cases.
Organofunctional silane coatings may be a promising alternative to existing coatings
applied in practice (epoxy coatings and hot-dip galvanized coatings), the effectiveness
of which needs to be experimentally verified. It is clear from the literature that these
coatings are able to improve the corrosion protection performance of epoxy coatings, hot-
dip galvanized coatings and the surface of the carbon steel without any coatings. This
paper studies the relationship between these facts in detail.

The corrosion of the mild steel reinforcement of concrete significantly limits the service
life of reinforced concrete structures [1,2]. When reinforcement is surrounded by concrete,
the presence of a strongly alkaline pore solution results in forming protective passive
layer on the steel surface that leads to a negligible corrosion rate [3-6]. It is generally
stated that the passive layer consists (double layer model) of an outer layer (~10-15 nm)
rich in Fe'! oxo/hydroxides (without significant protective properties due to the very
common rough discontinuous morphology structure) and an inner layer (~2-3 nm) rich
in Fe!l oxo/hydroxides, providing significant protective properties to the mild steel in
concrete [6-8]. The magnetite phase (Fe!l content in the form FeO) forms a thin, contin-
uous and non-porous protective layer that adheres very well to the steel surface. More
detailed studies of the passive layer composition demonstrate the presence of an inner

Buildings 2024, 14, 1756. https:/ /doi.org/10.3390/buildings14061756

https://www.mdpi.com/journal /buildings


https://doi.org/10.3390/buildings14061756
https://doi.org/10.3390/buildings14061756
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/buildings
https://www.mdpi.com
https://orcid.org/0000-0002-1022-6017
https://orcid.org/0000-0002-1635-5442
https://doi.org/10.3390/buildings14061756
https://www.mdpi.com/journal/buildings
https://www.mdpi.com/article/10.3390/buildings14061756?type=check_update&version=1

Buildings 2024, 14, 1756

2 of 53

layer of lamellar phase of magnetite (Fe30O4) and an outer layer of hydrous gelatinous
FeO(OH) [9-12]. It is sometimes considered that the lowest layer is composed of FeO and
the uppermost layer of Fe,O3 [13], while the growth of the outer layer is not homogeneous
but is of a topotactic nature [10]. However, in general, it can be summarized that the
protective properties of the underlying steel are provided by the magnetite-Fe3O,4 phase.
The final composition of the passive layer in concrete depends mainly on pH and oxygen
content. In simulated concrete pore solutions, the mechanism of passive layer formation
was described by the initial formation of Fe(OH), (see reaction (1)). Subsequently, Fe(OH),
is electro-oxidized to Fe3O,—this is described by reaction (2). The magnetite phase subse-
quently undergoes further chemical reactions (or structural rearrangements), which are
related to passive layer ageing that leads to the formation of oxo/hydroxide Fe'! in the
form of -FeOOH (goethite, see reaction (3)) or y-Fe;O3 (maghemite, see reaction (4)) [11].

Fe’™ 4 20H™ — Fe(OH), 1)
3Fe(OH), +20H~ — Fe30, + 4H,0 + 2e~ )
Fe304 + OH™ + HyO — 3(FeOOH) + e~ 3)
2Fe304 +20H™ — 3y(FeyO3) + HyO +2e™ 4)

In Figure 1, the real concrete condition within the potential vs. pH diagram (in the
potential vs. pH diagram, this region shows a thermodynamically defined environment
that takes into account real concrete) is defined for the Fe-H,O system under the formation
of a protective passive magnetite layer (Fe3O4) [14]. The double layer composition of
the passive film formed on mild steel depends on the pH of the pore solution [15], the
temperature of the pore solution [16], the presence/absence of Ca?* [11] and the availability
of atmospheric oxygen [17]. In the case of aerated concrete profiles (exposure under
atmospheric conditions), the presence of a protective passive layer is detected by relatively
noble electrochemical potentials of embedded steel in the range of —100 to +200 mV versus
the saturated calomel electrode (SCE) [18]. The formation of the protective passive layer is a
gradual process that occurs only after longer exposure times to ensure negligible corrosion
rates in the concrete environment [19-21]. The development of the protective passive layer
has been shown to be very significantly related to the exposure environment, i.e., whether
the exposure occurs in real concrete or in a simulated concrete pore solution [7,19,22].
If steel is applied to concrete structures with an already continuous layer of corrosion
products (corrosion of the steel surface during storage, transport and/or handling), a
sufficiently protective passive layer may not form, providing surface corrosion at an
acceptable corrosion rate of up to 1 um/year (corresponding to a corrosion current density
of approximately 0.1 mA-m~2) [23-26].

The transition step from passive to active corrosion can occur as part of the carbonation
of the concrete cover. The carbonation of the concrete cover layer is understood as a decrease
in the alkaline buffering reserve (formed mainly by dissolved Ca(OH), and marginally
by dissolved KOH and NaOH) of the concrete pore solution due to the penetration of
atmospheric CO; (and marginally also NOx and SO;). Ca(OH); is formed as a by-product
of the hydration of clinker minerals to form mainly C-S-H gel and a mixture of KOH and
NaOH is present in small amounts in ordinary Portland cement [27-29]. Gaseous CO,
diffuses mainly through air-filled pores of concrete. The diffusion of dissolved carbon
dioxide through water-filled pores and the inherent convention play an entirely marginal
role in the rate of carbonation concrete cover [30]. The decrease in the pH of the concrete
pore solution is caused by the reaction of consumed Ca(OH),; with CO, to form a sparingly
soluble calcium carbonate (calcite or aragonite)—see reaction (5) and (6). With prolonged
exposure, soluble Ca(HCO3); is formed, the effect of which is to permeate the carbonation
at depth—see reactions (7) and (8) [27,30,31].
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Figure 1. Potential-pH (Pourbaix) diagram for Fe-H,O at 25 °C and [Fe?*], [Fe**] and [HFeO, ] =10"° M,
SHE—standard hydrogen electrode (reprinted from [14]).

Ca(OH),(s) — Ca(OH), (aq) ©)
Ca(OH),(aq) + COz(aq) — CaCOs(s) + HO (6)
CaCOs(s) + CO,(aq) + H,O — Ca(HCO3),(aq) (7)
Ca(HCO3),(aq) + Ca(OH),(aq) — 2CaCO3(s) + 2H,0 (8)

The rate of diffusion and reactivity of CO, within the carbonation of concrete de-
pends on temperature, relative pore humidity and degree of carbonation [30]. The usual
pH of concrete pore solution formed from ordinary Portland cement (OPC) is higher
than 13 [32]. However, due to carbonation, it may gradually decrease to values that clearly
cause the transition step of corrosion of the mild steel surface from a passive to an active
state. This is usually reported to occur at a concrete pore solution pH between 10.0 and
9.4 [33], but results from other work indicate that it can appear as low as pH 11.5 (starts to
depassivate) [32]. The overall decrease in the pH of the concrete pore solution (OCP) due to
carbonation can reach a limiting value of 8.3 [33]. The permeation of gaseous CO; through
the concrete cover layer can also react with C-S-H gel (exact stoichiometric relationships are
unknown) to form crystalline CaCO3 and amorphous hydrated SiO, (simplified reaction
can be written according to Equation (9)) [30,34,35].

C-S—H+CO, + H,O — CaCOj3 + SiO,-nH,O 9)

This reaction, however, does not affect the alkalinity of the concrete pore solution
and therefore does not affect the actual corrosion damage to the steel reinforcement in the
concrete. Due to carbonation, the concrete cover layer becomes denser (decrease in concrete
permeability and increase in concrete hardness). It is usually reported to be less porous
(the increase in volume when converting Ca(OH), to calcite is approximately 11%, when
converting to aragonite is approximately 3%) [30,35,36]. Although the carbonation process
improves the mechanical properties of the concrete cover, it has a negative effect on the
freeze-thaw resistance or shrinkage behavior of the concrete [31,35]. In general, however,
it can be summarized that the effect of the carbonation of the concrete cover layer on the
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inherent corrosion damage of conventional concrete reinforcement is more gradual and
less significant than the effect of chloride anions [31].

Chloride anions from seawater or de-icing salts (NaCl, CaCl,) cause localized corrosion
damage (pitting corrosion mechanism) by breaking down of the protective passive layer.
Due to corrosion damage caused by chloride ions ingress, porosity of the concrete cover is
dominantly affected by the capillary pores between the hydrating C-S-H gel particles (up to
1 pm in diameter); the gel pores in C-S-H (around 2 mm in diameter) are less significant. A
representation of these two groups of pores is shown in Figure 2 [37,38]. Bulk and transverse
cracks resulting from mechanical damage, faulty transport operation, deposition, or concrete
treatment have the most significant effect on the transport of chloride anions to the surface
of steel reinforcement [38,39]. The transport of chloride anions through the concrete cover
layer is provided by diffusion (according to concentration gradient), migration (by the electric
field) and water flow (influence of pressure gradient). The rate of transport of chloride anions
through the concrete cover layer is mainly influenced by the thickness and quality of the
concrete cover, as well as by humidity, temperature and other parameters.

gel pores
(diameter around 2 nm)

capillary pores
(up to I ym in diameter)

Figure 2. Representation of two common pores in concrete cover formed by hydrated C-S-H gel
(reprinted from [37]).

It has been shown that the actual corrosion damage induced by chloride anions is very
significantly influenced by the quality of the phase interface (ITZ—interfacial transition
zone, area in the concrete close to the surface of the steel reinforcement), with the most
vulnerable areas of the steel surface without the presence of cementitious sealant (cavities
formed by sealed air, or e.g., by not well mixing of cement paste), cracks and defect in the
steel scale [38,40,41]. A thin layer of calcium hydroxide (portlandite) with a pH buffering
effect usually forms around the surface of steel reinforcement, aggregates, fibers, etc. [42,43].
The mechanism of intrinsic highly localized corrosion damage to the surface of mild steel
in concrete (pitting corrosion mechanism) is two-stage and involves pit nucleation and pit
growth [38,39,44]. Pit nucleation involves the local dissolution of the protective passive
layer, where the subsequent repassivation process is not conducted to the extent required
for surface re-passivation—pit stabilization and subsequent pit growth occurs. The actual
description of the passive layer breakdown can be described by Equations (10)—(12). The
resulting compounds containing chloride anions are well soluble [13].

Fe O + (2x)Cl™ + H,O — xFe(OH)Cl, + (2 —x)OH™ + (3x — 2)e™ (10)

Fe,O + (x)ClI™ + Hp,O — xFe(OH),Cl + (2 —2x)OH™ + (3x —2)e™ (11)
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Fe O + (3x)Cl™ + HyO — xFeCls +20H™ + (3x —2)e™ (12)

It is assumed that, due to the action of chloride anions, oxo/hydroxide Fell in the inner
layer of passive film is transformed under sufficient oxidizing power into oxo/hydroxides
Fe'll, which no longer bear the protective properties of the underlying steel [13,44,45]. It
is apparent that the local pH decrease in the microanode region plays an essential role in
the stabilization of the pit nucleation—see Equation (13), which leads to the destabilization
of the passive layer and limits the possibility of repassivation (buffering effect of local
cement paste) [38,40,46,47]. This equation occurs mainly due to the rapid consumption of
the present oxygen by the cathodic corrosion reaction (see Equation (14)).

Fe + 2H,0 — Fe(OH), + 2H" + 2e~ (13)

2H,0 + O, + 4e~ — 40H™ (14)

The scheme of chloride-induced corrosion of mild steel reinforcement after breakdown
of the passive layer and pit stabilization is shown in Figure 3.

precipitation of

2H20 g 02 +4e” - 40H™ /] corrosion products - highpH

concrete pore
solutions

o

part of concrete cover
g
_..—/

passive layer

breakdown of mild steel of
passive layer _— reinforcement

Fe - Fe?t 4 2e~

Fe + 2H,0 - Fe(OH), + 2H* + 2e~

Figure 3. Schema of chloride-induced corrosion of mild steel reinforcement in concrete with break-
down of passive layer and stabilization and acidification of inner pit area.

If sufficient oxygen availability of the corroding steel surface is ensured, the catalytic
effect of chloride ions for the corrosion stimulation (pit acidification) of mild steel in concrete
can occur by reaction breakdown of the chloride iron complex—see Equation (15) [40,41].

4FeCl, + O, + 6H,0 — 4FeO(OH) + 8HCI (15)

The local decrease in the pH of the pore solution may also be due to hydrolysis of the
formed Fe®* cations, which is more extensive than Fe?* (see Equation (16)) [48].

[Fe(H0)¢]*" + HyO — [Fe(H0)5(OH)]*" + H30* (16)

At the same time, it should be noted that a decrease in the pH of the pore solution
at the phase interface due to carbonation or pit nucleation (chloride-induced corrosion)
can cause the release of bound chloride anions, which increase the aggressiveness of the
condensate at the phase interface [32,49,50]. The pit growth rate (after stabilization of the
pits) is subsequently related to the rate of O, and H,O transport through the concrete
cover [38]. The stimulation of intrinsic corrosion damage is due to the quite typical ratio of
small anode area to large total cathode area [38,41]. To evaluate the level of risk of corrosion
damage of conventional mild steel reinforcement due to the action of chloride anions, the
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level of contamination of the concrete cover layer by these anions (by weight of dried
cement) is usually verified; this particular value is called chloride threshold value or critical
chloride content [18,38,40,41]. Chloride-induced corrosion of reinforcement in concrete is
observed when a chloride threshold value (free chloride anions contaminating the concrete
cover layer) of 0.20 wt. % is reached [18,38]. If the chloride threshold value is exceeded and
under easy oxygen access, the corrosion current density (corresponding to corrosion rates
up to 1 um/year) can significantly exceed 0.1 mA-m~2 and locally up to 1000 times [38,41].
In simulated concrete pore solution (saturated calcium hydroxide) would be damaged the
passive film as the [C17]/[OH™] ratio in the solution reaches 0.6 [51,52].

The resulting corrosion products of concrete reinforcement have a significantly higher
relative volume than the original mild steel («-Fe), causing cracks in the concrete cover
and subsequently spalling. The progressive exposure of more reinforcement surfaces
to the atmosphere accelerates and extends corrosion damage [53-57]. The corrosion of
reinforcement also decreases bond strength with concrete [57-59].

Because the costs associated with repairing buildings and bridges due to corrosion
damage to reinforcement are significant (in the United States around $150 million per year),
it is necessary to use various corrosion protection measures in an effort to extend the service
life of structures [11]. Cathodic protection (electrochemical protection of conventional
reinforcement) with a sacrificial anode or a DC current source connection [60-62] or the
use of corrosion inhibitors [63—66] is often discussed as corrosion protection. Increasing the
thickness and compactness of the concrete cover may be preferred for corrosion protection
of concrete reinforcement. Coating concrete reinforcement can be a very practical, simple
and economical method of corrosion protection. In actual construction, epoxy-based coat-
ings (usually fusion bonded epoxy coatings) and hot-dip galvanized (HDG) coatings have
already been used, with the practical application of epoxy coatings being more significant
in this case. Organosilane coatings are an interesting option from the perspective of cor-
rosion protection of mild steel reinforcement of concrete, as they can not only be applied
to the steel surface but can also substantially improve the corrosion protection properties
of hot-dip galvanized steel, even when used in concrete. This paper details the inherent
chemical behavior of organosilane coatings with respect to the application to mild steel and
hot-dip galvanized steel surfaces, corrosion performance in real concrete and simulating
concrete pore solutions and bond strength properties. The information provided is put
into a comparative concept discussion of the corrosion performance and bond strength
characteristics of epoxy-coated reinforcement and hot-dip galvanized reinforcement as the
prominent representatives of coated concrete reinforcement used in real structures.

2. Surface Coatings of Reinforced Steel

Applying coatings on the surface of mild steel reinforcement usually does not significantly
increase the costs. The effectiveness of many types of coatings, such as phosphate conver-
sion coatings [67,68], bitumen-based coatings [69,70], or stainless-steel reinforcement [71-74],
etc., has been experimentally verified. In this paper, however, only coatings that have been
found to be applicable in construction practice (epoxy coatings, hot-dip galvanized coatings)
are discussed in detail, and then organosilane coatings are compared with these coatings. For
each type of coating, general technology aspects of the coating process, corrosion performance
and bond strength in concrete are discussed.

2.1. Epoxy Coatings

Epoxy coatings have found widespread application in corrosion protection of conven-
tional concrete reinforcement, especially in bridges, marine structures, parking garages, and
tunnel structures, intending to prolong service life with respect to the influence of chloride
anions (de-icing salts, seawater environment). From the point of view of coating technology,
fusion-bonded epoxy coatings (FBE, FBEC) have found a widespread application, rather
than wet (liquid epoxy coatings) coating systems (dipped in a fluidized bed of epoxy pow-
der). The use of liquid epoxy coatings (mixing stoichiometrically balanced proportions of
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two-part system, epoxy resin and polyamine) is associated with the formation of a coating
with a naturally higher porosity (evaporation of usually contained solvents) and therefore
with a lower corrosion performance. Compared to FBE, the application technology of liquid
epoxy coatings is economically less demanding. This is mainly due to applied lower energy
intensity. In FBE coating process, the surface of the reinforcement is first blasted and then
the epoxy powder is applied to the steel surface by electrostatic spray. The steel is preheated
to a temperature of around 230 °C. The electrically charged powder particles are attracted
to the preheated steel and melt to form a continuous film. Then, the system is quenched to
form a solid coating [75]. The fusion-bonded epoxy coatings provide the formation of a
coating with higher thickness, a more uniform manner and fewer defects (cracks, pinholes,
holidays). Such a coating is also cost-effective (the cost associated with the use of FBE is
approximately double that of uncoated steel reinforcement). Epoxy-coated reinforcement
was first used in a bridge in Pennsylvania (USA) in West Conshohocken in 1973 [35,76-79].
Generally speaking, it is the United States and Canada where epoxy-coated reinforcing
steel is most widely used (used in the construction of, e.g., Bay Bridge in California, Wacker
Drive Downtown Chicago, Biloxi Bay Bridge in Mississippi, Aqua Building in Chicago,
Denver Union Station Redevelopment, etc.) and in the range of 550,000-600,000 t/year.
Epoxy-coated reinforcing steel is also widely used in Japan, India, China and the Middle
East (especially the Arabian Gulf region) [76,80,81]. As of 2013, it has been reported that
epoxy-coated reinforcement has been used to construct of over 80,000 bridges in the USA
and Canada [76]. The number of construction projects in the EU using epoxy-coated re-
inforcement is significantly less than in the previously mentioned countries (Great Belt
Bridge/Tunnel in Denmark is an example) [82].

Through field studies, it has been verified on real bridge structures that the use of
protective epoxy coatings can extend the service life of structures from 35 years (uncoated
steel) to 70 years and in some cases up to 100 years. It has been shown to theoretically
increase chloride threshold value over uncoated steel by 2—4 times. For economical rea-
sons, very often this surface treatment is used in critical areas of the structure (especially
considering the presence of chloride anions) [81,82].

2.1.1. General Technology Aspects

Epoxy coatings exhibit high chemical and corrosion resistance, good mechanical and
thermal properties, outstanding adhesion to various substrates, low shrinkage upon cure,
good electrical insulating properties, and the ability to be processed under various condi-
tions. On the other hand, these coatings are usually brittle and temperature-sensitive, and
high relative humidity and the presence of CO; negatively affects the curing process [83,84].
Although epoxy coatings contain hydrophilic chemical group (cured epoxy structure usu-
ally includes a hydroxyl group (-OH), a carboxyl group (C=0) and an amino group (-NHy)),
they are preferably used in steel surface protection and marine environment [85-87]. The
most commonly used in metal surface treatment is 2,2-Bis(4-(2,3-epoxypropyl)phenyl)
propane, widely known as bisphenol A diglycidyl ether (DGEBA /BADGE)—see Figure 4.
This substance is formed by reacting one mole of bisphenol A with two moles of epichloro-
hydrin. The pure form of bisphenol A diglycidyl ether is a crystalline material with a
melting point of 40—44 °C [87,88]. The excellent strength of adhesion to steel surfaces (also
to aluminum and magnesium alloys) is mainly due to the presence of hydroxyl groups and
aromatic rings (strong attractive interactions). It is evident that the flat-laying orientation
of the epoxy coatings on the Fe surface is significantly more stable than the standing-up
orientation [89,90]. Curing of epoxy resins (curing agents) is mediated by labile proton-
containing compounds such as amines, amino alcohols, carboxylic acids, phenols, thiols,
imidazoles and poly(amidoamine)s, including Lewis acids and bases. In practice, amines
(amino alcohols) are most commonly used, and their reactivity for opening oxirane (epoxy)
rings varies. Aliphatic polyamines are very reactive and cause curing of epoxies at ordi-
nary temperatures but produce thermosets with low heat distortion. Conversely, aromatic
polyamines cause the curing of epoxies up to and at higher temperatures but produce
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thermosets with high heat distortion temperatures [91-94]. A partial illustration of the
mechanism of curing of epoxy resins by polyamines (polyamino alcohols) is shown in
Figure 5 [95,96].

A, CH, OH CH, o
/\ <:> | <:> | @I <:> /\
H,C— CH—CH,-0 C 0——CH—CH—CH,1-0 o 0——CH;—CH—CH;

(|)H3 (|3He
. ... “
(B) oy 3
o ¢C
¢H
©0
L
Figure 4. (A) Chemical structure of the diglycidyl ether of bisphenol A. (B) 3D chemical structure of
monomer component of bisphenol A.
/O\ OH
R—NH;  + H,C CH > R——NH—CH,—CH——
TH
OH o) CH,— CH——
R—NH——CH,—CH— + H,C—CH—— ——® R—N
CH,— TH—
OH

Figure 5. Demonstration of a partial epoxy resin curing mechanism using aliphatic polyamines and
polyamino alcohols (oxirane ring-opening).

The most significant failure mode of epoxy coatings is poor resistance to sunlight (low
resistance to UV, absorption of aromatic structure of the epoxy coating)—formation of chalky
material. This fact may not only reduce the adhesion of the eventual topcoat, but also influence
the formation of cracks in the coating, which may condition the corrosion damage of the
underlying steel [97,98]. Prolonged exposure of epoxy-protected concrete reinforcement to
solar radiation, especially during the summer months (prolonged storage or delayed/staged
construction, longer than a month), can cause shrinkage-induced cracking of coatings and
a significant weakening of the barrier-protective function of the coating. Oxidation and
formation of carbonyl groups occur in areas of damage [98,99]. To increase the resistance of
the coating to UV radiation, additives based on ZnO, TiO, and carbon black nanoparticles
(0.7 wt. % to 2.5 wt. %—increases the resistance approximately twice) are added [100-103].
Cracking of the epoxy coatings can also cause heating—cooling cycles [98].
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The addition of small amounts of nanostructured Fe;Os or nanostructured halloysite
clay (Al;Si;O5(OH)4-2H,O + SiO;) can significantly increase the corrosion resistance of the
coating (providing denser microstructure—enhance the packing of epoxy coating) [104,105].
Additions of barium sulfate improve the tensile strength of the coating and can also
strengthen bonding among steel and coating [106,107] and additions of barium titanate
improve dielectric and surface properties [108]. Additions of organic substances can also
enhance the properties of epoxy coatings—e.g., additions of polyamide could increase the
density and resistance to wear [109].

2.1.2. Corrosion Performance

Based on most of the results of laboratory corrosion tests and observation of field
performance, it is reported that an adequately made fusion bonded epoxy coating (without
defects) and of sufficient thickness significantly prolongs the service life of reinforced
concrete structures [81,110-112]. However, it should be noted that proper handling of
such coated reinforcement on site is crucial, as significant damage to the coating (imper-
fection) can occur, especially at the tops of the ribs (dragged) [113,114]. Due to coating
damage leading to premature corrosion, it is necessary to strictly limit metallic tie wires
and needle vibrators with metallic vibrating heads for compacting the concrete in con-
struction practice [98]. However, excessive bending of epoxy-coated reinforcement can
damage the coating even more significantly than dragged (for typical coating damage,
see Figure 6) [114]. Such coated reinforcement cannot be joined on site by welding, and
joining can only be conducted with coated connecting wire or sleeves [115]. Any minor
coating defects can be repaired on the construction site (using an acceptable epoxy resin
repair system) [81,114]. As part of adequate corrosion protection, especially against the
action of supercritical amounts of chloride anions, it is essential to ensure sufficient coating
thickness, with recommended thicknesses in the range of 175-350 um (ASTM A775 and
IS 13620) [114,116,117]. In the case of an average thickness of 100 um and below, suffi-
cient protective properties of the coating are not ensured and premature corrosion may
occur [118]. It is sometimes reported that epoxy coatings with a thickness of not less than
200 pm have significant protective properties [113,119].

Figure 6. Typical examples of epoxy coating damage: (A) damage/cracking of coating by bending
(using metallic levers); (B) scratch damage on the top of the ribs due to dragging of rebars at
construction sites (reprinted from [114]).
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Epoxy coatings of sufficient thickness (without cracks, holidays and pinholes) can protect
the underlying mild steel against corrosion damage by several mechanisms [109,114,120]:

(a) providing a physical barrier from the surrounding environment;
(b) limiting the formation of anodic and cathodic sites;
(c) restricting the ionic conduction between anodic and cathodic sites at the steel surface.

However, regardless of the thickness, the dielectric epoxy coating is partially perme-
able to oxygen and moisture. If a layer of condensate forms on the steel surface below
the coating, corrosion damage will occur, which is limited by oxygen access to the metal
surface. Two-component epoxy coatings can absorb water molecules in the range of about
1 wt. %—7 wt. % by weight of coating [121,122]. However, it is mainly the curing agents
that affect the ingress of the water molecules in the polymer structure [123,124]. From the
concrete/epoxy coating phase interface, water molecules reach the epoxy coating/steel
interface by diffusion, and they not only condition the electrochemical corrosion process
but can also induce water-induced adhesion loss (it is a reversible process that causes water
film many monolayers thick) [125].

In the presence of sufficient amounts of chloride anions on the steel surface, corrosion
damage is stimulated and localized (see above). However, the average value of the chloride
diffusion coefficient of fusion-bonded epoxy coating (Dqjcoating) Was determined to be
approximately 102" m? /s, which is significantly less than that of the trough of concrete
coating (approximately in the range of 108 to 10712 m?/s) [113,114,126,127].

The actual electrochemical mechanism of corrosion of the underlying steel in the area
of defects in the coating in the presence of chloride anions is based on anodic blistering
(breaking of the adhesion of the organic coating through hydrolysis reactions) near and
along the defects and cathodic delamination (in scribes) around the anodic blistering
and away from the defects. Anodic blistering occurs through two processes—anodic
sites’ localized corrosion and a subsequent blistering effect based on the osmotic pressure
mechanism [128,129]. Crevice corrosion and underfilm corrosion mechanisms have also
been described around defects in the coating [113,130].

The improvement of the corrosion performance of epoxy coatings on reinforcing bars
can be ensured by using Cr"!-based conversion coatings (formed between steel surface and
epoxy coating). Still, the use of these chromate coatings is currently significantly limited
due to environmental and health risks [131,132]. Other coatings include phosphate-based
conversion coatings [133], zirconium-based conversion coatings [134] and cerium-based
conversion coatings [135].

Recently, the significant anti-corrosion properties of epoxy coatings modified with
nano-clay or tung oil microcapsules have been experimentally verified. It was found that
the coating modified with nano-clay particles exhibited enhanced toughness and barrier-
protective effect. The addition of tung oil microcapsules imparts self-healing capabilities
to the coating [136,137]. A significant anti-corrosion effect is also achieved by completely
alternative smart coatings based on molybdate-loaded halloysite nanotubes (phytic acid
and polyvinyl alcohol formed a graphiting solution) [138].

While many research results show very good corrosion performance (a prolonged
service life compared to uncoated steel), the use of epoxy-coated reinforcement is banned
(in, for example, Florida) or not recommended (Virginia, Ontario, Quebec) in some states of
the USA and Canada [114]. The reason for this was the previously unproven insufficient
corrosion performance of epoxy-coated reinforcement in concrete (significant extension of
service life), especially against exposure to environments with a substantial presence of
chloride anions—e.g., the Long Key Bridge in the Florida Keys [81,112,139]. But the bars
used in this structure were not manufactured to represent acceptable practice.

The effective use of epoxy-coated reinforcement is linked to using quality coatings of
sufficient thickness with quality control of the coating (good handling and transportation
on the construction site) during construction.

The stability of epoxy coatings in the alkaline environment of concrete pore solution
is related to the choice of epoxy type. However, the resistance of epoxies to alkaline
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environments is excellent, hence the application of epoxy polymer concrete. This building
material is more stable in alkaline environments than polyester polymer concrete.

2.1.3. Bond Strength in Concrete

The use of epoxy-coated reinforcement is often not recommended not only because of
the often observed (observation of field performance) poor corrosion performance but also
because of the observed reduced bond strength between reinforcement and concrete [140-142].
The bond between steel reinforcement and concrete is a crucial property for the load-bearing
capacity of a reinforced concrete structure [143-145]. In experimental verification, it has been
found (compared with uncoated steel) that the reduction in bond strength of epoxy-coated
reinforcement in concrete can be 15-50%, with important roles played by coating thickness,
bar size and location, deformation patterns, concrete properties, casting conditions, testing
method, and ambient temperature during testing and the adopted test method [80,146-151].
Epoxy coating of reinforcement initiates bond-splitting failure mode at lower loads [142].

The presence of an epoxy coating may reduce the adhesion coefficient, i.e., reduce
the adhesion of the cement paste to the surface of the reinforcement [150]. It has been
experimentally verified that for plain bars the epoxy coating does not affect the friction
coefficient for plain bars. Still, for deformed bars, the coating significantly reduces the bar
friction coefficient—which has the effect of reducing bond strength [151]. With respect
to the bond strength of epoxy-coated reinforcement, the effect of coating thickness is
very often discussed—with increasing coating thickness, corrosion performance usually
increases, but bond strength with concrete decreases [81,114]. It is usually stated that
there is a significant decrease in bond strength with epoxy coating thicknesses greater than
350 pm [114,119] or greater than 420 um [118]. This is because with increasing bond
strength, the surface smoothes (change of rib geometry—a decrease in relative rib area)
of the ribbed reinforcement [152,153]. This is particularly evident in reinforcements with
a diamond rib pattern rather than an inclined or perpendicular rib pattern [152,154]. A
sufficiently thick epoxy coating can reduce rib face angle [152] and rib height [155], and
decreases in either parameter reduce the bond strength of epoxy-coated reinforcement on
concrete. The effect of epoxy coating thickness on the decrease in the bond strength of
deformed bars is less significant for larger relative rib areas [156]. To minimize the decrease
in bond strength of epoxy-coated rib reinforcement, it is recommended to use reinforcement
with a steeper rib face angle and high deformed steel [151]. From this point of view, it is
necessary to add that the effect of coating thickness on the bond strength is also related to
bar size in the case of epoxy-coated steel [157]. It is often stated that, in general, the bond
strength of epoxy-coated reinforcement decreases with increasing bar size (identical coating
thickness). At the same time, it has been experimentally verified in the past that the bond
strength also decreases with increasing coating thickness (for one type of bar size), but this
has its limits. For a sufficiently large bar size the effect of increasing coating thickness on
bond strength already has little effect [148,155,158].

The influence of concrete related parameters has a significant effect on the bond
strength of epoxy-coated ribbed reinforcement (bearing capacity of concrete in front of the
bar ribs). These are mainly the depth of concrete cover, concrete strength and types, con-
crete slump and concrete consolidation [155,158-160]. These parameters can significantly
influence the bond strength and the overall load-bearing capacity of the reinforced concrete
structure as a whole.

Because the corrosion effect of the epoxy coating thickness (175-350 pm) reduces
the cohesion of the coated reinforcement, the length of the bar embedment is usually
increased to compensate for this. For example, in the ACI 318 standard, the embedment
length is multiplied by a factor of 1.50 for epoxy-coated bars with a coverage less than 3
dp (dy, is the bar diameter) or a clearance between bars less than 6 dy, and a factor of 1.20
for other cases [149,161]. In the AASHTO bridge specification, these factors are 1.50 and
1.15 [149,162].
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2.2. Hot-Dip Galvanized Coatings

Applying protective properties of hot-dip galvanized coatings on the surface of rein-
forcing bars in construction practice is less important than epoxy coatings. Nevertheless,
it has been used in a considerable number of structures (bridges and other transport in-
frastructure construction, marine and offshore structures, chemical and processing plants,
power generation and water treatment facilities), mainly due to resistance to the carbona-
tion of concrete cover and due to significantly higher chloride threshold value [81,163,164].
From the perspective of the corrosion protection of concrete reinforcement, the hot-dip
galvanizing (HDG) technology is mainly considered. Still, currently the continuous hot-dip
galvanizing (CGR) technology is discussed for this purpose [81]. Hot-dip galvanizing in-
volves immersing reinforcement bars in a molten zinc bath at a temperature of 450-470 °C
(the immersion time varies from a few minutes for a light section to 20-30 min for heavy
structural section) [81,163]. The continuous galvanizing coating is an in-line process, where
blast cleaned and preheated bar is fed through a molten zinc bath at speeds higher than
10 m/min such that the bar remains in the zinc bath for no more than 1-2 s, and the total
time at temperature including the preheating stage is not more than 4-5 s [81,165]. The
thickness of the coating formed depends on many parameters, the technology of galva-
nizing, bath parameters, time of immersing, type of cooling process, microstructure and
chemical composition of steel, the wall thickness of the coated part and, e.g., surface condi-
tion. The HDG coating shows a thickness strongly dependent mainly on the wall thickness
of the coated part—usually in the range of 50-180 um, whereas the CGR coating is around
50 pm [163,165]. The HDG coating consists of an inner Fe-Zn alloy layer and usually an
outer pure zinc (etha phase) layer [163]. Hot-dip galvanized reinforcement was first used in
the 1930s in the USA [81]. The use of hot-dip galvanized reinforcement is associated with
the prominent large-scale example of many reinforced structures in Bermuda (the most
notable example from this group is a pair of bridges: Longbird Bridge and New Watford
Bridge), and it has been partially used in the realization of prominent buildings: Sydney
Opera House, National Theatre London, New Parliament House Canberra, Parliament
House Wellington and others. It has also been used for bridge structures in Florida, Iowa,
Michigan, Minnesota, Vermont, Pennsylvania, Connecticut, Massachusetts, Ontario and
Quebec. Bridge structures in France (Toutry Viaduct, Pont d’Ouche Viaduct) or offshore
piers at Ominichi (Japan) are also well known [163,164,166]. Hot-dip galvanized reinforce-
ment is approximately 50% more expensive than plain uncoated bar, as far as the economic
case for galvanized reinforcement is concerned it can be summarized that the total cost is
about 0.25-1.00% of the total capital cost of a typical building project [163,167].

Based on many field studies, hot-dip galvanized coating has been shown to extend
the service life of reinforced concrete. This has been confirmed on several bridges in Iowa,
Florida and Pennsylvania, as well as bridges in Bermuda. However, in some cases with
very high levels of chloride anion-contaminated concrete, or high cracked concrete, the life
extension may not be significant. Some field studies confirm that the chloride threshold
level for hot-dip galvanized reinforcement is reported to be 2 to 2.5 times higher than that
for uncoated steel, in some cases even 2.6 to 3 times higher [81,163,168,169]. Some field
studies have shown that, because the significant contamination of the concrete cover layer
by chloride anions, epoxy coating (sufficient coating thickness without defects) rather than
hot-dip galvanized coating provides significant life extension [170,171].

2.2.1. General Technology Aspects

When steel profiles are dipped in a bath of molten zinc (batch hot-dip galvanized
reinforcement), an alloy diffusion coating is formed on the steel surface. The inner layer
of the coating is composed of Fe-Zn intermetallic phases, and the outer layer usually
consists of a solid solution of iron in zinc (n-phase, 0.03 wt. % Fe). The coating layers
differ in chemical composition, morphology, thickness and mechanical properties (mainly
hardness). The iron content of the individual coating layers decreases towards the outer
surface [172,173]. The composition of the hot-dip zinc coating on the surface of conventional
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carbon steel is shown in Figure 7. The inner layer of the coating is composed of iron-rich
phases (I' phase). This group of phases is divided into I' (FezZny, 23.5-28.0 wt. % Fe) and
I'l (FesZnyq, 17.0-19.5 wt. % Fe). Both of these phases crystallize in cubic systems, but the
I' phase is cubic space-centered (bcc) and the I'l phase is cubic area-centered (fcc). The
I' phase is formed by a peritectic reaction between «-ferrite and zinc melt at 782 °C (see
Equation (17)), but the I'l phase is formed by a reaction between two intermetallic phases,
I' and 4 (see Equation (18)), at a temperature of about 550 °C [172,174-176].

«(Fe)+L —T 17)

T+6—1, (18)

Figure 7. The structure of the usual hot-dip galvanized coating on the surface of mild steel. (Reprinted
from archive of CTU—KIlokner Institute.)

Above the cluster of gamma (I') phases are the delta  phases, also in this case a cluster
of 81 and 81p phases. The 81y (or 8) phase corresponds to the FeZn; crystal structure,
and the 81, (or 81) phase corresponds to the FeZnyg (or Fej3Znjy) crystal structure. These
intermetallic compounds form a hexagonal crystal structure with a P63/mmc symmetry
group and exhibit iron contents in the range of 7.0-11.5 wt. %. However, from a crystallo-
graphic point of view, there are differences between the two compounds. Both intermetallic
compounds are formed by peritectic recombination of the gamma (I') and melt (L) phases.
These facts are considered by Equation (19) [172,177-179].

T +L— d1/d1p 19)

In the hot-dip galvanized coating, the two phases are indistinguishable. However, the
81p phase has more palisade morphology and, conversely, the 81 phase is more compact in
nature [177,178]. Above the delta () phase grouping, the ( phase (FeZn;3, 5.0-6.2 wt. %
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Fe) appears, which usually has the most significant thickness in the HDG coating itself. It
crystallizes in a single-clone basally centered system with a C2/m symmetry group and
has a typical palisade morphology in the hot-dip galvanized coating. This phase forms via
a peritectic reaction between the delta phase () and the zinc melt (L) at a temperature of
approximately 530 °C—see Equation (20) [172,180-182].

S0+L—=¢ (20)

The composition of the coating and its thickness is significantly influenced by the
composition of the steel—especially the silicon and phosphorus content (however, the
surface condition and thickness of the coated profile also have a significant influence).
The most important thing from this point of view is the silicon content, in the case of Si
content in carbon steel in the range of 0.03-0.12 wt. % (Sandelin region—gray coating)
there is a dramatic increase in the thickness of the layer (even more than 1500 um) and it
is formed only by non-oriented monoclinic crystals of the zeta () phase (FeZn;3). Due to
the dominance of this phase, the coatings are very fragile and susceptible to mechanical
damage [172,183].

In the case of silicon content in the Sebysti region of the steel (0.15-0.25 wt. %), the
hot-dip galvanized coating (the grouping of the I' phases may not be noticable) contains a
grouping of the 5 phases (6x and 81x). Above the & phases, a very thick ¢ phase (FeZn;3)
appears—see Figure 8. The thickness of the whole coating is significantly higher than
in the case of non-silicon killed steel but not as significant as in the case of coating mild
steel with silicon content in the Sandelin range (0.03-0.12 wt. %). The best structural
differentiation (bright coating) occurs in steels with low silicon content (<0.03 wt. %). With
increasing silicon content (>0.25), the level of differentiation of the individual layers of the
intermetallic phases may decrease (again in favor of the ¢ phase) and the overall coating
thickness increases. Steels with silicon content above 0.28 wt. % cannot be recommended
for galvanizing, as the coating is again only composed of non-oriented monoclinic crystals
of the zeta () phase with already large coating thickness and brittleness [172,183].

Figure 8. Example of hot-dip galvanized coating on silicon-killed mild steel (the silicon content of the
steel is in the Sebisty region; reprinted from archive of CTU—Klokner Institute).
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Metallic element additives are added to the molten zinc bath in relatively small
amounts to affect the formation of the coating. These are mainly Ni and Al, which reduce
the reactivity of silicon-killed steel and limit the formation of Fe-Zn intermetallic phases.
The additives lead, bismuth and tin affect the shaping of the outer layer and the smoothness
of the coating [184,185]. However, these additions can significantly affect the corrosion
performance of HDG coatings in concrete.

2.2.2. Corrosion Performance

The corrosion behavior of zinc depends mainly on the pH of the electrolyte. Since
it exhibits amphoteric behavior, it dissolves intensively both at low pH values of the
electrolyte (under Zn?* formation) and at high pH values of the electrolyte—when ZnO,
Zn(OH),, Zn(OH),~, HZnO, ~ and ZnO,2~ are formed (see Equations (21)~(25)) [163,186].

Zn +20H~ — ZnO + H,0 + 2e~ 1)
Zn+20H~ — Zn(OH), (22)
Zn(OH), + 20H™ — [Zn(OH),]*~ (23)
Zn(OH), + OH™ — HZnO, + H0 (24)
Zn(OH), +20H™~ — ZnO3~ + 2H,0 (25)

At pH 11.0 to 12.0, localized corrosion attack occurs on the zinc surface, associated
with forming porous non-adhesive layer of ZnO-based corrosion products. However, at pH
12.0-12.8 there is a decrease in the corrosion rate of zinc associated with the formation of an
adherent and non-porous passive ZnO layer with isolated Zn(OH); crystals. An increase in
the pH of the exposure solution above 12.8 leads to corrosion under hydrogen evolution
and prolongation of the time to surface passivation forming e-Zn(OH),. The cathodic
corrosion reaction associated with hydrogen evolution is described by Equation (26) and
the actual anodic corrosion reaction—zinc oxidation is defined by Equation (27).

2H,0 +2e~ — 20H™ + H, (26)

Zn — Zn>" 4 2e” (27)

At pH above 13.3, a continuous passivation coating no longer forms on the surface
of the exposed zinc and the corrosion rate increases rapidly with a further increase in
pH [186—-188]. The presence of Ca®* (simulated concrete pore solutions and real concrete)
in an alkaline exposure electrolyte with pH higher than 12.5 fundamentally changes the
corrosion behavior of zinc and hot-dip galvanized steel. In the case of HDG samples, the
corrosion of the coating occurs under hydrogen evolution with the significant formation of
Ca[Zn(OH)3],-2H,0 (CaZny(OH)s-2H,O). The formation of calcium hydroxyzincate on the
surface of hot-dip galvanized steel is described by Equations (28)—(30) [163,168,189,190].

27n0 + 4H,0 + Ca(OH), — Ca[Zn(OH);],-2H,0 (28)
2[Zn(OH),)*~ + Ca®* + 2H,0 — Ca[Zn(OH);],-2H,0 + 20H" (29)
27n + Ca(OH), + 6H,O — Ca[Zn(OH),],-2H,0 + 2H, (30)

It is reported that the crystalline Ca[Zn(OH)3],-2H,O, which covers the entire surface
of the coated steel in a continuous well-adhered layer, is responsible for the observed
transition of the hot-dip galvanized coating to corrosion in the passive state. With increasing
pH, the calcium hydroxizincate layer gradually coarsens and its barrier-protective effect
decreases (time to surface passivation increases). If the pH of the exposure medium is
higher than 13.3, then a continuous layer of Ca[Zn(OH)3],-2H,0 is no longer formed and
complete dissolution of the hot-dip galvanized coating occurs [191-194]. However, the
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results of some papers point to the fact that the presence of Ca?* destabilizes the formation
of corrosion products (ZnO/Zn(OH);) associated with the transition of zinc corrosion from
the active to the passive state in alkaline environments (pH > 12.5). The conclusions of
these papers admit the corrosion of the hot-dip galvanized coating at a significant corrosion
rate even in the presence of a continuous layer of corrosion products with a majority of
calcium hydroxyzincate [195-197].

In the case that chloride anions are present in the simulated concrete pore solution
(or in the real concrete), the formation of a passive layer of corrosion products from
Ca[Zn(OH)3]>-2H,0 may be slowed down [198]; however, according to another source,
chloride anions may accelerate the passivation process, but with the formation of a less pro-
tective (porous) passive layer of calcium hydroxyzincate [199]. According to other authors,
chloride anions may cause passivation due to the formation of corrosion products based
on ZnCl,-4Zn(OH); [186], or Zn5(OH)gCl,-HyO (simonkolleite), which has a significant
volume compared to other zinc corrosion products and therefore may disturb the concrete
cover [200,201].

In the case that the simulated concrete pore solution is melted with a ¢ phase
(FeZnj3—usually silicon-killed mild steel), the time to surface passivation is prolonged
(lower zinc content in the outer layer). Moreover, when exposed at pH around 13, trans-
verse cracks are observed through the entire coating to the underlying steel surface [202]. It
has also been experimentally verified that the hydrogen overvoltage on the surface of the ¢
phase is lower than on the surface of the n phase in simulated concrete pore solutions, as
well as the fact that the corrosion of the FeZn;3 phase under hydrogen evolution cannot be
prevented even by surface treatment by chromating [203]. Also, the results of other works
indicate a lower resistance of Fe-Zn intermetallic phases in alkaline environments in the
presence of calcium cations [204-206]. Due to the ease of corrosion transition of the hot-dip
galvanized coating in real concrete, a coating with a minimum external n phase thickness
of 10 pm (consumed by the corrosion process under Ca[Zn(OH)3],-2H,O formation) is
recommended [81,163,189,207].

The HDG coating prepared from Zn-4.9 Al-0.1 misch metal bath shows higher resis-
tance in the alkaline environment of simulated concrete pore solution also to the action of
chloride anions (2.5 times better) [184]. For high alkaline concrete matrices, HDG coatings
formed from Zn-Ni-Sn-Bi baths show lower corrosion resistance than HDG coatings formed
from Zn-Ni-Bi and Zn-Pb baths. On the contrary, for the low-alkali concrete matrix the
% Cl~ by weight of cement at the concrete cover for localized corrosion initiation was
1.36 (Zn-Ni-Bi) and 1.73 (Zn-Pb), respectively, but for coating formed from Zn-Ni-Sn-Bi
bath significantly more, i.e., 4.02 [208].

Chromate-free conversion coating can improve the corrosion performance of HDG
coatings in simulated concrete pore solution and in real concrete. From this perspective,
coatings based on cerium (mainly composed of Ce™/V) [209], lanthanum (composed
mostly of La'™) [210], tin (ZnSn(OH)g) [211], molybdate MoV [212] and others have been
successfully tested.

2.2.3. Bond Strength in Concrete

Since the corrosion of the hot-dip galvanized coating in real concrete (pH typically
>12.6) is accompanied by hydrogen evolution, there may be an increase in the porosity of the
cement paste at the phase interface [81,150,153,163,189,196]. In some cases, hydrogen has
been verified to increase the porosity of cement paste up to 400 um from the surface of the
coated reinforcement [213]. The pores in the cement paste formed by hydrogen evolution
have a diameter of 3 um [214] and 10 pm [215,216] according to mercury porosimetry or
10-20 pm according to electron microscopy images [217]. It is sometimes reported that these
pores are later filled with zinc corrosion products. After 28 days of concrete ageing, the
porosity of the cement paste affected by hydrogen evolution is no longer evident [163,218].
However, according to some papers, pore filling by zinc corrosion products does not
occur even after six months of concrete maturation [217,219] or even after four years [214].
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Increasing the porosity of the cement paste at the phase interface may decrease the adhesion
factor (ifaq). The adhesive factor is one of the factors affecting the bond force T ;, expressed
according to Equation (31) [150,220]. In this equation, i is a factor accounting for friction,
and ig, is a factor of bearing capacity (mechanical resistance of concrete cover layer) of
ribbed steel (in detail, the individual variables are described in Table 1).

o jAVAT AP AT
Tei =i & +if +if) (31)

Table 1. Description of individual variables from Equation (31).

Symbol Property Unit
Te; bond force N
i contribution of force N
fad completed adhesion force N
fe friction force N
£y f?rce o.f;nechanical resistance N
of specific concrete cover layer
AP total area of bar body m?
AT total area of bar ribs m?

It is usually reported that zinc corrosion products in real concretes with a majority of
Ca[Zn(OH);3]-2H,0O growing perpendicularly from the surface increase the surface roughness,
and this fact contributes to the increase in the overall bond strength [221,222]. The findings
of some papers point out that calcium hydroxyzincate crystals form preferentially over
portlandite (Ca(OH),) crystals, which could contribute to increasing the bond strength of hot-
dip galvanized reinforcement with concrete [223]. This is because portlandite crystals grow
longitudinally with the surface, which in turn contributes to reducing the adhesion (adhesion
factor) of cement paste with uncoated steel [224,225]. It has been experimentally verified
that the addition of CaCOj3 to cement increases the bond strength of hot-dip galvanized
reinforcement with concrete, which probably results in the stimulation of Ca[Zn(OH)3],-2H,0O
formation [226]. However, it has been experimentally verified that a significant thickness
of calcium hydroxyzincate on the surface of hot-dip galvanized reinforcement significantly
reduces the bond strength with concrete [227]. Figure 9 shows the changes on the surface of
the hot-dip galvanized reinforcement and the cement paste at the phase interface due to the
corrosion of the coating in the concrete.

Adding certain substances directly to the mixing water for concrete preparation can
prevent the corrosion of the coating under hydrogen evolution and thus contribute to
increasing the bond strength of the hot-dip galvanized reinforcement with the concrete. It
is generally accepted that the addition of 70 ppm CrO42~ to the premixed water reduces
the risk of coating corrosion during hydrogen evolution in concrete [204]. However, for
environmental reasons, chromates (Cr¥!) cannot be used for this purpose [132]. Therefore,
other substances such as HyO; [228] and KMnOy [220] have been successfully tested for
this purpose. However, the practical use of HyO; is not possible because it decomposes in
concrete to form Oy, resulting in an overall increase in porosity.

Since the bond strength of ribbed reinforcement with concrete is mainly determined
by the factor of bearing capacity (ifo—see Equation (31)), it is vital to check whether the
hot-dip galvanizing process does not affect the geometry of the reinforcement surface
(especially the possible reduction in the height of the ribs or the depth of the indentations).
However, it is usually considered that this only occurs significantly for reinforcements with
nominal diameters d < 16 mm. For reinforcements with larger diameters, it is no longer
significant (greater coating thickness in the form of a thicker phase n at the heel of the
ribs). It has been reported that for reinforcements with smaller diameters, the reduction
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in the height of the ribs due to hot-dip galvanizing is about 10% [150,229]. According to
some authors, rib smoothing is one of the significant factors reducing the bond strength of
hot-dip galvanized ribbed reinforcement with concrete [150,230,231].
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Figure 9. Scheme of changes in the ITZ due to corrosion of the hot-dip galvanized coating in concrete
(the scheme takes into account the conclusions of the article [227]).

From 1920 [232] to the present, many comparative bond strength tests have been
conducted on hot-dip galvanized reinforcement and uncoated reinforcement of different
geometries (pull-out test and beam test). The results of some tests indicate that plain
and ribbed hot-dip galvanized bars have comparable bond strength with concrete as
uncoated steel with the same surface geometry [153,233,234]. However, the results of other
works (again plain and ribbed bars) indicate reduced bond strength of hot-dip galvanized
reinforcement with concrete [227,235,236].

The results of the bond strength of hot-dip galvanized reinforcement with concrete are
often contradictory. The main reason for this is the necessity to observe all the parameters
affecting bond strength during testing (especially the composition of the coating and the
type of concrete used), to ensure perfect axial anchorage of the test reinforcement to the
concrete bodies and to correctly interpret the bond strength results (bond strength and
slip characteristic).

2.3. Organofunctional Silane Coatings

Practical application of organofunctional alkoxysilane (organofunctional silane, organosi-
lane, very often simplistically defined only as silane) in the framework of corrosion protection
of reinforcement in concrete found the concept of application of waterproof performance
coating on the surface of concrete (wide practical extension), or the concept of application of
organosilanes as electro-migration inhibitors, or in coating fibers (fiber-reinforced concrete).
So far, the use of organofunctional alkoxysilanes directly on the surface of steel reinforcement
is theoretical. However, it has been experimentally verified that silanes can improve the adhe-
sion of epoxy coatings (binding bridge) on steel [237,238], or prevent the corrosion of hot-dip
galvanized coating in simulated concrete pore solution by hydrogen evolution [239,240].
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Small molecular organosilanes applied in the form of solutions in water or organic
solvents to the concrete surface enter through the capillary pores, react with the hydrated
silicates and remain bonded to the pore wall (surface concrete as well), exposing hydropho-
bic alkyl groups (see Figure 10) [35,241,242]. The low molecular weight of silane-based
materials means better penetration ability to improve the durability in the surface zone
and keep the substrate breathable [243]. Hydrophobic non-polar organosilanes with low
surface energy applied to the surface of concrete can be included in the surface treatments
in terms of penetrants, sealers or impregnation [242-246]. These coatings can inhibit water
intrusion but allow vapor in or off the concrete—to freely “breathe” (the ability to transport
water vapor remain entirely unaffected—no internal tension occurs) [247-249]. Concerning
the corrosion protection of concrete reinforcement, silanes applied in this way ensure a sig-
nificant reduction in the water capillary absorption coefficient and, of course, the chloride
ion diffusion coefficient [250-252]. The use of hydrophobic organosilanes on the surface of
concrete also increases the resistance of concrete to carbonation [253,254]. This application
of organosilanes is beneficial for the corrosion resistance of conventional concrete reinforce-
ment. It has been proven that, in the case of the application of an external electric field
using iso-octyltriethoxy silane, the penetration depth of silane into mortar increased from
one to four times compared to the dipping method, the surface angle increased by 5-15°
and the water absorption coefficient was reduced by 25-30% [255]. Successful performance
of silane on the surface of concrete in different environmental conditions was observed for
9-15 years [256,257]. With an average thickness of the silane coating, it is recommended
that they be reapplied at intervals of 10-20 years to stay effective [258,259]. In terms of data,
very little is known about the effectiveness of reapplied silane coatings on the concrete
surface to increase the corrosion resistance of conventional concrete reinforcement. The
degradation of silane coatings on the surface of concrete is caused by ultraviolet light,
physical abrasion, weathering and alkaline attack of hydrophobic molecules [260,261].
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Figure 10. Hydrophobic layer of penetrants (sealers) on concrete based on organosilane lining pores
and surfaces (reprinted from [242]).

The results of some professional studies point to the fact that the most significant
damage to organosilane coatings is caused by the alkaline pore solution of concrete, with
loss of Si-O and Si-O-Si bonds [262,263].

Organofunctional silane (3-aminopropyl)-triethoxysilane or similarly named gamma-
aminopropyltriethoxysilane (APS, APTS) was successfully tested as a corrosion inhibitor of
mild steel in simulated concrete pore solutions and against the action of chloride anions
(admixed inhibitor) [264,265]. It was found that the inhibition efficiency of this organosi-
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lane in a simulated concrete pore solution of pH 12.5 with the addition of 3.5% NaCl is
better than that of N,N’-dimethylethanolamine (DMEA) by approximately 27%. Compared
to this alkanolamine inhibitor, APS inhibitor has a stronger adsorption ability and has a
higher inhibition effect on the anodic dissolution of iron and cathodic reduction of oxygen.
Compared to DMEA adsorption (adsorption to the surface takes place with a lone pair
of electrons of nitrogen and/or oxygen atoms donate to the vacant d-orbital of an iron
atom—i.e., coordination bond or in other words donor—acceptor relationship), silane ad-
sorption is based on promoted hydrolysis by alkaline media and stable Si-O-Me bonds are
formed (the detailed mechanism will be described below) [264-267]. Adsorbed molecules
of both substances are shown on the mild steel surface in Figure 11. It turns out that the
inhibitory effect of APS is more significant in carbonated concrete pore solution (lower
pH solution—content of e.g.,, NaHCO3;/NayCO3) than in the usual simulated concrete
pore solution (saturated Ca(OH); sometimes with additions of NaOH/KOH). In the case
of carbonated concrete pore solution, there is physical adsorption and at the same time
chemical adsorption of APS on steel surface (adsorption energy is relatively high), while in
simulated concrete pore solution there is only physical adsorption such as van der Waals
force and electrostatic force (adsorption energy is low) [265].
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Figure 11. Schematic diagram of APS and DMEA inhibitor adsorption mechanism on reinforcing
steel rebar in simulated concrete pore solution (reprinted from [264]).

APS functional solutions can also be used as an electro-migrating (EM) inhibitor (cationic
inhibitory chemicals) in the form of protection of concrete reinforcement [268,269] as part
of electrochemical treatments, both in the ERA method (electrochemical re-alkalization, i.e.,
re-increasing alkalinity of the pore solution of carbonated concrete at the phase interface of
reinforcing rebars and cement paste) [270,271] and the ECE method (electrochemical chloride
extraction, i.e., removal of chloride anions in contaminated concrete at the phase interface of
reinforcing rebars and cement paste) [272,273]. APS has been confirmed as a multifunctional
inhibitor, providing corrosion resistance for steel rebar and hydrophobicity on the cement
mortar surface after electro-migration treatment (inhibitor injection) [268,269,274]. From
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the point of view of EM treatment, APS shows a good effect of electrochemical chloride
extraction (ECE) and electrochemical re-alkalization (ERA) and remarkably increases the
resistance of the mortar bulk [268]. In addition, it can be summarized that the alkaline
environment concrete pore solution and the formation of OH™ due to cathode reaction
through electrochemical treatment can promote the condensation reaction between Si-OH
groups (in detail see below) [269]. Electromigration properties, in this case, are provided by the
amino group in the silane chain, because amines, amino alcohol and quaternary ammonium
salts can exist as cations in a relatively high pH (can migrate in the alkaline concrete matrix
to the cathode—embedded reinforced bars and can form on the surface steel by monolayer
protection) [268,275,276]. These substances containing amino groups in aqueous solutions are
protonated to an extent governed by the solution pH and the dissociation constants (Ka) of
their conjugate acids, as represented in Equations (32) and (33) [276-279].

R—NHj < R—NH, +H" (32)
H*|[R — NH

K, — [HT]] i 2] 33)
[R — NH |

For comparison, dissociation statistics (pKa) for the most commonly used amine-
based inhibitors of steel in concrete (application in alkaline media)—guanidine (pKa~13.6),
hexamethylenediamine (pKa~11.8), and ethanolamine (pKa~9.5)—can be compared to
(3-aminopropyl)-triethoxysilane—APS (pKa~9.5) [268,269,277,278,280]. According to the
obtained results, it was even verified that commercial organofunctional silane-based in-
hibitors could have greater inhibitor efficiency than amino-alcohol-based inhibitors in the
protection of reinforcement in concrete in a chloride environment [281].

Another application of organofunctional silanes with regard to cementitious composite
materials is the surface treatment of fibers (fiber-reinforced concrete). This application is
considered green, simple and cost-effective (free from heavy metal, can work at room temper-
ature) compared to other chemical coatings methods, e.g., zinc phosphating (phosphorus and
heavy metal ions can pollute water, high process temperature is required) [282-284]. Applying
silane coupling agents on non-metallic fibers improves the bond performance with the cement
matrix, which increases the toughness and durability of cement-based materials [282,285-288].
The use of silane coating (most notably vinyltris(2-methoxyethoxy)silane) can change the
original hydrophobicity of the surface of PE fibers to hydrophilic and increases the bonding
between fibers and the cementous matrix [289]. Silanes have also been successfully used in
the surface treatment of basalt fibers to ensure stronger interfacial bonding with the asphalt
matrix [290] or better connection between rubber-fibers and the concrete matrix [291]. The
application of silane coupling agents to the surface of steel fiber (brass-coated steel fibers)
within fiber-reinforced ultra-high-performance concrete (UHPFRC) can be a crucial process
for increasing electrochemical corrosion resistance, chloride ion penetration resistance, frost
resistance and sulfate resistance [292]. The overall increase in the durability of UHPFRC
in treating metallic fibers with silane coatings is due to improving the interface bonding
performance [282,292-295]. As part of the coating of metallic fibers, tetraethoxysilane (TEOS)
functionalized fibers (with final activation in Ca(OH), solution) [291] or APS ((3-aminopropyl)-
triethoxysilane) [282,292,293,295] were used. It was verified that the presence of the (-NH;)
group in APS is capable of forming a stronger physical interaction force (“bonded bridge”)
with the UHPC matrix due to the excellent hydrophilicity of the surface (the amino functional
group ensures the change of the usual hydrophobicity of organosilanes to hydrophilicity
performance) [282,292,293,295]. In the case of using TEOS (hydrophobic surface), the chemical
affinity between the silane layer and the formation of UHPC hydration products ensures
activation in Ca(OH), solution (formation of calcium silicates over the fiber surface) [294].
In general, it can be summarized that using both types of silane coatings is associated with
positive chemical interaction caused by the silane film with cement paste. In the case of
contact of the surface of the organosilane with the hydrated cement matrix (rich in ions Ca®*,
Si** and OH™), a diffuse layer can be formed. The organosilane film gradually becomes
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solubilized into Si** and OH~ ions, which leads to C-S-H precipitation. This fact leads to an
increase in the C-S-H gel at the phase interface of fibers and UHPC matrix, which results in
a fundamental reduction in the porosity of the cement matrix (detected by measuring the
5i/Ca ratio in the transition zone) [292,294,296]. Moreover, it was proved that APS coating
on the surface of fibers can accelerate cement hydration and the formation of C-S-H gel [293].
An increase in the adhesion of cementitious putty using a silane coupling agent has been
shown previously without further explanation of the mechanism [297]. A conceptual model
of the silane functionalized fiber-matrix interface in the framework of the early age cement
hydration stage and hardened cement paste stage is shown in Figure 12.
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Figure 12. Conceptual model of functionalized fiber-matrix interface in the short (a) and long term
(b) (reprinted from [294,296]).

The use of silanes also significantly roughens the surface of metallic fibers, which
also leads to an increase in the mechanical properties of UHPC [293,294]. Applying silane
coatings on the surface of metallic fibers of UHPFRC can significantly increase the tensile
properties of UHPC and increase the resistance of the UHPC matrix to the generation and
expansion of cracks [282,295]. In contrast, these properties can significantly strengthen the
application potential of UHPC in construction [298-302]. Modifying the surface of steel
fibers with nano-5SiO; [303] and CaCOj particles [304] may not ensure such a significant
increase in interfacial shear strength and pullout energy fiber-reinforced cement materials
as the use of APS.
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2.3.1. General Technology Aspects

The term silanes (alkoxysilanes, organosilanes and often organofunctional silanes)
refers to compounds of silicon with hydrogen with a limited ability to form chains (up to
n = 8). The stability of Si-Si chains is lower compared to C-C analogues. All these com-
pounds are very reactive gases (monosilane, disilane) or liquids (n = 3 to n = 8) with
autoignition potential, their stability decreases with increasing silicon chain
length [305-307]. A vast range of substances with specific reactivity can be obtained
by the adding an alkyl or aryl chain—the so-called organosilanes (organofunctional silenes),
whose origin is purely synthetic [308,309]. Organosilane was first prepared in 1863 (Charles
Friedel and James Crafts—see reaction 34) by heating diethyl zinc and tetrachlorosilane in
a sealed tube at 140-160 °C [310,311].

SiCly + 2Zn(CyHs), — (CoHs),Si + 2ZnCl (34)

The organofunctional silane molecule consists of three essential parts. The core of the
molecule is of aryl or, more commonly, alkyl (CH;), origin. On one edge of the molecule
there is an organic functional group (most commonly amino, vinyl, alkyl, mercapto, glyci-
doxy, etc.) which can provide a link to polymeric substances with a hydrocarbon chain—the
so-called functional group linkage. The second counterpart of the molecule is an alkoxysi-
lane group (Si(OR),, where n is most often 3), which after hydrolysis and subsequent
condensation can form a siloxane bond (Si-O-Si) with inorganic materials [296,312-316].
Organofunctional silanes are usually used as adhesion promoter primers, crosslinkers or
coatings with specific reactivity [317,318]. A general example of a graphical representa-
tion of an organofunctional silane molecule (mono-functional organosilanes) is shown
in Figure 13. However, bis-functional organosilanes (dipodal functional organosilanes) are
of practical importance, especially in corrosion protection of metals. Their general molecu-
lar formula is X35i(CHjp)n Ym(CHj)nSiXz—they contain double the number (symmetrical
ends of the molecule) of alkoxysilane groups, which leads to more outstanding crosslinking
capabilities and the formation of overall thicker coatings. A graphical representation of
three representatives of bis-functional organosilanes is shown in Figure 14. In the context
of more efficient crosslinking, combinations of silanes as well as, e.g., mono-functional
organosilanes with bis-functional organosilanes are particularly suitable.
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Figure 13. A representation of a conventional organosilane molecule (mono-functional) with an
indication of some organic functional groups (Y) and the characteristic alkoxysilane group (Si(OR)n).



Buildings 2024, 14, 1756

24 of 53

®C
¢ H
e 0
@ Si
®N
@S

(™ »
(™ >
e e
— > bis-1,2-[triethoxysilyl]ethane
g 9
(S s ]
[* >

> bis-[3-(triethoxysilyl)propyl]amine

> bis-|3-(triethoxysilyl)propyl]|tetrasulfide

9

Figure 14. Scheme of three molecules of bis-functional organosilanes most often tested in the surface
treatment of metals.

The binding possibilities of silanes are very significant, and they were already used in
the Second World War, when, for example, they ensured an increase in the cohesion of fiber-
glass fibers with the polyester base of this composite [296]. Silanes can form non-selective
and permanent covalent bonds (permanent link) with glass [319-321], ceramics [322,323], sub-
stances based on cement building materials [241,242,324,325], cellulose [326-331] and by some
metal materials such as aluminum alloys [332-334], copper alloys [332,335,336], magnesium
alloys [337-340], hot-dip galvanized steel [341] and uncoated mild steel [342-344]. In the case of
their modification with a specific organic chain, it is possible to ensure a covalent connection
with polymeric substances (coatings, elastomers, etc.). In the anti-corrosion protection of metals,
organofunctional silanes have found an irreplaceable place as a replacement for chromate (Cr"")
or phosphate conversion coatings (toxic properties of Cr"!, eutrophication of water in case of
use of phosphate coatings) under coating systems when coating hot-dip galvanized steel and
aluminum alloys [345-356]. Although organofunctional silanes usually create thinner coatings
(~400 nm) compared to CrVl-rich content chromate conversion coating (~1000 nm, Alodine pro-
cess) with only a barrier option for surface corrosion protection (without automatic self-healing
ability), they often provide extraordinary adhesion properties for organic coating (molecular
bridge via covalent bonds) [333,357,358]. The general binding possibilities of silanes are shown
in a simplified manner in Figure 15.

Applying organofunctional silanes to the surface of inorganic materials usually cannot
be made without pre-treatment of the surface. For the application of organofunctional
silanes, the coated surface of the inorganic material must be accessible and rich in free
OH groups (OH—rich substrates are essential for the adsorption of organofunctional
silanes) [359-361]. Before the actual application, the hydrolysis of these substances or
mixtures is necessary—the proper execution of the hydrolysis is also a critical step for the
creation of a high-quality surface treatment. During its own hydrolysis, the corresponding
alcohols are liberated, and a reactive silanol group is generated. Under the same hydrolytic
conditions, the methoxy groups of trimethoxysilane hydrolyze more rapidly than the
ethoxy groups of triethoxysilane. In general, it can be summarized that the length of
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the chain of alkoxy groups significantly reduces the hydrolysis rate—pentoxy < butoxy
< propoxy < ethoxy < methoxy [362-365]. The kinetics of the hydrolysis itself is further
strongly influenced by the pH value of the solution, the temperature and the nature of the
solvent system. Still, it is also influenced by the molecular structure of organofunctional
silane and its concentration [363-367]. Relative silanes effectiveness for application on the
surface of various inorganic materials is shown in Figure 16.

METALLS
AND

THERMOPLASTICS
ALLOYS E i

ORGANOSILANE
A m COATINGS M REACTOPLASTICS

CELLULOSE jéf \M\ELASTOMERS

AND
BINDERS

Figure 15. Simplified schematic representation of the binding options of organosilanes—alkoxysilane
binding (gray color) and functional group binding (green color).
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Figure 16. Schematic relative organosilane effectiveness for application on the surface of various
inorganic materials (reprinted from [366]).



Buildings 2024, 14, 1756 26 of 53

In the case of alkoxysilanes, the rate of hydrolysis is significant at acidic and alkaline
medium but reaches a minimum at neutral pH—this is evident from Figure 17 [366,368,369].

fast fast
rate rate

rate constant (k)

Figure 17. Schematic representation of the effect of pH on the kinetics of hydrolysis of alkoxysilanes
(reprinted from [369]).

The mechanism of acid (A) and alkaline hydrolysis (B) is shown in Figure 18. In both
cases, the corresponding silanol is formed. However, the acid hydrolysis mechanism is
considered to be two-step compared to the one-step mechanism of alkaline hydrolysis. In
this case, the reaction center on the oxygen atom is reported [246,296,370-372]. Sometimes,
however, a reaction center on the silicon atom is mentioned, where a bimolecular nucle-
ophilic substitution (Sn2) reaction occurs to form a pentacoordinate trigonal bipyramidal
transition state. The subsequent reaction system of the breakdown of this complex leads
to the formation of the corresponding silanol [366,369]. The necessary presence of alco-
hol (methanol, ethanol, propan-1-ol) in the hydrolysis solution of some organofunctional
silanes is essential not only for the actual course of hydrolysis but also for the stabilizing

the solution [366,373].
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Figure 18. Scheme of the mechanism of acidic (A) and alkaline (B) hydrolysis of organofunctional
silanes (reprinted from [246,296]).

The rate of hydrolysis is also significantly affected by temperature, with increasing
temperature also increasing the rate of hydrolysis. A plot of log rate constant as a function
of 1/temperature gives a straight line according to Arrhenius law (see reaction 35), where k
= rate constant, A = Arrhenius frequency factor, E, = activation energy, R = universal gas
constant and T = temperature, in K [366,374].
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The total adhesion strength of organofunctional silanes is dependent on the type of
material (see above Figure 16). The most robust adhesion is achieved with silica, glass and
quartz, which form strong siloxane linkages (-5i-O-5i-) through the condensation reaction
with surface hydroxyl groups. On the contrary, due to the utterly negligible amount of free
OH groups on the surface of gypsum, graphite and untreated carbon black, it is complicated
to create strong adhesion bonding with organofunctional silane [246,296,363]. Mild adhe-
sion strength is evident for metals and their alloys and is related to the formation of a less
stable covalent bond with metals (-Me-5i-O-; metallo-siloxane bond) with a susceptibility to
reversible hydrolysis with re-formation of silanol [358,375-378]. Possible enrichment of the
surface of OH group metals by immersion in alkaline solutions before the actual coating [377],
possibly through cathodic polarization during coating [379-382], can ensure easier adsorption
of silanes and the formation of thicker coatings (verified on Al-Cu alloys). Due to cathodic
polarization, the surface electrolyte is alkalized according to Equation (14) or (26) and thicker
coatings with fewer cracks and pores are formed (alkaline-aided condensation). However, a
higher level of cathodic polarization (optimum —0.8V /SCE-critical cathodic potential) sup-
ports the formation of a considerable amount of gaseous hydrogen, which can cause the
formation of highly porous coatings of organofunctional silanes [383-391]. Possible anodic
polarization is usually not as successful in forming thicker non-porous coatings [383,385].
The adsorption mechanism of organofunctional silanes on the metal surface takes place via
a hydrogen bond between the OH group of the silanol and the free OH group on the metal
surface. The mechanism of adsorption of silanes on the metal surface is shown in Figure 19.
The subsequent formation of siloxane linkage (-5i-O-Si-) is usually induced by an increased
temperature (usually 75-120 °C, and usual drying time is 20-30 min) and is called conden-
sation (see Figure 20). The subsequent gradual grouping of siloxane linkage into a dense
polymer network can be called the polymerization phase. Equilibrium hydrolysis reaction
and subsequent condensation and polymerization are shown in Equations (36)-(38) [392-398].

logk = log A — (35)

R —Si(OR); ++ R —Si(OR),0OH |1 R — Si(OH); <+ R — Si(OR)(OH), (36)

(—=Si — OH) + (OH — Si—) 4+ —Si — O — Si — +H,0 37)
(=Si — OH) + (RO — Si—) «» —Si — O — Si — + ROH (38)

covalent bond
(origin of metal surface)
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covalent bond
(origin of organosilane)
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™\ hydrogen bond
(origin of organosilane)

Figure 19. Representation of the mechanism of adsorption of organofunctional silanes on metal
surfaces (reprinted from [358,393,397]).
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Figure 20. Scheme of adsorbed organosilane molecules crosslinking on metal surface after thermoset-
ting ageing (condensation and polymerization) (reprinted from [358,393,397]).

2.3.2. Corrosion Performance

In the context of corrosion protection of metals with application potential as adhesion
promoters for automotive (aluminum alloy and hot-dip galvanized steel), silanes were pro-
posed as an eco-friendly alternative to conventional chromating as early as 1991 [358,396,399].
Since then, both nonfunctionalized and organofunctionalized silanes (and their combinations)
have been tested in the corrosion protection of aluminum alloys (most commonly AA2024-
T3, but also Al-Mg, Al-Mn alloys), hot-dip galvanized steel (HDG) but also carbon (plain)
steel [358,397].

The coating of organofunctional silanes provides the underlying metal with barrier-
protective properties, which can be increased if the coating has hydrophobized the surface
(depending on the type of silane used). The coating does not carry inhibitory properties
or have a self-healing effect (compared to chromate coatings). However, the addition of
certain substances (nanostructured SiO,, TiO,, Al,O3, ZrO,, CeO,, etc.) can increase the
thickness of the coating and its resistance to abrasive damage [358,397], or be effective
corrosion inhibitors (benzotriazole, tolyltriazole, cerium nitrate) [358,400-403], or provide
coloration of the coating (xanthene dye does not affect the composition and corrosion
properties of bis-sulfur silane coating) [358]. To increase the mechanical properties of the
coating (abrasion resistance), silane coatings on metals in Al;O3; and SiO, nanoparticles
were tested. In addition to this, nanoparticles of both substances increase the hardness of
the coating and, in the case of the optimum addition of SiO,, the corrosion resistance is
increased. The increase in corrosion resistance in this case is due to the precipitation of
silicates (SiO32~) and the decrease in the activity of cathodic sites (local increase in pH by
the formation of OH™ ions) according to Equation (39) [333,358].

SiO; +20H~ — SiO%~ + H,0 (39)

The optimum amount of SiO; nanoparticles in silane coatings to achieve a significant
increase in the corrosion resistance of silane coatings (predominantly on aluminum and its
alloys) is 5-15 ppm (see Figure 21), and it has also been verified that SiO, nanoparticles
can engage (via OH groups on the surface) in the Si-O-5i network of silane films (the high
reactivity between SiO; and silanes is shown in Figure 16). On the contrary, in the case of
dosing more significant amounts of SiO, nanoparticles, the provided barrier protection
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properties are radically reduced due to the formation of an already porous coating. This
fact is schematically shown in Figure 22 [333,358].

Figure 21. Schematic representation of wiring and enhancement of corrosion resistance properties of
organofunctional silane coating by a suitable amount (5-15 ppm) of SiO, nanoparticles (reprinted
from [333]).

Figure 22. Schematic representation of the formation of cracks in the organofunctional silane coating
when supercritical (>15 ppm) amounts of SiO, nanoparticles are used (reprinted from [333]).

The addition of sufficient amounts of ZrO, nanoparticles apparently results in a pore-
blocking effect of the silane coatings. This fact also resulted in a significant increase in
barrier protection properties [404,405].

From the point of view of hybrid-silane coatings with inhibition properties, mainly
(dopant) Ce(NO3)3 [406—409] or probably less effective Zr(NOj3)3 [406,410] have been suc-
cessfully tested. Cerium nitrate acts mainly as a cathodic corrosion inhibitor (local pH
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increase according to Equation (14))—precipitation of insoluble Ce(OH); and CeO, com-
pounds occurs (precipitation proceeds according to reactions (40)—(42)) [407,411].

Ce’* + OH™ — Ce(OH), (40)
4Ce3t + 0, +40H™ + 2H,0 — 4 [(}.(OH)%*] 41)
[Ce(OH)3"| +2(0H) ™ = CeO, +2H,0 (42)

It has been shown that in the application solutions of hydrolyzed silanes, Ce!'' can
be converted to Ce!V via atmospheric oxygen [412,413] and, based on this fact, it can be
incorporated in the silane Si-O-5i network (see Figure 23), thereby increasing the coating
thickness and decreasing its porosity [414]. Furthermore, it was found that the addition
of CeO, nanoparticles can increase the thickness of the silane coating up to two times
and are good carriers of Ce!l! particles, which act as a very effective corrosion inhibitor.
Silane coatings formulated in this way are called “smart coatings” because they carry self-
healing ability and thus provide comparable corrosion protection to Cr¥!-based conversion
coatings [415-417]. Based on these facts, adding cerium compounds appears to be more
effective in providing corrosion protection to metals by silane coatings than adding lan-
thanum (La(NO3)3) compounds. This is probably due to the higher solubility of lanthanum
hydroxides (precipitation of La(OH)3 occurs at cathodic sites) and the inability to form
La'V compounds (La" does not appear to be able to incorporate effectively into silane
coatings) [414,418].

Metal Surface

Figure 23. Schematic representation of the integration of Ce!V into the silane network (reprinted
from [414]).

Also, the presence of praseodymium in the form of Pr(NO3)3-6H,O [419,420] in silane
coatings leads to an increase in corrosion resistance. The inhibition effect is again based on
the reaction of Pr** with OH™ to form Pr oxide/hydroxide and the effective blocking of
active corrosion sites. It has been verified on aluminum alloy AA 7075 that the inhibitory
effect of Ce and Pr cations are more significant than that of La and Nd cations [421].
Furthermore, the addition of Y,03 has also been shown to improve the corrosion resistance
of silane coatings [422,423]. Concerning the corrosion performance provided, very often
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the aim of adding various substances to silane coatings is to limit the crack structure and
provide self-healing ability.

The coating of organofunctional silanes is highly unreactive (except for the hydrolysis
reaction of metallo-siloxane bond), and it is challenging to perform oxidation or reduction
in its components [358,424]. Thus, the thickness of the coating formed on metals is directly
related to the type (group) of silane used, with the application of bis-silanes leading to the
formation of thicker and less porous coatings [349,358]. Using multiple layers of different
silanes with possible modification of the composition of the coatings with other substances
can increase not only the corrosion resistance but also the friction resistance and provide
antimicrobial ability [425,426]. The silane concentration in the bath has a significant effect
on the coating thickness (linear dependence). The uniformity of the resulting coating also
increases with increasing concentration, and its porosity decreases. On the other hand, the
coating thickness is not affected by the immersion time; it was found that the differences in
thickness are insignificant for samples after 5 s and 30 min of exposure [427]. The effect
of bath pH (in the case of adequately performed hydrolysis) and its temperature on the
silane coating thickness is of little significance. The chosen drying method has a more
significant effect on the coating thickness. In the case of high-pressure drying, significantly
thinner coatings are formed than in a standard atmosphere or a low-pressure nitrogen
atmosphere [358,427]. In particular, it has been verified via FT-IR that even long-lived
(high-density siloxane linkage) coatings aged at high temperature and properly hydrolyzed
contain non-hydrolyzed groups (e.g., -5i-O-CH,-CH3) and non-linkage silonal groups
(Si-OH) [358,427].

Silanes achieve outstanding results for corrosion performance when protecting the
surface of aluminum and its alloys. For this reason, they find application as an alternative
surface pretreatment (compared to the no longer used chromate conversion coatings with
CrV1) of aluminum alloys in the automotive industry before applying organic coatings. The
usually high reactivity (see Figure 16) of silanes to aluminum alloy and Al,O3 (usual thick-
ness around 5 nm) ensures the formation of protective coatings of sufficient uniformity and
thickness [358,428—431]. The composition of the silane coating on the surface of aluminum
alloys tends to be stratified into two layers (directly demonstrated for the application of
bis-sulfur silane on the surface of AA 2024-T3)—interfacial layer and outermost silane
layer (see Figure 24) [358,432-434]. For intrinsic corrosion resistance, the interfacial layer is
the critical layer with most Al-O-5i bonds (metallo-siloxane bond). Still, it also contains a
siloxane bond (5i-O-5i) [358,432,435,436].

outermost silane layer

mnterfacial layer

thin (A1,03) oxide layer

aluminium (alloy)

Figure 24. Predicted composition of silane coating on the surface of aluminum and its alloys (reprinted
from [430]).
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More accessible surface treatment of aluminum and its alloys compared to, for example,
hot-dip galvanized steel is not only due to the high affinity of Al,Oj to silicates (the effect of
the specific arrangement of OH groups) but also to the higher stability of AlO3 (compared
to ZnO—pH treatment window is wider), as well as the presence of a less ionic Al-O-Si
bond than Zn-O-Si [358]. A significant influence on the higher reactivity of aluminum
and its alloys towards silanes is also due to its ability to insert into the S5i-O-5i bond (Al is
trivalent) [358,432,435].

When applied to concrete, silanes on the surface of hot-dip galvanized steel can have
significant potential for application in the construction industry, and not only in the form
of reinforcement (wastewater drains, sewer profiles, etc.). The influence of silanes on the
prevention of corrosion of the zinc coating during the evolution of hydrogen and the limita-
tion of the formation of the porous structure of the cement sealant at the phase interface
is discussed in particular (see Section 2.2) [239,240]. The lower reactivity of ZnO (possi-
bly also Zn5(CO3),(OH)g) to silanes can lead to the formation of discontinuous coatings
that do not provide barrier-protective properties [358,393,437-440]. The combination of
bis-amino silane/VTAS [346] and bis-amino silane and bis-sulfur silane (ideal ratio 1:3)
has been shown to provide sufficiently protective coatings [358,432]. The separate use of
bis-amino silane to protect the surface of hot-dip galvanized steel leads to the formation
of an unprotected very hydrophilic coating; it has also been proven that the separate use
of bis-sulfur silane cannot perfectly wet the surface and create a continuous protective
coating, only a combination of both is suitable. These facts are summarized by a group
of projections in Figure 25 [432]. Galvanic galvanized steel can often be more successfully
coated with silanes than hot-dip galvanized steel [441]. When applying y-APS and y-UPS
to zinc substrates, it was shown that the most compact coatings are formed at a deposition
pH of 6-9 (near the isoelectric point of ZnO) [441,442]. To increase the corrosion resistance
of hot-dip galvanized steel with silane coatings, modified coatings with the addition of
other substances are more often proposed with the aim of limiting the formation of natural
cracks and inhibiting the corrosion process [406,416,443].

hydrophilic silane layer

thin (ZnO) oxide layer
hot dip galvanized steel

Figure 25. Cont.
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non-homogeneous silane layer

thin (ZnO) oxide layer
hot dip galvanized steel

homogeneous silane layer

thin (Zn0O) oxide layer
hot dip galvanized steel

Figure 25. The effectiveness of the application of bis-silanes on the surface of hot-dip galvanized
steel: (A) ineffective application of bis-amino silane (hydrophilic coating formation); (B) ineffective
application of bis-sulfur silane (formation of discontinuous coating); (C) effective application of a
combination of bis-amino silane and bis-sulfur silane (1:3) (reprinted from [358]).

The use of silanes on the surface of carbon steel can be a very interesting matter with
regard to extending the life of conventional concrete reinforcement (without additional
coatings). The coating could extend the time until the steel surface is activated (reduce
the effect of carbonation and chloride anions) and at the same time increase bond strength
with concrete [294,298]. It has often been experimentally verified that the application of
silanes to the steel surface without pretreatment leads to the formation of coatings with
low thickness, poor inhomogeneity and low compactness [410,425]. Such coatings do not
provide sufficient anti-corrosion protection [444], and it has also been proven that they do
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not provide good adhesion for painting [445]. In the case of coating carbon steel with silanes,
for the formation of a homogeneous, continuous and sufficiently strong layer, pretreatment
of the surface with the provision of a sufficient amount of free OH groups (hydroxylated
metals) is necessary [446,447]. In the case of application to the aluminum surface, it has
been verified that surface alkalization or controlled oxidation leads to the formation of
stronger and more compact silane coatings [448]. In the case of carbon steel coating, it is
evident that pre-treatment of the surface before applying silanes is necessary. The presence
of a natural oxidation layer on a carbon steel surface is usually porous, discontinuous and
poorly adherent—for these reasons, it is unsuitable as a base layer for the application of
silanes [449]. It is usually considered that the presence of FeO(OH) on the steel surface [447],
or a more significant proportion of FeO(OH) compared to Fe,O3 [450], is necessary to ensure
the formation of sufficiently protective silane coatings. In stainless steels, the presence of
Cr,0O3 and Fe; O3 plays an essential role in the adhesion of silanes [406,451]. It has been
verified that the mere alkaline cleaning of the surface of steel (cold-rolled steel) in a NaOH
solution near the IEP (isoelectric point, pH 9.5) leads to an increase in the adsorption of
silanes on the surface (tested on a mixture of bis-amino silane/vinyltriacetoxysilane) of
steel [450,452]. When cleaning the surface near pH 9.5, a fine, dense and spherical surface
oxide morphology with the highest content of FeO(OH) is formed on the surface of the
steel compared to Fe;Os. Cleaning the steel surface at a pH lower than the IEP leads to
a positive charge of the surface (Equation (43)), and if the pH is higher than the IEP it
leads to a negative surface charge (Equation (44)) [450,453]. At IEP, the easiest adsorption
of the mixture of silanes on the surface of cold-rolled steel occurs (the lowest proportion
of polar components on the surface)—see Figure 26. Alkaline surface pretreatment was
also successfully used as a pretreatment of the surface of ZE41 magnesium alloy before
the application of bis-1,2-(triethoxysilyl)ethane and provided an increase in the corrosion
resistance provided by the silane coating [454].

—MOH +H" +» —MOH; (43)

~MOH + OH™ & —MO™ + H,0 (44)

covalent bond
(origin of metal surface)

® carbon chain ¢

¢ H covalent bond
@ O (origin of organosilane)
o S i : hydrogen bond

| (origin of organosilane)

IEP = pHi=95
bigh ppy

Figure 26. Schematic diagram of the mechanism of bis-amino silan/vinyltriacetoxysilane mixture
adsorption on cold-rolled steel (reprinted from [450]).
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According to the results of other professional works, acid pickling appears to be more
suitable for preparing the surface of metals before application (increasing the presence of
OH groups on the surface) of silanes. It was verified on magnesium alloy AZ31 [455] and
steel [456—458]. In the case of pretreatment of the steel surface before the application of
silanes, sulfuric acid (with the addition of benzothiazole) is suitable, and ideal results for
subsequent Si-OH adhesion were achieved by pickling at pH 3.0 [455]. Pretreatment of
the steel surface with sulfuric acid is more suitable for forming an oxide coating with the
highest hydroxide/oxide ratio than using hydrochloric or phosphoric acid [457]. Additions
of HyO; (optimum amount 150 ppm) [458] or Zn(NO3),-6H,O [459] to the HySO4 pickling
solution can lead to an increase in the corrosion resistance of the applied silane coating.
Industrially conventional conversion surface treatments can also be used to increase the
adhesion of silanes to steel—e.g., zinc phosphating [460] or Zr-based coatings [461,462].
Molybdate solution can also be used as a suitable pretreatment of the steel surface to
increase the amount of free OH groups on the surface (hydroxylated metals) [447,463,464].
Controlled anodic oxidation also leads to the formation of ferric hydroxide (FeOOH) on the
steel surface and significantly improves the adhesion and subsequent corrosion resistance
of silane coatings [384,447]. Conventional immersion application of a combination of TEOS
(tetraethyl orthosilane) silanes with, e.g., 3-methacryloxy-propyl-trimethoxysilane [465]
or (3-glycidyloxypropyl)trimethoxysilane [466] has been shown to provide a significantly
higher level of corrosion protection for carbon steel than a coating with only TEOS or a lower
proportion of the main organofunctional silane. Bis [3-(triethoxysilyl)propyl]tetrasulfide
(TESPT) achieves excellent results in the provided anti-corrosion protection of carbon steel,
especially concerning the significant hydrophobization of the surface [467].

The stability of silane coatings in an alkaline environment is limited [294,296,358] and
the same can be expected in the simulated concrete pore solution. It can be assumed that as
the pH of the simulated concrete pore solution increases, the stability of the silane coating
will decrease; however, it is likely that coatings of sufficient thickness stabilized by the
addition of corrosion inhibitors (primarily Ce-based substances) can be durable in the long
term [296,358].

2.3.3. Bond Strength in Concrete

It is not clear from the professional literature that there would be verification of
changes in the bond strength of reinforcements (mild steel, hot-dip galvanized steel) of
arbitrary surface geometry (plain bars, ribbed bars) with an external coating based on
silanes in concrete. The potential of applying silanes, ideally in the form of their mixtures,
can not only stabilize corrosion products, but also have a positive effect on its bond strength
in concrete. In the case of the presence of corrosion products on the steel surface (see
Section 1), when embedded in concrete (taking into account the presence/absence of
condensate on the steel surface), corrosion may not occur in a passive state at an acceptable
corrosion rate [23-26]. The presence of a coating of silanes can ensure the corrosion of
the coating in a passive state without the need for demanding scraping of the surface
(removal of corrosion products) of the steel. At the same time, the observed increase in the
adhesion of fibers coated with aminosilane (see Figure 27) suggests that the application
of specific silane coatings can increase the bond strength (physical bonding) of mild steel
in concrete [282,295] (this fact was observed on originally brass-coated fibers in the case
application to UHPC). It is necessary to verify these facts experimentally.

All the coatings mentioned in this paper have advantages and disadvantages when
applied to the surface of steel reinforcement, which are summarized in Table 2 (the use of
organofunctional silane in practice is currently the only theoretical base).
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Figure 27. Presumed formation of a “bonded bridge” between conventional steel with organofunc-
tional aminosilane and concrete [282,295].

Table 2. Comparison table describing the advantages and disadvantages of these types of coatings as
well as an estimate of their financial requirements.

Type of Coating on

Estimation of

Advantages Disadvantages Financial Notes
Steel Surface .
Requirements
low bond strength in
large coating thickness, concrete, more complex probably the most the necessity to control
epoxy coatings do not react with fresh ~ manufacturing proces,  financially demanding the coating thickness
concrete the coating can be technique and its porosity
abrasively damaged
hard coating, high lower coating thickness, financial costs are the need to control the

hot-dip galvanized

resistance to

reactions with fresh

lower than in the case

composition of the

i . ith h . .
coatings carbonation damage concrete Wlth. ydrogen of epoxy coatings outer coating layer
evolution
probable large bond
organofunctional silane strength Wl.th. concrete,  poorer appl1cab111W to cannot be said in this
- the possibility to the surface, reactions - none
coatings . . . time
implement a higher with fresh concrete
coating thickness

3. Conclusions

This paper primarily evaluates the potential of using silane coatings as an external
protective layer on conventional carbon steel for application in concrete with the aim of
extending the service life of reinforced concrete structures. Research in this particular case
is in the early stage; however, applying silane coatings (amino-based silanes) on the surface
of metal fibers in UHPC points to the improvement of adhesion properties. Moreover,
modified silane coatings are a green alternative to chromate conversion coatings (Cr"?) in
the automotive industry. It has been experimentally verified that they provide comparable
or in some cases higher corrosion resistance in solutions containing NaCl. However, this
article compares the application potential of already used coated reinforcements with the
use of epoxy coatings and hot-dip galvanized coatings to the same extent. When added
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to epoxy coatings, silanes can improve their resistance. When applied to the surface of
hot-dip galvanized steel, they can prevent corrosion of the coating by hydrogen evolution.
Therefore, from this point of view, they can also be interesting for construction practice. In
the case of their application as external layers on HDG or carbon steel, it is necessary to
examine their stability in the environment of the concrete pore solution in more detail. It is
also required to verify their specific effect on bond strength, especially with normal- strength
concrete (NSC). Furthermore, it is necessary to experimentally verify the applicability of
individual organofunctional silanes in practice based on the selection of the most suitable
candidate for the most effective corrosion protection. It would also be appropriate to
verify in detail the provided corrosion protection using, e.g., the resistometric method,
EIS or others. For the application of these coatings on the surface of carbon steel, it is
necessary to verify the influence of their chain length (-C-C-) and the presence of specific
functional groups on the thickness of the coating and the provided corrosion protection.
Research in this area should be focused on verifying the durability of the coatings exposed in
simulated concrete pore solution containing chloride anions, or in a simulated concrete pore
solution representing carbonated concrete (saturated CaCOj3 solution—pH 8.1). Various
organofunctional silanes can also be combined with each other and with corrosion inhibitors.
Subsequently, the provided corrosion protection must be verified in real concrete. The
last part of the research must be to verify the bond strength of the coated reinforcements
in the concrete.

This paper provides a comprehensive overview of the potential use of silanes in
the anti-corrosion protection of concrete reinforcement in close connection with other
coating technologies already in commercial use. In this case, however, silane coatings
are also evaluated as hydrophobizing coatings on the surface of concrete or as corrosion
inhibitors (comparison with conventional amines) in simulated concrete pore solutions.
These applications are also interesting for construction practice.

Funding: This research has been supported by the Czech Science Foundation, under Grant
No. 20-24234S.

Conflicts of Interest: There is no conflict of interest in the research.

References

1. Angst, U.M. Challenges and opportunities in corrosion of steel in concrete. Mater. Struct. 2018, 51, 4. [CrossRef]

2. Jiang,].; Wang, D.; Chu, H.; Ma, H.; Liu, Y.; Gao, Y.; Shi, ].; Sun, W. The passive film growth mechanism of new corrosion-resistant
steel rebar in simulated concrete pore solution: Nanometer Structure and Electrochemical Study. Materials 2017, 10, 412. [CrossRef]
[PubMed]

3. Ghods, P; Isgor, O.B.; Carpenter, G.J.C.; Li, ].; McRae, G.A.; Gu, G.P. Nano-scale study of passive films and chloride-induced
depassivation of carbon steel rebar in simulated concrete pore solutions using FIB/TEM. Cem. Concr. Res. 2013, 47, 55-68.
[CrossRef]

4. Carnot, A.; Frateur, I.; Marcus, P.; Tribollet, B. Corrosion mechanisms of steel concrete moulds in the presence of a demoulding
agent. J. Appl. Electrochem. 2002, 32, 865-869. [CrossRef]

5. Ghods, P; Isgor, O.B.; McRae, G.; Miller, T. The effect of concrete pore solution composition on the quality of passive oxide films
on black steel reinforcement. Cem. Concr. Compos. 2009, 31, 2-11. [CrossRef]

6.  Williamson, J.; Isgor, O.B. The effect of simulated concrete pore solution composition and chlorides on the electronic propertes of
passive films on carbon steel rebar. Corros. Sci. 2016, 106, 82-95. [CrossRef]

7. Zheng, H.; Poon, C.S.; Li, W. Mechanistic study on initial passivation and surface chemistry of steel bars in nano-scale cement
pastes. Cem. Concr. Compos. 2020, 112, 103661. [CrossRef]

8. Song, Z.; Zhang, Y.; Liu, L.; Pu, Q,; Jiang, L.; Chu, H.; Luo, Y.; Liu, Q.; Cai, H. Use of XPS for quantitative evaluation of
tensile-stress-induced degradation of passive film on carbon steel in simulated concrete pore solutions. Constr. Build. Mater. 2021,
274,121779. [CrossRef]

9.  Liu, X;; MacDonald, D.D.; Wang, M.; Xu, Y. Effect of dissolved oxygen, temperature, and pH on polarization behavior of carbon
steel in simulated concrete pore solution. Electrochim. Acta 2021, 366, 137437. [CrossRef]

10.  Freire, L.; Novoa, X.R.; Montemor, M.E,; Carmezim, M.]. Study of passive films formed on mild steel in alkaline media by the
application of anodic potentials. Mater. Chem. Phys. 2009, 114, 962-972. [CrossRef]

11.  Volpi, E.; Olietti, A.; Stefanoni, M.; Trasatti, S.P. Electrochemical characterization of mild steel in alkaline solutions simulating

concrete environment. J. Electroanal. Chem. 2015, 736, 38—46. [CrossRef]


https://doi.org/10.1617/s11527-017-1131-6
https://doi.org/10.3390/ma10040412
https://www.ncbi.nlm.nih.gov/pubmed/28772772
https://doi.org/10.1016/j.cemconres.2013.01.009
https://doi.org/10.1023/A:1020510506504
https://doi.org/10.1016/j.cemconcomp.2008.10.003
https://doi.org/10.1016/j.corsci.2016.01.027
https://doi.org/10.1016/j.cemconcomp.2020.103661
https://doi.org/10.1016/j.conbuildmat.2020.121779
https://doi.org/10.1016/j.electacta.2020.137437
https://doi.org/10.1016/j.matchemphys.2008.11.012
https://doi.org/10.1016/j.jelechem.2014.10.023

Buildings 2024, 14, 1756 38 of 53

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.

Sanchez-Moreno, M.; Takenouti, H.; Garcia-Jareno, J.J.; Vicente, F.; Alonso, C. A theoretical approach of impedance spectroscopy
during the passivation of steel in alkaline media. Electrochim. Acta 2009, 54, 7222-7226. [CrossRef]

Gunay, H.B.; Ghods, P; Isgor, O.B.; Carpenter, G.J.C. Characterization of atomic structure of oxide films on carbon steel in
simulated concrete pore solutions using EELS. Appl. Surf. Sci. 2013, 274, 195-202. [CrossRef]

Green, W.K. Electrochemical and Chemical Changes in Chloride Contaminated Reinforced Concrete Following Cathodic Polarization;
University of Manchester Institute of Science and Technology: Manchester, UK, 1991.

Li, B.; Huan, Y.; Zhang, W. Passivation and corrosion behavior of P355 carbon steel in simulated concrete pore solution at pH 12.5
to 14. Int. |. Electrochem. Sci. 2017, 12, 10402-10420. [CrossRef]

Poursaee, A. Temperature dependence of the formation of the passivation layer on carbon steel in high alkaline environment of
concrete pore solution. Electrochem. Commun. 2016, 73, 24-28. [CrossRef]

Alhozaimy, A.; Hussain, R.R.; Al-Negheimish, A. Significance of oxygen concentration on the quality of passive film formation
for steel reinforced concrete structures during the initial curing of concrete. Cem. Concr. Compos. 2016, 65, 171-176. [CrossRef]
Angst, UM.; Isgor, O.B.; Hansson, C.M. Beyond the chloride threshold concept for predicting corrosion of steel in concrete. Appl.
Phys. Rev. 2022, 9, 011321. [CrossRef]

Poursaee, A.; Hansson, C.M. Reinforcing steel passivation in mortar and pore solution. Cem. Concr. Res. 2007, 37, 1127-1133.
[CrossRef]

Cai, Y;; Zheng, H.; Hu, X.; Lu, J.; Poon, C.S; Li, W. Comparative studies on passivation and corrosion behaviours of two types of
steel bars in simulated concrete pore solutions. Constr. Build. Mater. 2021, 266, 120971. [CrossRef]

Poursaee, A. Corrosion of steel bars in satuarted Ca(OH), and concrete pore solution. Concr. Res. Lett. 2010, 1, 90-97.

Koga, G.Y.; Albert, B.; Roche, V.; Nogueira, R.P. A comparative study of mild steel passivation embedded in Belite-Ye’elimite-
Ferrite and Portland cement mortars. Electrochim. Acta 2018, 261, 66-77. [CrossRef]

Gonzalez, J.A.; Ramirez, E.; Bautista, A.; Feliu, S. The bahaviour of pre-rusted steel in concrete. Cem. Concr. Res. 1996, 26, 501-511.
[CrossRef]

Novak, P.; Mala, R.; Joska, L. Influence of pre-rusting on steel corrosion in concrete. Cem. Concr. Res. 2001, 31, 589-593. [CrossRef]
Andrade, C.; Alonso, A. On-site measurements of corrosion rate of reinforcements. Constr. Build. Mater. 2001, 15, 141-145.
[CrossRef]

Dangla, P.; Dridi, W. Rebar corrosion in carbonated concrete exposed to variable humidity conditions. Interpret. Tuutti’s Curve
Corros. Sci. 2009, 51, 1747-1756. [CrossRef]

Green, K.W. Steel reinforcement corrosion in concrete—An overview of some fundamentals. Corros. Eng. Sci. Technol. 2020,
55,289-302. [CrossRef]

Ngala, V.T,; Page, C.L. Effects of carbonation on pores structure and diffusional properties of hydrated cement pastes. Cem. Concr. Res.
1997, 27, 995-1007. [CrossRef]

Ming, J.; Wu, M.; Shi, J. Passive film modification by concrete carbonation: Re-visiting a corrosion-resistant steel with Cr and Mo.
Cem. Concr. Compos. 2021, 123, 104178. [CrossRef]

Steffens, A.; Dinkler, D.; Ahrens, H. Modeling carbonation for corrosion risk prediction of concrete structures. Cem. Concr. Res.
2002, 32, 935-941. [CrossRef]

Angst, U.; Moro, E; Geiker, M.; Kessler, S.; Beushausen, H.; Andrade, C.; Lahdensivu, J.; K6lio, A.; Imamoto, K.; von Greve-
Dierfeld, S.; et al. Corrosion of steel in carbonated concrete: Mechanisms, practical experience, and research priorities—A critical
review by RILEM TC 281-CCC. RILEM Tech. Lett. 2020, 5, 85-100. [CrossRef]

Tan, Y.T.; Wijesinghe, S.L.; Blackwood, D.J. The inhibitive effect of bicarbonate and carbonate ions on carbon steel in simulated
concrete pore solution. Corros. Sci. 2014, 88, 152-160. [CrossRef]

Huet, B.; L’'Hostis, V.; Miserque, F.; Idrissi, H. Electrochemical behavior of mild steel in concrete: Influence of pH and carbonate
content of concrete pore solution. Electrochim. Acta 2005, 51, 172-180. [CrossRef]

Serdar, M.; Poyet, S.; L'Hostis, V.; Bjegovic, D. Carbonation of low-alkalinity mortars: Influence on corrosion of steel and on
mortar microstructure. Cem. Concr. Res. 2017, 101, 33-45. [CrossRef]

Bertolini, L.; Elsner, B.; Pedeferri, P; Polder, R.B. Corrosion of Steel in Concrete: Prevention, Diagnosis, Repair; Wiley-VCH: Weinheim,
Germany, 2004.

Enculscu, M. Carbonation in mortars and concretes with white and coloured cements. In Proceedings of the RILEM International
Symposium on Carbonation of Concrete, Fulmer Grange, London, UK, 5-6 April 1976.

Collepardi, M. The New Concrete; Grafiche Tintoretto: Lancenigo, Italy, 2010.

Glass, G.K,; Buenfeld, N.R. Chloride-induced corrosion of steel in concrete. Prog. Struct. Eng. Mater. 2000, 2, 448-458. [CrossRef]
Liu, Q.; Hu, Z,; Wang, X.; Zhao, H.; Qian, K; Li, L.; Meng, Z. Numerical study on cracking and its effect on chloride transport in
concrete subjected to external load. Constr. Build. Mater. 2022, 325, 126797. [CrossRef]

Sandberg, P. Chloride Initiated Reinforcement Corrosion in Marine Concrete; Report TVBM-1015; Lund University: Lund, Sweden, 1998.
Tuutti, K. Corrosion of Steel in Concrete; CBI Research; Cement and Concrete Research Institute: Stockholm, Sweden, 1982.
Kuroda, M.; Watanabe, T.; Terashi, N. Increase of bond strength at interfacial transition zone by the use of fly ash. Cem. Concr. Res.
2000, 30, 253-258. [CrossRef]

Sidorova, A.; Vazquez-Ramonich, E.; Barra-Bizinotto, M.; Roa-Rovira, ].J.; Jimenez-Pique, E. Study of the recycled aggregates
nature’s influence on the aggregate-cement paste interface and ITZ. Constr. Build. Mater. 2014, 68, 677—-684. [CrossRef]


https://doi.org/10.1016/j.electacta.2009.07.013
https://doi.org/10.1016/j.apsusc.2013.03.014
https://doi.org/10.20964/2017.11.51
https://doi.org/10.1016/j.elecom.2016.10.003
https://doi.org/10.1016/j.cemconcomp.2015.10.022
https://doi.org/10.1063/5.0076320
https://doi.org/10.1016/j.cemconres.2007.04.005
https://doi.org/10.1016/j.conbuildmat.2020.120971
https://doi.org/10.1016/j.electacta.2017.12.128
https://doi.org/10.1016/S0008-8846(96)85037-X
https://doi.org/10.1016/S0008-8846(01)00459-8
https://doi.org/10.1016/S0950-0618(00)00063-5
https://doi.org/10.1016/j.corsci.2009.04.029
https://doi.org/10.1080/1478422X.2020.1746039
https://doi.org/10.1016/S0008-8846(97)00102-6
https://doi.org/10.1016/j.cemconcomp.2021.104178
https://doi.org/10.1016/S0008-8846(02)00728-7
https://doi.org/10.21809/rilemtechlett.2020.127
https://doi.org/10.1016/j.corsci.2014.07.026
https://doi.org/10.1016/j.electacta.2005.04.014
https://doi.org/10.1016/j.cemconres.2017.08.013
https://doi.org/10.1002/pse.54
https://doi.org/10.1016/j.conbuildmat.2022.126797
https://doi.org/10.1016/S0008-8846(99)00241-0
https://doi.org/10.1016/j.conbuildmat.2014.06.076

Buildings 2024, 14, 1756 39 of 53

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.

72.

Ghods, P; Isgor, O.B.; McRae, G.A.; Gu, G.P. Electrochemical investigation of chloride- induced depassivation of black steel rebar
under simulated service condition. Corros. Sci. 2010, 52, 1649-1659. [CrossRef]

Liu, Y;; Shi, J. Corrosion resistance of carbon steel in alkaline concrete pore solution containing phytate and chloride ions. Corros. Sci.
2022, 205, 110451. [CrossRef]

Glass, G.K.; Reddy, B.; Buenfeld, N.R. The participation of bound chloride in passive film breakdown on steel in concrete.
Corros. Sci. 2000, 42, 2013-2021. [CrossRef]

Moreno, M.; Morris, W.; Alvarez, M.G.; Duff6, G.S. Corrosion of reinforcing steel in simulated concrete pore solutions Effect of
carbonation and chloride content. Corros. Sci. 2004, 46, 2681-2699. [CrossRef]

Angst, U.; Elsner, B.; Jamali, A.; Adey, B. Concrete cover cracking owing to reinforcement corrosion-theoretical considerations
and practical experience. Mater. Corros. 2012, 63, 1069-1077. [CrossRef]

Glass, G.K.; Buenfeld, N.R. The influence of chloride binding on the chloride induced corrosion risk in reinforced concrete.
Corros. Sci. 2000, 42, 329. [CrossRef]

Mi, T; Li, Y.; Liu, W.; Dong, Z.; Gong, Q.; Min, C.; Xing, F; Wang, Y.; Chu, S.H. The effect of carbonation on chloride redistribution
and corrosion of steel reinforcement. Constr. Build. Mater. 2023, 363, 129641. [CrossRef]

Saremi, M.; Mahallati, E. A study on chloride-induced depassivation of mild steel in simulated concrete pore solution. Cemn. Concr. Res.
2002, 32, 1915-1921. [CrossRef]

Feng, X.; Zuo, Y,; Tang, Y.; Zhao, X.; Lu, X. The degradation of passive film on carbon steel in concrete pore solution under
compressive and tensile strength. Electrochim. Acta 2011, 58, 258-263. [CrossRef]

Jaffer, S.J.; Hansson, C.M. Chloride-induced corrosion products of steel in cracked- concrete subjected to different loading
conditions. Cem. Concr. Res. 2009, 39, 116-125. [CrossRef]

Lu, RKS.; Zhang, Y. A novel elastic-body-rotation model for concrete cover spalling caused by non-uniform corrosion of
reinforcement. Constr. Build. Mater. 2019, 213, 549-560.

Jamali, A.; Angst, U.; Adey, B.; Elsener, B. Modeling of corrosion-induced concrete cover cracking: A critical analysis. Constr.
Build. Mater. 2013, 42, 225-237. [CrossRef]

Zhang, ].; Ling, X.; Guan, Z. Finite element modeling of concrete cover crack propagation due to non-uniform corrosion of
reinforcement. Constr. Build. Mater. 2017, 132, 487-499. [CrossRef]

Jiang, C.; Wu, Y.-F;; Dai, M.J. Degradation of steel-to-concrete bond due to corrosion. Constr. Build. Mater. 2018, 158, 1073-1080.
[CrossRef]

Coccia, S.; Imperatore, S.; Rinaldi, Z. Influence of corrosion on the bond strength of strength of steel rebars in concrete.
Mater. Struct. 2016, 49, 537-551. [CrossRef]

Chen, D.; Mahadevan, S. Chloride-induced reinforcement corrosion and concrete cracking simulation. Cem. Concr. Compos. 2008,
30, 227-238. [CrossRef]

Van Belleghem, B.; Maes, M.; Soetens, T. Throwing power and service life of galvanic cathodic protection with embedded discrete
anodes for steel reinforcement in chloride contaminated concrete. Constr. Build. Mater. 2021, 310, 125187. [CrossRef]

Wilson, K.; Jawed, M.; Ngala, V. The selection and use of cathodic protection systems for the repair of reinforced concrete
structures. Constr. Build. Mater. 2013, 39, 19-25. [CrossRef]

Goyal, A ; Olorunnipa, E.K.; Pouya, H.S.; Ganijian, E.; Olubanwo, A.O. Potential and current distribution across different layers
of reinforcement in reinforced concrete cathodic protection system-A numerical study. Constr. Build. Mater. 2020, 262, 120580.
[CrossRef]

Wang, H.; Zhang, A.; Zhang, L.; Liu, J.; Han, Y.; Shu, H.; Wang, J. Study on the influence of compound rust inhibitor on corrosion
of steel bars in chloride concrete by electrical parameters. Constr. Build. Mater. 2020, 262, 120763. [CrossRef]

Dhouibi, L.; Triki, E.; Salta, M.; Rodrigues, P.; Raharinaivo, A. Studies on corrosion inhibition of steel reinforcement by phosphate
and nitrite. Mater. Struct. 2003, 36, 530-540. [CrossRef]

Shehnazdeep; Pradhan, B. A study on effectiveness of inorganic and organic corrosion inhibitors on rebar corrosion in concrete:
A review. Mater. Today Proc. 2022, 65, 1360-1366. [CrossRef]

Zomorodian, A.; Bagonyi, R.; Al-Tabbaa, A. The efficiency of eco-friendly corrosion inhibitors in protecting steel reinforcement. J.
Build. Eng. 2021, 38, 102171. [CrossRef]

Elshami, A.A.; Bonnet, S.; Khelidj, A.; Sail, L. Novel anticorrosive zinc phosphate coating for corrosion prevention of reinforced
concrete. Eur. |. Environ. Civ. Eng. 2017, 21, 572-593. [CrossRef]

Simescu, F; Idrissi, H. Effect of zinc phosphate chemical conversion coating on corrosion behaviour of mild steel in alkaline
medium: Protection of rebars in reinforced concrete. Sci. Technol. Adv. Mater. 2008, 9, 045009. [CrossRef]

Burchett, K.R. Metal Treatment to Prevent Corrosion and Blemishes in Metal Reinforced Concrete Structures. United States Patent
3619441, 6 November 1971.

Kumar, V. Protection of steel reinforcement for concrete-A review. Corros. Rev. 1998, 16, 317-358. [CrossRef]

Lollini, F,; Carsana, M.; Gastaldi, M.; Redaell, E. Corrosion behaviour of stainless steel reinforcement in concrete. Corros. Rev.
2019, 37, 3-19. [CrossRef]

Bertolini, L.; Pedeferri, P. Laboratory and field experience on the use of stainless steel to improve durability of reinforced concrete.
Corros. Rev. 2002, 20, 129-152. [CrossRef]


https://doi.org/10.1016/j.corsci.2010.02.016
https://doi.org/10.1016/j.corsci.2022.110451
https://doi.org/10.1016/S0010-938X(00)00040-8
https://doi.org/10.1016/j.corsci.2004.03.013
https://doi.org/10.1002/maco.201206669
https://doi.org/10.1016/S0010-938X(99)00083-9
https://doi.org/10.1016/j.conbuildmat.2022.129641
https://doi.org/10.1016/S0008-8846(02)00895-5
https://doi.org/10.1016/j.electacta.2011.09.035
https://doi.org/10.1016/j.cemconres.2008.11.001
https://doi.org/10.1016/j.conbuildmat.2013.01.019
https://doi.org/10.1016/j.conbuildmat.2016.12.019
https://doi.org/10.1016/j.conbuildmat.2017.09.142
https://doi.org/10.1617/s11527-014-0518-x
https://doi.org/10.1016/j.cemconcomp.2006.10.007
https://doi.org/10.1016/j.conbuildmat.2021.125187
https://doi.org/10.1016/j.conbuildmat.2012.05.037
https://doi.org/10.1016/j.conbuildmat.2020.120580
https://doi.org/10.1016/j.conbuildmat.2020.120763
https://doi.org/10.1007/BF02480830
https://doi.org/10.1016/j.matpr.2022.04.296
https://doi.org/10.1016/j.jobe.2021.102171
https://doi.org/10.1080/19648189.2016.1139507
https://doi.org/10.1088/1468-6996/9/4/045009
https://doi.org/10.1515/CORRREV.1998.16.4.317
https://doi.org/10.1515/corrrev-2017-0088
https://doi.org/10.1515/CORRREV.2002.20.1-2.129

Buildings 2024, 14, 1756 40 of 53

73.

74.

75.
76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.
91.

92.

93.
94.

95.

96.

97.
98.

99.

100.

101.

102.

103.

104.

Rabi, M.; Cashell, K.A.; Shamass, R.; Desnerck, P. Bond behaviour of austenitic stainless steel reinforced concrete. Eng. Struct.
2020, 221, 111027. [CrossRef]

Garcia-Alonso, M.C.; Escudero, M.L.; Miranda, ].M.; Vega, M.L; Capilla, F; Correia, M.]J.; Salta, M.; Bennani, A.; Gonzalez, ].A.
Corrosion behaviour of new stainless steels reinforcing bars embedded in concrete. Cem. Concr. Res. 2007, 37, 1463-1471. [CrossRef]
Khanna, A.S. High-Performance Organic Coatings; Woodhead Publishing and CRC Press: Cambridge, UK, 2008.

Concrete Reinforcing Steel Institute (CRSI), Epoxy Interest Group, History of Epoxy-Coated Rebar. Available online:
http:/ /www.epoxyinterestgroup.org/about/history-of-epoxy-coated-rebar (accessed on 11 April 2023).

Montes, P.; Bremmer, T.W.; Kondratova, I. Eighteen-year performance of epoxy-coated rebar in a tunnel structure subjected to a
very aggressive chloride-contaminated environment. Corrosion 2004, 60, 974-981. [CrossRef]

Romniceanu, A.; Weyers, R.E.; Riffle, ].S.; Sprinkel, M.M. Parameters governing corrosion protection efficacy of fusion-bonded
epoxy coatings on reinforcing bar. ACI Mater. ]. 2008, 105, 459—467.

Clifton, ].; Beeghly, H.; Mathey, R. Nonmetallic Coatings for Concrete Reinforcing Bars; National Bureau of Standards:
Washington, DC, USA, 1974.

El-Hawary, M.M. Evaluation of bond strength of epoxy-coated bars in concrete exposed to marine environment. Constr. Build. Mater.
1999, 13, 357-362. [CrossRef]

Poursaee, A. Corrosion of Steel in Concrete Structures; Woodhead Publishing: Sawston, UK, 2016.

Broomfield, ].P. Corrosion of Steel in Concrete; CRC Press: Boca Raton, FL, USA; Taylor & Francis Group: Abingdon, UK, 2023.
Reis, JM.L.; Amorim, EM.; da Silva, A HM.ET,; da Costa Mattos, H.S. Influence of temperature on the behavior of DGEBA
(bisphenol A diglycidyl ether) epoxy adhesive. Int. |. Adhes. Adhes. 2015, 58, 88-92. [CrossRef]

Brostow, W.; Dutta, M.; Rusek, P. Modified epoxy coatings on mild steel: Tribology and surface energy. Eur. Polym. J. 2010,
46,2181-2189. [CrossRef]

Nunez, L.; Villanueva, M.; Fraga, F.; Nunez, M.R. Influence of water absorption on the mechanical properties of a DGEBA (n50)/1,
2 DCH epoxy system. |. Appl. Polym. Sci. 1999, 74, 353-358. [CrossRef]

Shin, A.; Shon, M. Effects of coating thickness and surface treatment on the corrosion protection of diglycidyl ether bisphenol-A
based epoxy coated carbon steel. J. Ind. Eng. Chem. 2010, 16, 884-890. [CrossRef]

Kreahling, R.P; Kline, D.E. Thermal conductivity, specific heat, and dynamic mechanical behavior of diglycidyl ether of bisphenol
A cured with m-phenylenediamine. J. Appl. Polym. Sci. 1969, 13, 2411-2425. [CrossRef]

Poole, A.; van Herwijnen, P.; Weideli, H.; Thomas, M.C.; Ransbotyn, G.; Vance, C. Review of the toxicology, human exposure and
safety assessment for bisphenol A diglycidylether (BADGE). Food Addit. Contam. 2004, 21, 905-919. [CrossRef] [PubMed]

Lee, ].H.; Kang, S.G.; Choe, Y.; Lee, S.G. Mechanism of adhesion of the diglycidyl ether of bisphenol A (DGEBA) to the Fe(100)
surface. Compos. Sci. Technol. 2016, 126, 9-16. [CrossRef]

Nakazawa, M. Mechanism of adhesion of epoxy resin to steel surface. Nippon. Steel Tech. Rep. 1994, 63, 16-22.

Shechter, L.; Wynstra, J. Glycidyl ether reactions with alcohols, phenols, carboxylic acids, and acid anhydrides. Ind. Eng. Chem.
1956, 48, 86-93. [CrossRef]

Arimitsu, K,; Fuse, S.; Kudo, K.; Furutani, M. Imidazole derivates as latent curing agents for epoxy thermosetting resins.
Mater. Lett. 2015, 161, 408-410. [CrossRef]

Shechter, L.; Wynstra, J.; Kurkjy, R.P. Glycidyl ether reactions with amines. Ind. Eng. Chem. 1956, 48, 94-97. [CrossRef]

Lou, C.; Liu, X. Functional dendritic curing agent for epoxy resin: Processing, mechanical performance and curing/toughening
mechanism. Compos. Part B Eng. 2018, 136, 20-27. [CrossRef]

Ehlers, J.-E.; Rondan, N.G.; Huynh, L.K,; Pham, H.; Marks, M.; Truong, T.N. Theoretical study on mechanisms of the epoxy-amine
curing reaction. Macromolecules 2007, 40, 4370-4377. [CrossRef]

Rigail-Cedeno, A.; Sung, C.S.P. Fluorescence and IR characterization of epoxy cured with aliphatic amines. Polymer 2005,
46,9378-9384. [CrossRef]

Weldon, D.J. Failure Analysis of Paints and Coatings; Wiley: Hoboken, NJ, USA, 2009.

Kamde, D.K,; Pillai, R.G. Effect of sunlight/ultraviolet exposure on the corrosion of fusion-bonded epoxy (FBE) coated steel rebar
in concrete. Corros. J. 2020, 76, 843-860. [CrossRef] [PubMed]

Sagiiés, A.A.; Lau, K; Powers, R.G. Corrosion of epoxy-coated rebar in marine bridges-Part 1: A 30-year perspective. Corrosion
2010, 66, 065001-01-1065001-13. [CrossRef]

Mahltig, B.; Béttcher, H.; Rauch, K.; Dieckmann, U.; Nitsche, R.; Fritz, T. Optimized UV protecting coatings by combination of
organic and inorganic UV absorbers. Thin Solid Film. 2005, 485, 108-114. [CrossRef]

Nikafshar, S.; Zabini, O.; Ahmadi, M.; Mirmohseni, A.; Taseidifar, M.; Naebe, M. The effects of UV light on the chemical and
mechanical properties of a transparent epoxy- diamine system in the presence of an organic UV absorber. Materials 2017, 10, 180.
[CrossRef] [PubMed]

Ghasemi-Kahrizsangi, A.; Shariatpanahi, H.; Neshati, J.; Akbarinezhad, E. Degradation of modified carbon black/epoxy
nanocomposite coatings under ultraviolet exposure. Appl. Surf. Sci. 2015, 353, 530-539. [CrossRef]

Liu, M.; Horrocks, A.R. Effect of carbon black on UV stability of LLDPE films under artificial weathering conditions. Polym.
Degrad. Stab. 2002, 75, 485-499. [CrossRef]

Mira, J.; Lopez-Pérez, J.A.; Rivas, J.; Lopez-Quintela, M.A.; Caciuffo, R.; Rinaldi, D.; Fiorani, D. Dynamic magnetic behaviour of
interacting y-Fe,O3 nanoparticles dispersed in epoxy resin. IEEE Trans. Magn. 1997, 33, 3724-3726. [CrossRef]


https://doi.org/10.1016/j.engstruct.2020.111027
https://doi.org/10.1016/j.cemconres.2007.06.003
http://www.epoxyinterestgroup.org/about/history-of-epoxy-coated-rebar
https://doi.org/10.5006/1.3287832
https://doi.org/10.1016/S0950-0618(99)00042-2
https://doi.org/10.1016/j.ijadhadh.2015.01.013
https://doi.org/10.1016/j.eurpolymj.2010.08.006
https://doi.org/10.1002/(SICI)1097-4628(19991010)74:2%3C353::AID-APP17%3E3.0.CO;2-J
https://doi.org/10.1016/j.jiec.2010.09.016
https://doi.org/10.1002/app.1969.070131115
https://doi.org/10.1080/02652030400007294
https://www.ncbi.nlm.nih.gov/pubmed/15666984
https://doi.org/10.1016/j.compscitech.2016.02.002
https://doi.org/10.1021/ie50553a028
https://doi.org/10.1016/j.matlet.2015.08.141
https://doi.org/10.1021/ie50553a029
https://doi.org/10.1016/j.compositesb.2017.09.073
https://doi.org/10.1021/ma070423m
https://doi.org/10.1016/j.polymer.2005.04.063
https://doi.org/10.5006/3588
https://www.ncbi.nlm.nih.gov/pubmed/38678013
https://doi.org/10.5006/1.3452397
https://doi.org/10.1016/j.tsf.2005.03.056
https://doi.org/10.3390/ma10020180
https://www.ncbi.nlm.nih.gov/pubmed/28772538
https://doi.org/10.1016/j.apsusc.2015.06.029
https://doi.org/10.1016/S0141-3910(01)00252-X
https://doi.org/10.1109/20.619551

Buildings 2024, 14, 1756 41 of 53

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Shi, X.; Nguyen, T.A.; Suo, Z; Liu, Y.; Avci, R. Effect of nanoparticles on the anticorrosion and mechanical properties of epoxy
coating. Surf. Coat. Technol. 2009, 204, 237-245. [CrossRef]

Wang, Z.G.; Zhang, EQ.; Song, N.; Ni, L.Z. The influence of barium sulfate on the mechanical properties of glass/epoxy resin
composite. Polym. Polym. Compos. 2008, 16, 257-262. [CrossRef]

Piazza, D.; Lorandi, N.P,; Pasqual, C.I.; Scienza, L.C.; Zattera, A.]J. Influence of microcomposite and a nanocomposite on the
properties of an epoxy-based powder coating. Mater. Sci. Eng. A 2011, 528, 6769-6775. [CrossRef]

Siddabattuni, S.; Schuman, T.P.; Dogan, F. Improved polymer nanocomposite dielectric breakdown performance trough barium
titanate to epoxy interface control. Mater. Sci. Eng. B 2011, 176, 1422-1429. [CrossRef]

Monetta, T.; Bellucci, F.; Nicolais, L. Protective properties of epoxy-based organic coatings on mild steel. Prog. Org. Coat. 1993,
21, 353-369. [CrossRef]

Pfeifer, D.; Landgren, R.; Krauss, P. Performance of epoxy-coated rebars: A review of CRSI research studies. Transp. Res. Circ.
1993, 403, 57-65.

Kondratova, I.; Erdogdu, S.; Bremner, T. Field and laboratory performance of epoxy-coated reinforcement in cracked and
uncracked concrete. In Proceedings of the Transportation Research Board 77th Annual Meeting, Washington, DC, USA,
11-15 January 1998.

Manning, D. Corrosion performance of epoxy-coated reinforcing steel: North American experience. Constr. Build. Mater. 1996,
10, 349-365. [CrossRef]

Kamde, D.P; Zintel, M.; Kessler, S.; Pillai, R.G. Performance indicators and specifications for fusion-bonded-epoxy (FBE)-coated
steel rebars in concrete exposed to chlorides. Sustain. Resilient Infrastruct. 2023, 8, 265-283. [CrossRef]

Kamde, D.P; Pillai, R.G. Corrosion initiation mechanisms and service life estimation of concrete systems with fusion-bonded-
epoxy (FBE) coated steel exposed to chlorides. Constr. Build. Mater. 2021, 277, 122314. [CrossRef]

Koufil, M; Stoulil, J.; Bystriansky, J.; Mald, R.; Novak, P. Korozivzdorné oceli pro vyztuze betonu. Koroze A Ochr. Mater. 2002,
46, 62-67.

ASTM A775; Standard Specification for Epoxy-Coated Steel Reinforcing Bars. Annual Book of ASTM Standards. ASTM: West
Conshohocken, PA, USA, 2001; pp. 385-392.

1S 13620:1993; Fusion Bonded Epoxy Coated Reinforcing Bars-Specification. Indian Standard: New Delhi, India, 1993.

Miller, G.G.; Kepler, ].L.; Darwin, D. Effect of epoxy coating thickness on bond strength of reinforcing bars. ACI Struct. J. 2003,
100, 314-320.

Kobayashi, K.; Takewaka, K. Experimental studies on epoxy coated reinforcing steel for corrosion protection. Int. J. Cem.
Lightweight Concr. 1984, 6, 99-116. [CrossRef]

Weyers, R.E.; Sprinkel, M.M.; Brown, M.C. Summary Report on the Performance of Epoxy-Coated Reinforcing Steel in Virginia; Virginia
Transportation Research Council: Charlottesville, VA, USA, 2006; p. 22903.

Zhou, J.; Lucas, J.P. Hygrothermal effects of epoxy resin. Part I: The nature of water in epoxy. Polymer 1999, 40, 5505-5512.
[CrossRef]

Ji, W.-G.; Hu, ].-M.; Zhang, ].-Q.; Cao, C.-N. Reducting the water absorption in epoxy coatings by silane monomer incorporation.
Corros. Sci. 2006, 48, 3731-3739. [CrossRef]

Ramezanzadeh, B.; Niroumandrad, S.; Ahmadi, A.; Mahdavian, M.; Moghadam, M.H.M. Enhancement of barrier and corrosion
protection performance of an epoxy coating through wet transfer of amino functionalized graphene oxide. Corros. Sci. 2016,
103, 283-304. [CrossRef]

Soles, C.L.; Yee, A.F. A discussion of the molecular mechanisms of moisture transport in epoxy resins. J. Polym. Sci. Part B Polym.
Phys. 2000, 38, 792-802. [CrossRef]

Nguen, T.; Martin, ] W. Modes and mechanisms for the degradation of fusion-bonded epoxy-coated steel in a marine concrete
environment. J. Coat. Technol. 2004, 1, 81-92. [CrossRef]

Shafikhani, M.; Chidiac, S.E. Quantification of concrete chloride diffusion coefficient—A critical review. Cem. Concr. Compos. 2019,
99, 225-250. [CrossRef]

Andrade, C. Calculation of chloride diffusion coefficients in concrete from ionic migration measurements. Cem. Concr. Res. 1993,
23,724-742. [CrossRef]

Schneider, O.; Kelly, R.G. Localized coating failure of epoxy-coated aluminium alloy 2024-T3 in 0.5 M NaCl solutions: Correlation
between coating degradation, blister formation and local chemistry within blisters. Corros. Sci. 2007, 49, 594-619. [CrossRef]
Pélissier, K.; Thierry, D. Powder and high-solid coatings as anticorrosive solutions for marine and offshore applications? A
Review. Coatings 2020, 10, 916. [CrossRef]

Kamde, D.K,; Kessler, S.; Pillai, R.G. Condition assessment of reinforced concrete systems with fusion bonded epoxy coated
rebars. Corrosion 2021, 77, 1332-1343. [CrossRef] [PubMed]

Darwin, A.B.; Scantlebury, ].D. Retarding of corrosion processes on reinforcement bar in concrete with an FBE coating. Cem.
Concr. Compos. 2002, 24, 73-78. [CrossRef]

Walker, D.E.; Wilcox, G.D. Molybdate based conversion coatings for zinc and zinc alloy surfaces: A review. Trans. IMF 2008,
86, 251-259. [CrossRef]

Golabadi, M.; Aliofkhazraei, M.; Toorani, M.; Rouhaghdam, A.S. Corrosion and cathodic disbondment resistance of epoxy
coatingon zinc phosphate conversion coating containing Ni?* and Co?*. J. Ind. Eng. Chem. 2017, 47, 154-168. [CrossRef]


https://doi.org/10.1016/j.surfcoat.2009.06.048
https://doi.org/10.1177/096739110801600405
https://doi.org/10.1016/j.msea.2011.05.062
https://doi.org/10.1016/j.mseb.2011.07.025
https://doi.org/10.1016/0033-0655(93)80050-K
https://doi.org/10.1016/0950-0618(95)00028-3
https://doi.org/10.1080/23789689.2020.1871539
https://doi.org/10.1016/j.conbuildmat.2021.122314
https://doi.org/10.1016/0262-5075(84)90039-3
https://doi.org/10.1016/S0032-3861(98)00790-3
https://doi.org/10.1016/j.corsci.2006.02.005
https://doi.org/10.1016/j.corsci.2015.11.033
https://doi.org/10.1002/(SICI)1099-0488(20000301)38:5%3C792::AID-POLB16%3E3.0.CO;2-H
https://doi.org/10.1007/s11998-004-0002-6
https://doi.org/10.1016/j.cemconcomp.2019.03.011
https://doi.org/10.1016/0008-8846(93)90023-3
https://doi.org/10.1016/j.corsci.2006.06.006
https://doi.org/10.3390/coatings10100916
https://doi.org/10.5006/3786
https://www.ncbi.nlm.nih.gov/pubmed/38710690
https://doi.org/10.1016/S0958-9465(01)00028-2
https://doi.org/10.1179/174591908X345022
https://doi.org/10.1016/j.jiec.2016.11.027

Buildings 2024, 14, 1756 42 of 53

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.
147.

148.

149.

150.

151.
152.

153.
154.

155.

156.

157.

158.

159.

160.

161.
162.

163.
164.

165.

166.

Ghanbari, A.; Attar, M.M. The effect of zirconium-based surface treatment on the cathodic disbanding resistance of epoxy coated
mild steel. Appl. Surf. Sci. 2014, 316, 429-434. [CrossRef]

Vakili, H.; Ramezanzadeh, B.; Amini, R. The corrosion performance and adhesion properties of the epoxy coating applied on the
steel substrates treated by cerium-based conversion coatings. Corros. Sci. 2015, 94, 466—475. [CrossRef]

Sharma, N.; Sharma, S.; Sharma, S.K.; Mehta, R. Evaluation of corrosion inhibition and self healing capabilities of nanoclay and
tung oil microencapsulated epoxy coatings on rebars in concrete. Constr. Build. Mater. 2020, 259, 120278. [CrossRef]

Singh, K.; Nanda, T.; Mehta, R. Compatibilization of polypropylene fibers in epoxy based GFRP/clay nanocomposites for
improved impact strength. Compos. Part A 2017, 98, 207-217. [CrossRef]

Liu, Y.; Shi, J. Design of a smart protective coating with molybdate loaded halloysite nanotubes towards corrosion protection in
reinforced concrete. Cem. Concr. Compos. 2024, 147, 105419. [CrossRef]

Loépez-Calvo, H.Z.; Montes-Garcia, P.; Kondratova, I.; Bremner, TW.; Thomas, M.D.A. Epoxy-coated bars as corrosion control in
cracked reinforced concrete. Mater. Corros. 2013, 64, 599-608. [CrossRef]

Johnston, D.W.; Zia, P. Bond Characteristics of Epoxy-Coated Reinforcing Bars; FHWA-NC-82-002; Federal Highway Administration:
Washington, DC, USA, 1982.

Treece, R.A.; Jirsa, ].O. Bond strength of epoxy-coated reinforcing bars. ACI Mater. ]. 1989, 86, 167-174.

Cusens, A.R. Pullout tests of epoxy-coated reinforcement in concrete. Cem. Concr. Compos. 1992, 14, 269-276. [CrossRef]

Pop, L; De Schutter, G.; Desnerck, P.; Onet, T. Bond between powder type self- compacting concrete and steel reinforcement.
Constr. Build. Mater. 2013, 41, 824-833. [CrossRef]

Tahershamsi, M.; Fernandez, I.; Zandi, K.; Lundgren, K. Four levels to assess anchorage capacity of corroded reinforcement in
concrete. Eng. Struct. 2017, 147, 434-447. [CrossRef]

Mancini, G.; Tondolo, E. Effect of bond degradation due to corrosion—A literatury survey. Struct. Concr. 2014, 15, 404-418.
[CrossRef]

De Anda, L.; Courtier, C.; Moehle, J. Bond strength of prefabricated epoxy-coated reinforcement. ACI Mater. J. 2006, 103, 226-234.
Lee, J.; Sheesley, E.; Jing, Y.; Xi, Y.; Willam, K. The effect of heating and cooling on the bond strength between concrete and steel
reinforcement bars with and without epoxy coating. Constr. Build. Mater. 2018, 177, 230-236. [CrossRef]

Choi, O.C.; Hadje-Ghaffari, H.; Darwin, D.; McCabe, S.L. Bond of epoxy-coated reinforcement: Bar parametres. ACI Mater. ]. 1991,
2,207-217.

Assaad, ].J.; Issa, C.A. Bond strength of epoxy-coated bars in underwater concrete. Constr. Build. Mater. 2012, 30, 667-674.
[CrossRef]

Pokorny, P.; Koufil, M.; Stoulil, ].; Bouska, P.; Simon, P; Juranek, P. Problems and normative evaluation of bond-strength tests for
coated reinforcement and concrete. Mater. Technol. 2015, 49, 847-856. [CrossRef]

Cairns, J.; Abdullah, R. Fundamental tests on the effect of an epoxy coating on bond strength. ACI Mater. J. 1994, 91, 331-338.
Pandurangan, K.; Santhakumar, A.R.; Rao, G.A. Effect of fusion bonded epoxy coating and rib geometry on the bond strength of
reinforced concrete. Indian Concr. J. 2013, 34, 33-43.

Kayyali, O.A.; Yeomans, S.R. Bond and slip of coated reinforcement in concrete. Constr. Build. Mater. 1995, 9, 219-226. [CrossRef]
Swamy, R.N.; Koyama, S. Epoxy coated rebars, the panacea for steel corrosion in concrete. Constr. Build. Mater. 1989, 3, 86-91.
[CrossRef]

Grundhoffer, TM.; French, C.W.; Leon, R.T. Bond Behaviour of Uncoated and Epoxy-Coated Reinforcement in Concrete; Final Report for
University of Minnesota; Center of Transportation Studies and National Science Foundation: Minneapolis, MN, USA, 1992.
Idun, E.K.; Darwin, D. Bond of epoxy-coated reinforcement: Coefficient of friction and rib face angle. ACI Struct. J. 1999,
96, 609-615.

Huang, Y.; Zhang, Y.; Li, X.; Ying, ]J. Bond of epoxy-coated steel bars to seawater sea sand recycled concrete. Structures 2021,
30, 866-876. [CrossRef]

Wang, X.-H.; Chen, B.; Tang, P. Experimental and analytical study on bond strength of normal uncoated and epoxy-coated
reinforcing bars. Constr. Build. Mater. 2018, 189, 612—-628. [CrossRef]

Nie, R.; Huang, Y.; Li, X.; Sun, H.; Li, D.; Ying, J. Bond of epoxy-coated reinforcement to seawater coral aggregate concrete.
Ocean. Eng. 2020, 208, 107350. [CrossRef]

Hadje-Ghaffari, H.; Choi, O.C.; Darwin, D.; McCabe, S.L. Bond of epoxy coated reinforcement: Cover, casting position, slump,
and consolidation. ACI Struct. J. 1994, 91, 59-68.

Committee, A.C. Building Code Requirements for Reinforced Concrete; American Concrete Institute: Farmington Hills, MI, USA, 2005.
AASHTO. Standard Specification for Heighway Bridges; American Association of State Highway and Transportation Officials:
Washington, DC, USA, 1989.

Yeomans, S.R. Galvanized Steel Reinforcement in Concrete; Elsevier: Canberra, Australia, 2004.

Stejkal, B. Evaluation of the Performance of Galvanized Steel Reinforcement in Concrete Bridge Decks; CTL Project 050324; Construction
Technology Laboratories: Skokie, IL, USA, 1992.

Dallin, G. Continously Coated Galvanized Steel Reinforcing Bars, Literature Review of the Advantages of Zinc Coatings versus Zinc/Zinc-
Iron Coatings; Galvinfo Centre, International Zinc Association: Brussels, Belgium, 2013.

Olsen, C.; Nagi, M. Evaluation of the Performance of Galvanized Steel in Concrete Bridge Decks; ILZRO Project ZC-10; Construction
Technology Laboratories: Skokie, IL, USA, 2002.


https://doi.org/10.1016/j.apsusc.2014.07.178
https://doi.org/10.1016/j.corsci.2015.02.028
https://doi.org/10.1016/j.conbuildmat.2020.120278
https://doi.org/10.1016/j.compositesa.2017.03.027
https://doi.org/10.1016/j.cemconcomp.2023.105419
https://doi.org/10.1002/maco.201106319
https://doi.org/10.1016/0958-9465(92)90025-Q
https://doi.org/10.1016/j.conbuildmat.2012.12.029
https://doi.org/10.1016/j.engstruct.2017.06.024
https://doi.org/10.1002/suco.201300009
https://doi.org/10.1016/j.conbuildmat.2018.05.128
https://doi.org/10.1016/j.conbuildmat.2011.12.047
https://doi.org/10.17222/mit.2014.227
https://doi.org/10.1016/0950-0618(95)00024-A
https://doi.org/10.1016/S0950-0618(89)80006-6
https://doi.org/10.1016/j.istruc.2021.01.056
https://doi.org/10.1016/j.conbuildmat.2018.09.010
https://doi.org/10.1016/j.oceaneng.2020.107350

Buildings 2024, 14, 1756 43 of 53

167.

168.

169.

170.

171.

172.
173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.
187.

188.

189.

190.
191.

192.

193.

194.

195.
196.

197.
198.

Hegyi, A.; Pastrav, M.; Rus, M. Environmental and economic aspects of anticorrosion protection by hot-dipped galvanized
method rebars in concrete. J. Appl. Eng. Sci. 2015, 5, 18-29.

Yeomans, S.R. Galvanized steel reinforcement—A prespect view. In Real World Concrete—Symposium of R. N. Swamy; American
Concrete Institute: Farmington Hills, MI, USA, 1995; pp. 57-70.

Maldonado, L. Chloride threshold for corrosion of galvanized reinforcement in concrete exposed in the Mexican Caribbean.
Mater. Corros. 2009, 60, 536-539. [CrossRef]

Rasheeduzzafar, F.; Balder, M.; Khan, M. Performance corrosion-resisting steels in chloride-bearing concrete. ACI Mater. J. 1992,
89, 439-448.

McDonald, D.B. Corrosion evaluation of epoxy-coated, metallic-clad and solid metallic reinforcing bars in concrete. Aust. Civ.
Eng. Trans. 2002, 44, 103-107.

Marder, A.R. The metallurgy of zinc-coated steel. Prog. Mater. Sci. 2000, 45, 191-271. [CrossRef]

Culcasi, J.D.; Seré, PR.; Elsner, C.I; Di Sarli, A.R. Control of the growth of zinc-iron phases in the hot-dip galvanizing process.
Sutrf. Coat. Technol. 1999, 122, 21-23. [CrossRef]

Hu, X.; Watanabe, T. Relationship between the crystallographic structure of electrodeposited Fe-Zn alloy film and its thermal
equilibrium diagram. Mater. Trans. 2001, 42, 1969-1976. [CrossRef]

Yu, J.; Liu, W,; Zhou, W.; Zhang, J.; Wu, L. Cross-sectional TEM observation of iron-zinc intermetallic I' and I'y phases in
commercial galvannealed IF steel sheets. Mater. Des. 2007, 28, 249-253. [CrossRef]

Koster, A.S.; Schoone, J.C. Structure of the cubic iron-zinc phase FeyZnyg. Acta Crystallogrpaphica B37 1981, 37, 1905-1907.
[CrossRef]

Okamoto, N.L.; Yasuhara, A.; Inui, H. Order-disorder structure of the 81 phase in the Fe-Zn system determined by scanning
transmissionelectron microscopy. Acta Mater. 2014, 81, 345-357. [CrossRef]

Okamoto, N.L.; Tanaka, K. Structure refinement of the 81, phase in the Fe-Zn system by single-crystal X-ray diffraction combined
with scanning transmission electron microscopy. Acta Crystallogr. B Struct. Sci. Cryst. Eng. Mater. 2014, 7, 275-282. [CrossRef]
[PubMed]

Bastin, G.F.; Loo, EJ.J.; Rieck, G.D. On the 5-phase in the Fe-Zn system. Int. |. Mater. Res. 1977, 68, 359-361. [CrossRef]

Brown, PJ. The structure of the (—Phase in the transicion metal—Zinc alloy systems. Acta Crystallogr. 1962, 15, 608. [CrossRef]
Belin, R.; Tillard, M.; Monconduit, L. Redetermination of the iron-zinc phase FeZn13. Acta Crystallogr. (Sect. C) 2000, 56, 267-268.
[CrossRef] [PubMed]

Okamoto, N.L.; Inomoto, M.; Adachi, H.; Takebayashi, H.; Inui, H. Micropillar compression deformation of single crystals of the
intermetallic compound (—FeZn;3. Acta Mater. 2014, 65, 229-239. [CrossRef]

Pokorny, P; Kolisko, J.; Balik, L.; Novék, P. Effect of chemical composition of steel on the structure of hot—Dip galvanized coating.
Metalurgija 2016, 55, 115-118.

Manna, M.; Naidu, G.; Rani, N.; Bandyopadhyay, N. Characterisation of coating on rebar surface using hot-dip Zn and Zn-4.9
Al-0.1 misch metal bath. Surf. Coat. Technol. 2008, 202, 1510-1516. [CrossRef]

Kania, H.; Mendala, J.; Kozuba, J.; Saternus, M. Development of bath chemical composition for bath hot-dip galvanizing—A
review. Materials 2020, 13, 4168. [CrossRef]

Zhang, X. Corrosion and Electrochemistry of Zinc; Plenum Press: New York, NY, USA, 1996.

Macias, A.; Andrade, C. Corrosion of galvanized steel in diluate Ca(OH), solutions (pH 11.0-12.6). Br. Corros. ]. 1987, 22, 162-171.
[CrossRef]

Vorkapic, J.Z.; Drazi¢, D.M.; Despic, A.R. Corrosion of pure and amalgamated zinc in concentrated alkali hydroxide solutions. J.
Electrochem. Soc. 1974, 121, 1385-1392. [CrossRef]

Andrade, C.; Holst, ].D.; Niirnberger, U.; Whiteley, ]J.D.; Woodman, N. Protection System for Reinforcement; CEB-Bulletin
D’Information: Lousanne, Switzerland, 1992.

Bowsher, B. Corrosion Protection of Reinforcing Steels; Technical Report Fib-Bulletin 49; IFSC: Lousanne, Switzerland, 2009.
Macias, A.; Andrade, C. Corrosion rate of galvanized steel immersed in saturated solutions of Ca(OH); in the pH range 12-13.8.
Br. Corros. |. 1983, 18, 82-87. [CrossRef]

Blanco, M.T.; Macias, A.; Andrade, C. SEM study of the corrosion products of galvanized reinforcements immersed in solutions
in the pH range 12.6-13.6. Br. Corros. ]. 1984, 19, 41-48. [CrossRef]

Macias, A.; Andrade, C. Corrosion of galvanized steel reinforcements in alkaline solutions. Part 1: Electrochemical results. Br.
Corros. J. 1987, 22, 113-118. [CrossRef]

Macias, A.; Andrade, C. Corrosion of galvanized steel reinforcements in alkaline solutions. Part 2: SEM study and identification
of corrosion products. Br. Corros. J. 1987, 22, 119-129. [CrossRef]

Wienerova, K.; Koufil, M.; Stoulil, J. Koroze a ochrana zinkované oceli v prostiedi betonu. Koroze A Ochr. Mater. 2010, 54, 148-154.
Pokorny, P; Koufil, M.; Kucera, V. Kinetics of zinc corrosion in concrete as a function of water and oxygen availability. Materials
2019, 12, 2786. [CrossRef] [PubMed]

Menzel, K. Zur Korrosion von Verzinktem Stahl in Kontakt mit Beton, INB (Mitteilungen); Universitdt Stuttgart: Stuttgart, Germany, 1992.
Ramirez, E.; Gonzales, J.A.; Bautista, A. The protective efficiency of galvanizing against corrosion of steel in mortar and in
Ca(OH); saturated solutions containing chlorides. Cerm. Concr. Res. 1996, 26, 1525-1536. [CrossRef]


https://doi.org/10.1002/maco.200805149
https://doi.org/10.1016/S0079-6425(98)00006-1
https://doi.org/10.1016/S0257-8972(99)00404-1
https://doi.org/10.2320/matertrans.42.1969
https://doi.org/10.1016/j.matdes.2005.04.011
https://doi.org/10.1107/S056774088100753X
https://doi.org/10.1016/j.actamat.2014.08.025
https://doi.org/10.1107/S2052520613034410
https://www.ncbi.nlm.nih.gov/pubmed/24675597
https://doi.org/10.1515/ijmr-1977-680508
https://doi.org/10.1107/S0365110X62001528
https://doi.org/10.1107/S0108270199014997
https://www.ncbi.nlm.nih.gov/pubmed/10777914
https://doi.org/10.1016/j.actamat.2013.10.065
https://doi.org/10.1016/j.surfcoat.2007.07.001
https://doi.org/10.3390/ma13184168
https://doi.org/10.1179/000705987798271505
https://doi.org/10.1149/1.2401695
https://doi.org/10.1179/bcj.1983.18.2.82
https://doi.org/10.1179/000705984798273524
https://doi.org/10.1179/000705987798271631
https://doi.org/10.1179/000705987798271749
https://doi.org/10.3390/ma12172786
https://www.ncbi.nlm.nih.gov/pubmed/31470625
https://doi.org/10.1016/0008-8846(96)00150-0

Buildings 2024, 14, 1756 44 of 53

199.

200.

201.
202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

Garnica-Rodriguez, A.; Montoya, R.; Rodriguez-Gomez, EJ.; Pérez-Lopez, T.; Genesca, J. Effect of fast potential change on the
early stage of zinc passivation in a saturated calcium hydroxide solution. Front. Mater. 2022, 9, 877728. [CrossRef]

Bautista, A.; Gonzales, J.A. Analysis of the protective efficiency of galvanizing agains corrosion of reinforcements embedded in
chloride contaminated concrete. Cem. Concr. Res. 1996, 26, 214-223. [CrossRef]

Hime, W.G.; Machin, M. Performance variances of galvanized steel in mortar and concrete. Corrosion 1993, 49, 858-860. [CrossRef]
Sergi, G.; Short, N.R.; Page, C.L. Corrosion of galvanized and galvanealed steel in solution of pH 9.0 to 14.0. Corrosion 1985,
41, 618-624. [CrossRef]

Maahn, E.; Sorensen, B. The influence of microstructure on the corrosion properties of hot-dip galvanized reinforcement in
concrete. Corrosion 1986, 42, 187-196. [CrossRef]

Bird, C.E. The influence of minor constituents in portland cement on the behaviour of galvanized steel in concrete. Corros. Prev. Control.
1964, 17-21.

Tan, Z.Q.; Hansson, C.M. Effect of surface condition on the initial corrosion of galvanized reinforcing steel embedded in concrete.
Corros. Sci. 2008, 50, 2512-2522. [CrossRef]

Sistonen, E.; Cwirzen, A.; Puttonen, ]. Corrosion mechanism of hot-dip galvanized reinforcement bar in cracked concrete.
Corros. Sci. 2008, 50, 3416-3428. [CrossRef]

Andrade, C.; Macias, A. Galvanized Reinforcement in Concrete, Surface Coatings—2; Wilson, A.D., Nicholson, J.W., Prosser, H.J., Eds.;
Elsevier Applied Science Publisher Ltd.: Amsterdam, The Netherlands, 1988; pp. 137-182.

Bellezze, T.; Malavolta, M.; Quaranta, A.; Ruffini, N.; Roventi, G. Corrosion behaviour in concrete of tree differently galvanized
steel bars. Cem. Concr. Compos. 2006, 28, 246-255. [CrossRef]

Arenas, M.A.; Casado, C.; Nobel-Pujol, V.; de Damborenea, J. Influence of the conversion coating on the corrosion of galvanized
reinforcing steel. Cem. Concr. Compos. 2006, 28, 267-275. [CrossRef]

Sanchez, M.; Alonso, M.C.; Cecilio, P.; Montemor, M.E,; Andrade, C. Electrochemical and analytical assessment of galvanized
steel reinforcement pre-treated with Ce and La salts under alkaline media. Concr. Compos. 2006, 28, 256-266. [CrossRef]

Di Franco, F.; Zaffora, A.; Megna, B.; Santamaria, M. Heterogenous crystallization of zinc hydroxystannate on galvanized steel for
enhancing the bond strength at the rebar/concrete interface. Chem. Eng. J. 2021, 405, 126943. [CrossRef]

Wang, Y.; Kong, G.; Che, C.; Zhang, B. Inhibitive effect of sodium molybdate on the corrosion behavior of galvanized steel in
simulated concrete pore solution. Constr. Build. Mater. 2018, 162, 383-392. [CrossRef]

Rovnanikova, P; Bayer, P. Study of interficial transition zone between cement paste and zinc coated steel reinforcement. Corros.
Undergr. Struct. 2003, 65-70.

Rovnanikova, P.; Bayer, P. Role of the physical-chemical methods for evaluation of the relation between galvanized steel-cement
stone. CERM 2004, 469-474.

Rovnanikova, P.; Bayer, P. Microstructure of hardened portlandcement paste in galvanized reinforcement surroundings. In
Proceedings of the 9—The Association of Czech and Slovak Galvanizing; ACSZ: Ostrava, Czech Republic, 2003; pp. 57-62.

Ryant, L.; Vorel, J.; Repik, M. Kotveni Pozinkované Vyjztuze, Vijzkumni Zprdva ze Stiedoskolské Odborné Cinnosti; Stavebni Skola J.
Gocara: Prague, Czechia, 2009.

Rovnanikova, P.; Bayer, P. Vlastnosti cementového tmelu v betonu na styku s pozinkovanou vyztuZzi, conference. In 11. Betondi'ské
dny 2004; CSSI: Praha, Czech Republic, 2004; pp. 542-547.

Belaid, F; Arliguie, G.; Frangois, R. Porous structure of ITZ around galvanized and ordinary steel reinforced. Cem. Concr. Res.
2001, 31, 1561-1566. [CrossRef]

Rovnanikova, P.; Bayer, P. Zmény v mikrostuktufe cementovéhotmelu na styku s pozinkovanou vyztuzi v ¢ase. Konf. AKI
2003, 19-20.

Pokorny, P.; Vacek, V.; Prodanovic, N.; Zabloudil, A.; Hurtig, K. The effect of addition potassium permanganate on bond strength
of hot-dip galvanized plain bars with cement paste. Materials 2023, 16, 2556. [CrossRef] [PubMed]

Fratesi, R.; Mariconi, G.; Coppola, L. The influence of steel galvanization on rebars behaviour in concrete. In Corrosion of
Reinforcement in Concrete Construction; The Royal Society of Chemistry: London, UK, 1996; pp. 630-640.

Mike, J.A. Bond of Hot Dip Galvanized Reinforcement in Concrete. Master’s Thesis, American University of Beirut,
Beirut, Libanon, 2001.

Arliguie, G.; Grandet, J.; Ollivier, ].P. Orientation de la portlandite dans les mortiers et bétons de ciment Portland: Influence de la
nature et de I’état de surface du support de cristallisation. Mater. Struct. 1985, 18, 263-267. [CrossRef]

Barmes, B.D.; Diamond, S.; Dolch, W.L. The contact zone between portland cement paste and glass aggregate surfaces. Cem.
Concr. Res. 1978, 8, 233-243. [CrossRef]

Khalaf, M.N.; Page, C.L. Steel /mortar interfaces: Microstructural features and mode of failure. Cem. Concr. Res. 1979, 9, 197-208.
[CrossRef]

Maldonado, L.; Quiroz-Zavala, O.; Diaz-Ballote, L. Bond between galvanized steel and concrete prepared with limestone
aggregates. AntiCorrosion Methods Mater. 2010, 57, 305-313. [CrossRef]

Pokorny, P.; Kosteleckd, M.; Prodanovic, N.; Sykora, M. Effect of calcium hydroxyzincate on bond strength of hot-dip galvanized
plain bars with normal strength concrete. Cem. Concr. Compos. 2022, 130, 104540. [CrossRef]

Bellezze, T.; Monosi, S.; Roventi, G.; Fratesi, R. Inhibition of galvanized rebars active corrosion in fresh concrete using hydrogen
peroxide. In Proceedings of the European Corrosion Congress EUROCORR 2013, Estoril, Portugal, 1-5 September 2013.


https://doi.org/10.3389/fmats.2022.877728
https://doi.org/10.1016/0008-8846(95)00215-4
https://doi.org/10.5006/1.3316010
https://doi.org/10.5006/1.3582994
https://doi.org/10.5006/1.3585996
https://doi.org/10.1016/j.corsci.2008.06.035
https://doi.org/10.1016/j.corsci.2008.08.050
https://doi.org/10.1016/j.cemconcomp.2006.01.011
https://doi.org/10.1016/j.cemconcomp.2006.01.010
https://doi.org/10.1016/j.cemconcomp.2006.01.004
https://doi.org/10.1016/j.cej.2020.126943
https://doi.org/10.1016/j.conbuildmat.2017.12.035
https://doi.org/10.1016/S0008-8846(01)00597-X
https://doi.org/10.3390/ma16072556
https://www.ncbi.nlm.nih.gov/pubmed/37048848
https://doi.org/10.1007/BF02472914
https://doi.org/10.1016/0008-8846(78)90012-1
https://doi.org/10.1016/0008-8846(79)90026-7
https://doi.org/10.1108/00035591011087163
https://doi.org/10.1016/j.cemconcomp.2022.104540

Buildings 2024, 14, 1756 45 of 53

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.
255.

256.

257.

258.

259.

Muller, H.H. Behaviour of Galvanized Rebars in Concrete, Durability of Building Materials and Components; E & FN Spon/Chapman & Hall:
London, UK, 1993; pp. 147-156.

Sistonen, E.; Peltola, S. Quality specifications for hot-dip galvanised reinforcement to ensure the target service life. In Proceedings
of the Nordic Concrete Research Meeting—XIX, Sandefjord, Norway, 13-15 June 2005; pp. 133-134.

Sistonen, E. Service Life of Hot Dip Galvanized Reinforcement Bars in Carbonated and Chloride Contaminated Concrete. Ph.D.
Thesis, Helsinki University of Technology, Espoo, Finland, 2000.

Slater, W.A.; Richard, FE.; Scofield, G.G. Tests of Bond Resistance between Concrete and Steel; Technological Papers of the Bureau of
Standards, No. 173; Washington Government Printing Office: Washington, DC, USA, 1920.

Yeomans, S.R. Comparative Studies of Galvanized and Epoxy coated Steel Reinforcement in Concrete; Research Report No. R103; The
University of New South Wales: Canberra, Australia, 1991; pp. 1-15.

Belaid, F.; Arliguie, G.; Frangois, R. Effect of bars properties on bond strength of galvanized reinforcement. J. Mater. Civ. Eng.
2001, 13, 454-458. [CrossRef]

Robinson, K.E. The Bond Strength of Galvanized Reinforcement; Technical Report TRA /220; Cement and Concrete Association 52;
Grosvendor Gardens: London, UK, 1956.

Guklid, I.; Hofsey, A. Hot dip galvanized steel reinforcement (Varmforsinket armeringsstal). Tek. Ukebl. Oslo 1965, 2, 37-43.
Deya, C. Silane as adhesion promoter in damaged areas. Prog. Org. Coat. 2016, 90, 28-33. [CrossRef]

Parhizkar, N.; Ramezanzadeh, B.; Shahrabi, T. Corrosion protection and adhesion properties of the epoxy coating applied on the
steel substrate pre-treated by a sol-gel based silane coating filled with amino and isocyanate silane functionalized graphene oxide
nanosheets. Appl. Surf. Sci. 2018, 439, 45-59. [CrossRef]

Figueira, R.B.; Silva, C.J.R; Pereira, E.V. Hybrid sol-gel coatings for corrosion protection of hot-dip galvanized steel in alkaline
medium. Surf. Coat. Technol. 2015, 265, 191-204. [CrossRef]

Figueira, R.B.; Silva, C.].R; Pereira, E.V. Hybrid sol-gel coatings for corrosion protection of galvanized steel in simulated concrete
pore solution. J. Coat. Technol. Res. 2016, 13, 355-373. [CrossRef]

Polder, R.B.; Borsje, H.; de Vries, H. Hydrophobic Treatment of Concrete against Chloride Penetration; Corrosion of Reinforcement in
Concrete Construction; The Royal Society of Chemistry: London, UK, 1996; pp. 546-555.

Cherry, B.; Green, W. Corrosion and Protection of Reinforced Concrete; CRC Press: Boca Raton, FL, USA; Taylor & Francis Group:
Abingdon, UK, 2021.

Shen, L.; Jiang, H.; Wang, T.; Chen, K.; Zhang, H. Peformance of silane-based surface treatments for protecting degraded historic
concrete. Prog. Org. Coat. 2019, 129, 209-216. [CrossRef]

Vipulanandan, C.; Parihar, A.; Issac, M. Testing and modeling composite coatings with silanes with silanes for protecting
reinforced concrete in saltwater environment. J. Mater. Civ. Eng. 2011, 23, 1602-1608. [CrossRef]

Petrie, E. Handbook of Adhesives; McGraw Hill: New York, NY, USA, 2007.

Dow Corning. A guide to silane solutions from Dow Corning. In Chemical Manufacturing Solutions; Dow Corning: Midland, MI, USA, 2005.
Carter, P.D. Evaluation of dampproofing performance and effective penetration depth of silane seelers in concrete. ACI Struct.
J.-Spec. Publ. 1994, 151, 95-118.

Wong, K.H.; Weyers, E.; Cady, P.D. The retardation of reinforcing steel corrosion by alkyl-alkoxy silane. Cem. Concr. Res. 1983,
13,778-788. [CrossRef]

Berke, N.S.; DeNicola, PK.; Ade, K.M.; Rungta, A. Organofunctional silane corrosion inhibitor surface treatment of concrete
to mitigate corrosion due to chlorides or carbonation. In Proceedings of the CORROSION 2017, New Orleans, LA, USA,
26-30 March 2017.

Medeiros, M.; Helene, P. Efficacy of surface hydrophobic agents in reducing water and chloride ion penetration in concrete.
Mater. Struct. 2008, 41, 59-71. [CrossRef]

Geng, Y,; Li, S.; Hou, D.; Chen, X; Jin, Z. Effect of SiO; sol/silane emulsion in reducing water and chloride ion penetration in
concrete. Coatings 2020, 10, 682. [CrossRef]

Li, S.; Zhang, W,; Liu, J.; Hou, D.; Geng, Y.; Chen, X.; Gao, Y,; Jin, Z.; Yin, B. Protective mechanism of silane on concrete upon
marine exposure. Coatings 2019, 9, 558. [CrossRef]

Tittarelli, F.; Mariconi, G. The effect of silane-based hydrophobic admixture on corrosion of reinforcing steel in concrete. Cem.
Concr. Res. 2008, 38, 1354-1357. [CrossRef]

Aguiar, ].B.; Junior, C. Carbonation of surface protected concrete. Constr. Build. Mater. 2013, 49, 478-483. [CrossRef]

Shan, H.; Xu, J.; Jiang, L.; Wang, Z. A novel electrochemical technique for enhancing silane penetration depth into mortar. Constr.
Build. Mater. 2017, 144, 645-649. [CrossRef]

Christodoulou, C.; Goudier, C.I.; Austin, S.A.; Webb, J.; Glass, G.K. Long-term performance of surface impregnation of reinforced
concrete structures with silane. Constr. Build. Mater. 2013, 48, 708-716. [CrossRef]

Schueremans, L.; Van Gemert, D.; Giessler, S. Chloride penetration in RC-structures in marine environments in marine
environment-long term assessment of a preventive hydrophobic treatment. Constr. Build. Mater. 2007, 21, 1238-1249. [CrossRef]
Basheer, P.A.M.; Basheer, L.; Cleland, D.J.; Long, A.E. Surface treatments for concrete: Assessment methods and reported
performance. Constr. Build. Mater. 1997, 11, 413—-429. [CrossRef]

Sandeford, P.; Bendell, G.; Mansoor, A. Corrosion manegment strategy for reinforced concrete wharf infrastructure located at the
mouth of the Brisbane River. Corros. Mater. 2009, 34, 32-37.


https://doi.org/10.1061/(ASCE)0899-1561(2001)13:6(454)
https://doi.org/10.1016/j.porgcoat.2015.09.001
https://doi.org/10.1016/j.apsusc.2017.12.240
https://doi.org/10.1016/j.surfcoat.2015.01.034
https://doi.org/10.1007/s11998-015-9751-7
https://doi.org/10.1016/j.porgcoat.2019.01.016
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000330
https://doi.org/10.1016/0008-8846(83)90079-0
https://doi.org/10.1617/s11527-006-9218-5
https://doi.org/10.3390/coatings10070682
https://doi.org/10.3390/coatings9090558
https://doi.org/10.1016/j.cemconres.2008.06.009
https://doi.org/10.1016/j.conbuildmat.2013.08.058
https://doi.org/10.1016/j.conbuildmat.2017.03.231
https://doi.org/10.1016/j.conbuildmat.2013.07.038
https://doi.org/10.1016/j.conbuildmat.2006.05.006
https://doi.org/10.1016/S0950-0618(97)00019-6

Buildings 2024, 14, 1756 46 of 53

260.

261.
262.

263.

264.

265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

Dai, J.G.; Akira, Y.; Wittmann, FEH.; Yokota, H.; Zhang, P. Water repellent surface impregnation for extension of service life of
reinforced concrte structures in marine environments: The role of cracks. Cem. Concr. Compos. 2010, 32, 101-109. [CrossRef]
Polder, R.B.; de Vries, H. Prevention of reinforcement corrosion by hydrophobic tratment of concrete. Heron 2001, 46, 227-238.
Tosun, K.; Felekoglu, B.; Baradan, B. Effectivness of alkyl alkoxy silane treatment in mitigating alkali-silica reaction. ACI Mater. ].
2008, 105, 20-27.

Moradllo, M.K.; Sudbrink, B.; Ley, M.T. Determining the effective service life of silane treatments in concrete bridge decks. Constr.
Build. Mater. 2016, 116, 121-127. [CrossRef]

Liu, J.; Cai, J.; Shi, L.; Liu, ].; Zhou, X.; Mu, S.; Hong, J. The inhibition behaviour of a water-soluble silane for reinforcing steel in
3.5 % NaCl saturated Ca(OH), solution. Constr. Build. Mater. 2018, 189, 95-101. [CrossRef]

Shen, L.; Zhang, H. Corrosion inhibition and adsorption behavior of (3-aminopropyl)-triethoxysilane on steel surface in the
simulated concrete pore solution contaminated with chloride. J. Mol. Lig. 2022, 363, 119896. [CrossRef]

Ryu, H.-S.; Singh, J.K.; Yang, H.M.; Lee, H.-S.; Ismail, M.A. Evaluation of corrosion resistance properties of N, N’ -Dimethyl
ethanolamine corrosion inhibitor in saturated Ca(OH), solution with different concentrations of chloride ions by electrochemical
experiments. Constr. Build. Mater. 2016, 114, 223-231. [CrossRef]

Ormellese, M.; Lazzari, L.; Goidanich, S.; Fumagalli, G.; Brenna, A. A study of organic substances as inhibitors for chloride-
induced corrosion in concrete. Corros. Sci. 2009, 51, 2959-2968. [CrossRef]

Shen, L.; Jiang, H.; Cao, J.; Zhang, M.; Zhang, H. A comparison study of the performance of three electro-migrating corrosion
inhibitors in improving the concrete durability and rehabilitating decayed reinforced concrete. Constr. Build. Mater. 2020,
238, 117673. [CrossRef]

Shen, L,; Jiang, H.; Cao, J.; Zhang, H. The effect of electro-migrating 3- aminopropyltriethoxysilane on the improvement of the
reinforced concrete durability. Constr. Build. Mater. 2019, 214, 101-110. [CrossRef]

Zou, Z.; Yang, G.; Chen, F; Long, F;; Li, Q.; Jiang, R.; Zhang, H. Re-alkalization effect experiment and a new re-alkalization control
model of carbonated concrete. Adv. Mater. Sci. Eng. 2022, 2022, 6213832. [CrossRef]

McArthur, H.; D"Arcy, S.; Barker, J. Cathodic protection by impressed DC currents for construction, maintenance and refurbish-
ment in reinforced concrete. Constr. Build. Mater. 1993, 7, 85-93. [CrossRef]

Bouteiller, V.; Tissier, Y.; Maria-Victoria, E.; Chaussadent, T.; Joiret, S. The application of electrochemical chloride extraction to
reinforced concrete—A review. Constr. Build. Mater. 2022, 351, 128931. [CrossRef]

Orellan, J.C.; Escadeillas, G.; Arliguie, G. Electrochemical chloride extraction: Efficiency and side effects. Cem. Concr. Res. 2004,
34,227-234. [CrossRef]

Bolzoni, F; Brenna, A.; Ormellese, M. Recent advances in the use of inhibitors to prevent chloride-induced corrosion in reinforced
concrete. Cem. Concr. Res. 2022, 154, 106719. [CrossRef]

Cui, L.; Hang, M.; Huang, H.; Gao, X. Experimental study on multi-component corrosion inhibitor for steel bar in chloride
environment. Constr. Build. Mater. 2021, 313, 125533. [CrossRef]

Xu, C.; Jin, WL.; Wang, H.L.; Wu, H.T.; Huang, N.; Li, Z.Y.; Mao, ].H. Organic corrosion inhibitor of triethylentetramine into
chloride contamination concrete by electro-injection method. Constr. Build. Mater. 2016, 115, 602—-617. [CrossRef]

Sawada, S.; Page, C.L.; Page, M.M. Electrochemical injection of organic corrosion inhibitors into concrete. Corros. Sci. 2005,
47,2063-2078. [CrossRef]

Kubo, J.; Sawada, S.; Page, C.L.; Page, M.M. Electrochemical inhibitor injection for control of reinforcement corrosion in carbonated
concrete. Mater. Corros. 2008, 59, 107-113. [CrossRef]

Sawada, S.; Kubo, J.; Page, C.L.; Page, M.M. Electrochemical injection of organic corrosion inhibitors into carbonated cementitious
materials: Part 1. Effects on pore solution chemistry. Corros. Sci. 2007, 49, 1186-1204.

Karthick, S.P.; Madhavamayandi, A.; Muralidharan, S.; Saraswathy, V. Electrochemical proces to improve the durability of
concrete structures. J. Build. Eng. 2016, 7, 273-280. [CrossRef]

Goyal, A.; Ganjian, E.; Pouya, H.S.; Tyrer, M. Inhibitor efficiency of migratory corrosion inhibitors to reduce corrosion in reinforced
concrete exposed to high chloride environment. Constr. Build. Mater. 2021, 303, 124461. [CrossRef]

Liu, T.; Wei, H.; Zhou, A.; Zou, D.; Jian, H. Multiscale investigation on tensile properties of ultra-high performance concrete with
silane coupling agent modified steel fibers. Cem. Concr. Compos. 2020, 111, 103638. [CrossRef]

Sun, M.; Wen, D.J.; Wang, H.W. Influence of corrosion on the interface between zinc phospate steel fiber and cement.
Mater. Corros. 2012, 63, 67-72. [CrossRef]

Aggelis, D.G.; Soulioti, D.V.; Barkoula, N.M.; Paipetis, A.S.; Matikas, T.E. Influence of fiber chemical coating on the acoustic
emission behavior of steel fiber reinforced concrete. Cem. Concr. Compos. 2012, 34, 62—-67. [CrossRef]

Sebaibi, N.; Benzerzour, M.; Abriak, N.E.; Binetruy, C. Mechanical properties of concrete- reinforced fibers and powders with
crushed thermoset composites: The influence of fiber/matrix interaction. Constr. Build. Mater. 2012, 29, 332-338. [CrossRef]
Bilba, K.; Arsene, M.A. Silane treatment of bagasse fiber for reinforcement of cementitious composites. Compos. Part A Appl.
Sci. Manuf. 2008, 39, 1488-1495. [CrossRef]

Benzerzour, M.; Sebaibi, N.; Abriak, N.E.; Binetruy, C. Waste-fiber cement matrix bond characteristics improved by using
silane-treated fibers. Constr. Build. Mater. 2012, 37, 1-6. [CrossRef]

Soulioti, D.V.; Barkoula, N.M.; Koutsianopoulos, F.; Charalambakis, N.; Matikas, T.E. The effect of fibre chemical treatment on the
steel fibre/cementitious matrix interface. Constr. Build. Mater. 2013, 40, 77-83. [CrossRef]


https://doi.org/10.1016/j.cemconcomp.2009.11.001
https://doi.org/10.1016/j.conbuildmat.2016.04.132
https://doi.org/10.1016/j.conbuildmat.2018.08.151
https://doi.org/10.1016/j.molliq.2022.119896
https://doi.org/10.1016/j.conbuildmat.2016.03.174
https://doi.org/10.1016/j.corsci.2009.08.018
https://doi.org/10.1016/j.conbuildmat.2019.117673
https://doi.org/10.1016/j.conbuildmat.2019.04.130
https://doi.org/10.1155/2022/6213832
https://doi.org/10.1016/0950-0618(93)90037-D
https://doi.org/10.1016/j.conbuildmat.2022.128931
https://doi.org/10.1016/j.cemconres.2003.07.001
https://doi.org/10.1016/j.cemconres.2022.106719
https://doi.org/10.1016/j.conbuildmat.2021.125533
https://doi.org/10.1016/j.conbuildmat.2016.04.076
https://doi.org/10.1016/j.corsci.2004.10.001
https://doi.org/10.1002/maco.200804161
https://doi.org/10.1016/j.jobe.2016.07.005
https://doi.org/10.1016/j.conbuildmat.2021.124461
https://doi.org/10.1016/j.cemconcomp.2020.103638
https://doi.org/10.1002/maco.200905580
https://doi.org/10.1016/j.cemconcomp.2011.07.003
https://doi.org/10.1016/j.conbuildmat.2011.10.026
https://doi.org/10.1016/j.compositesa.2008.05.013
https://doi.org/10.1016/j.conbuildmat.2012.07.024
https://doi.org/10.1016/j.conbuildmat.2012.09.111

Buildings 2024, 14, 1756 47 of 53

289.

290.

291.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.
304.
305.
306.
307.
308.
309.
310.
311.
312.
313.
314.
315.

316.
317.

318.

319.

320.

Liu, T; Bai, R.; Chen, Z; Li, Y,; Yang, Y. Tailoring of polyethylene fiber surface by coating silane coupling agent for strain
hardening cementitious composite. Constr. Build. Mater. 2021, 278, 122263. [CrossRef]

Xiang, Y.; Xie, Y.; Long, G. Effect of basalt fiber surface silane coupling agent coating on fiber-reinforced asphalt: From macro-
mechanical performance to micro-interfacial mechanism. Constr. Build. Mater. 2018, 179, 107-116. [CrossRef]

Feng, Y.; Wang, Q.; Li, L.; Ma, Y.; Li, X. Multiscale analysis of silane coupling agent modified rubber-fiber concrete interfaces.
Mater. Today Commun. 2023, 35, 105960. [CrossRef]

Du, S.; Luan, C.; Yuan, L.; Du, P; Zhou, Z.; Wang, J. Investigation on the effect of silane coupling agent treatment of steel fibers on
the durability of UHPC. Arch. Civ. Mech. Eng. 2023, 23, 1-13. [CrossRef]

Zhou, A.; Yu, Z.; Wei, H.; Tam, L.; Liu, T.; Zou, D. Undestranding the toughening mechanism of silane coupling agents in the
interfacial bonding in steel fiber-reinforced cementitious composites. Appl. Mater. Interfaces 2020, 12, 44163-44171. [CrossRef]
[PubMed]

Casagrande, C.A.; Cavalaro, S.H.P,; Repette, W.L. Ultra-high performance fiber-reinforced cementitious composite with steel
microfibres functionalized with silane. Constr. Build. Mater. 2018, 178, 495-506. [CrossRef]

Du, S.; Zhou, Y.; Sun, H.; Liu, W,; Luan, C.; Yuan, L.; Wang, J.; Du, P; Zhou, Z.; Cheng, X. The effect of silane surface treatment on
the mechanical properties of UHPFRC. Constr. Build. Mater. 2021, 304, 124580. [CrossRef]

Materne, T.; Buyl, F.; Witucki, G.L. Organosilane Technology in Coating Application: Review and Perspectives; Dow Corning:
Midland, MI, USA, 2010; pp. 1-16.

Xiong, G.; Luo, B.; Wu, X; Li, G.; Chen, L. Influence of silane coupling agent on quality of interfacial transition zone between
concrete substrate and repair materials. Cem. Concr. Compos. 2006, 28, 97-101. [CrossRef]

Yoo, D.; Shin, H.; Yang, J.; Yoon, S. Material and bond properties of ultra high performance fiber reinforced concrete with micro
steel fibers. Compos. Part B Eng. 2014, 58, 122-133. [CrossRef]

Kwon, S.; Nishiwaki, T.; Kikuta, T.; Mihashi, H. Development of ultra-high performance hybrid fiber-reinforced cement-based
composites. ACI Mater. ]. 2014, 111, 309-318. [CrossRef]

Larsen, I.L.; Thorstensen, R.T. The influence of steel fibers on compressive and tensile strength of ultra high performance concrete:
A review. Constr. Build. Mater. 2020, 256, 119459. [CrossRef]

Park, S.H.; Kim, D.J.; Ryu, G.S.; Koh, K.T. Tensile behaviour of ultra high performance hybrid reinforced concrete. Cem. Nad.
Concr. Compos. 2012, 34, 172-184. [CrossRef]

Yu, R; Song, Q.; Wang, X.; Zhang, Z.; Shui, Z.; Brouwers, H.].H. Sustainable development of ultra-high performance fibre
reinforced concrete (UHPFRC): Towards to an optimized concrete matrix and efficient fibre application. J. Clean. Prod. 2017,
162, 220-233. [CrossRef]

Pi, Z.; Xiao, H.; Du, J.; Liu, M.; Li, H. Interfacial microstructure and bond strength of nano-5iO,-coated steel fibers in cement
matrix. Cem. Concr. Compos. 2019, 103, 1-10. [CrossRef]

Kim, S.; Choi, S.; Yoo, D. Surface modification of steel fibers using chemical solutions and their pullout behaviors from ultra-high-
performance concrete. J. Build. Eng. 2020, 32, 101709. [CrossRef]

Greenwood, N.N.; Earnshaw, A. Chemistry of the Elements; Elsevier Science and Technology: London, UK, 1997.

House, J.E. Inorganic Chemistry; Elsevier Science Publishing: Amsterdam, The Netherlands, 2019.

Housecroft, C.E.; Sharp, A.G. Inorganic Chemistry; Pearson Education Limited: London, UK, 2018.

Owen, M.].; Dvornic, P.R. Silicone Surface Science; Springer: Berlin/Heidelberg, Germany, 2012.

Hiyama, T.; Oestreich, M. Organosilicon Chemistry: New Approaches and Reactions; Wiley-VCH: Weinheim, Germany, 2019.
Thames, S.F,; Panjnani, K.G. Organosilane polymer chemistry: A review. J. Inorg. Organomet. Polym. 1996, 6, 59-94. [CrossRef]
Hoyt, ] K. Synthesis and Characterization of Nitrile Containing Polysiloxanes and Their Corresponding Network as Aircraft
Sealant Materials. Master’s Thesis, Blacksburg, VA, USA, 1999.

Issa, A.A.; Luyt, A.S. Kinetics of alkoxysilanes and organoalkoxysilanes polymerization: A review. Polymers 2019, 11, 537.
[CrossRef]

Issa, A.A.; El-Azazy, M.; Luyt, A.S. Kinetics of alkoxysilanes hydrolysis: An empirical approach. Sci. Rep. 2019, 9, 17624.
[CrossRef] [PubMed]

Beari, F.; Brand, M.; Jenkner, P.; Lehnert, R.; Metternich, H.J.; Monkiewicz, ].; Siesler, H.W. Organofunctional alkoxysilanes in
dilute aqueous solution: New accounts on the dynamic structural mutability. |. Organomet. Chem. 2001, 625, 208-216. [CrossRef]
Chemtob, A.; Ni, L.; Croutxé-Barghorn, C.; Boury, B. Order hybrids from template-free organosilane self-assembly. Chem. A Eur. ].
2014, 20, 1790-1806. [CrossRef]

Plueddemann, E.P. Adhesion trough silane coupling agents. |. Adhes. 1970, 2, 184-201. [CrossRef]

Altmann, S.; Pfeiffer, ]. The hydrolysis/condensation behaviour of methacryloyloxyalkylfunctional alkoxysilanes: Structure-
reactivity relations. Monatshefte Fiir Chem. 2003, 134, 1081-1092. [CrossRef]

Arkles, B.; Steinmetz, ].R.; Zazyczny, J.; Mehta, P. Factors contributing to the stability of alkoxysilanes in aqueous solution. J.
Adhes. Sci. Technol. 1992, 6, 193-206. [CrossRef]

Jung, H.; Kulkarni, R.; Collier, C.P. Dip-pen nanolithography of reactive alkoxysilanes on glass. J. Am. Chem. Soc. 2003,
125, 12096-12097. [CrossRef]

Mukherjee, S.P. Sol-gel processes in glass science and technology. J. Non- Cryst. Solids 1980, 42, 477-488. [CrossRef]


https://doi.org/10.1016/j.conbuildmat.2021.122263
https://doi.org/10.1016/j.conbuildmat.2018.05.192
https://doi.org/10.1016/j.mtcomm.2023.105960
https://doi.org/10.1007/s43452-023-00667-x
https://doi.org/10.1021/acsami.0c12477
https://www.ncbi.nlm.nih.gov/pubmed/32897684
https://doi.org/10.1016/j.conbuildmat.2018.05.167
https://doi.org/10.1016/j.conbuildmat.2021.124580
https://doi.org/10.1016/j.cemconcomp.2005.09.004
https://doi.org/10.1016/j.compositesb.2013.10.081
https://doi.org/10.14359/51686890
https://doi.org/10.1016/j.conbuildmat.2020.119459
https://doi.org/10.1016/j.cemconcomp.2011.09.009
https://doi.org/10.1016/j.jclepro.2017.06.017
https://doi.org/10.1016/j.cemconcomp.2019.04.025
https://doi.org/10.1016/j.jobe.2020.101709
https://doi.org/10.1007/BF01098320
https://doi.org/10.3390/polym11030537
https://doi.org/10.1038/s41598-019-54095-0
https://www.ncbi.nlm.nih.gov/pubmed/31772267
https://doi.org/10.1016/S0022-328X(01)00650-7
https://doi.org/10.1002/chem.201303070
https://doi.org/10.1080/0021846708544592
https://doi.org/10.1007/s00706-003-0615-y
https://doi.org/10.1163/156856192X00133
https://doi.org/10.1021/ja0363720
https://doi.org/10.1016/0022-3093(80)90046-0

Buildings 2024, 14, 1756 48 of 53

321.

322.

323.

324.

325.

326.

327.

328.

329.

330.

331.

332.

333.

334.

335.

336.

337.

338.

339.

340.

341.

342.

343.

344.

345.

346.

347.

348.

Priola, A.; Gozzelino, G.; Ferrero, F. Adhesion of UV-curable resins containing alkoxysilane monomers on glass surfaces. Int. J.
Adhes. Adhes. 1990, 10, 77-80. [CrossRef]

Constancio, C.; Franco, L.; Russo, A.; Anjinho, C.; Pires, J.; Vaz, M.E; Carvalho, A.P. Studies on polymeric conservation treatments
of ceramictiles with Paraloid B-72 and two alkoxysilanes. J. Appl. Polym. Sci. 2010, 116, 2833-2839. [CrossRef]

Hirano, H.; Kadota, J.; Yamashita, T.; Agari, Y. Treatment of inorganic filler surface by silane-coupling agent: Investigation of
treatment condition and analysis of bonding state of reacted agent. Int. ]. Chem. Biol. 2012, 6, 29-33.

Gonzalez-Coneo, J.; Zarzuela, R.; Elhaddad, F,; Carrascosa, L.M.; Gil, M.L.A.; Mosquera, M.]. Alkylsiloxane/alkoxysilane sols
as hydrophobic treatments for concrete: A comparative study of bulk vs surface application. J. Build. Eng. 2022, 46, 103729.
[CrossRef]

Garcia-Lodeiro, I.; Carmona-Quiroga, PM.; Zarzuela, R.; Mosquera, M.].; Varela, M.T.B. Chemistry of the interaction between an
alkoxysilane-based impregnation treatment and cementitious phases. Cem. Concr. Res. 2021, 142, 106351. [CrossRef]

Liu, Y,; Lv, X;; Bao, J.; Xie, J.; Tang, X.; Che, J.; Ma, Y.; Tong, ]. Characterization of silane treated and untreated natural cellulosic
fibre from corn stalk waste as potential reinforcement in polymer composites. Carbohydr. Polym. 2019, 218, 179-187. [CrossRef]
[PubMed]

Liu, Y.; Xie, ].; Wu, N.; Wang, L.; Ma, Y.; Tong, J. Influence of silane treatment on the mechanical, tribological and morphological
properties of corn stalk fiber reinforced polymer composites. Tribol. Int. 2019, 131, 398-405. [CrossRef]

Schneider, M.H.; Brebner, K.I. Wood-polymer combinations: The chemical modification of wood by alkoxysilane coupling agents.
Wood Sci. Technol. 1985, 19, 67-73. [CrossRef]

Taniyama, H.; Takagi, K. Study on controlling the surface structure and properties of a cellulose nanocrystal film modified using
alkoxysilanes in green solvents. Langmuier 2022, 38, 5550-5556. [CrossRef] [PubMed]

Cerny, P; Bartos, P; Kriz, P.; Olsan, P.; Spatenka, P. Higly hydrophobic organosilane-functionalized cellulose: A promising filler
for thermoplastic composites. Materials 2021, 14, 2005. [CrossRef] [PubMed]

Xie, Y,; Hill, C.A.S,; Xiao, Z.; Militz, H.; Mai, C. Silane coupling agents used for natural fiber /polymer composites: A review.
Compos. Part A 2010, 41, 806-819. [CrossRef]

Deflorian, F; Rossi, S.; Fedrizzi, L. Silane pre-treatments on copper and aluminium. Electrochim. Acta 2006, 51, 6097-6103.
[CrossRef]

Palanivel, V.; Zhu, D.; van Ooij, W.J. Nanoparticle-filled silane films as chromate replecements for aluminium alloys. Prog. Org. Coat.
2003, 47, 384-392. [CrossRef]

Petrunin, M.A.; Maksaeva, L.B.; Yurasova, T.A.; Terekhova, E.V,; Kotenev, V.A,; Tsivadze, A.Y. Adsorption of alkoxysilanes on
aluminium surface from aqueous solutions. Prot. Met. Phys. Chem. Surf. 2013, 49, 655-661. [CrossRef]

Fan, H.; Li, S.; Zhao, Z.; Wang, H.; Shi, Z.; Zhang, L. Inhibition of brass corrosion in sodium chloride solutions by self-assembled
silane films. Corros. Sci. 2011, 53, 4273-4281. [CrossRef]

Deflorian, F; Rossi, S.; Fedrizzi, L.; Fedel, M. Integrated electrochemical approaches for the investigation of silane pre-treatments
for painting copper. Prog. Org. Coat. 2008, 63, 338-344. [CrossRef]

Zucchi, F; Grassi, V.; Frignani, A.; Monticelli, C.; Trabanelli, G. Influence of a silane treatment on the corrosion resistance of a
WE43 magnesium alloy. Surf. Coat. Technol. 2006, 200, 4136-4143. [CrossRef]

Liu, X,; Yue, Z.; Romeo, T.; Weber, J.; Scheuermann, T.; Moulton, S. Biofunctionalized anti-corrosive silane coatings for magnesium
alloys. Acta Biomater. 2013, 9, 8671-8677. [CrossRef] [PubMed]

Gu, X.N.; Guo, HM.; Wang, F,; Lu, Y,; Lin, W.T.; Li, J.; Zheng, Y.F; Fan, Y.B. Degradation, hemolysis, and cytotoxicity of silane
coatings on biodegradable magnesium alloy. Mater. Lett. 2017, 193, 266-269. [CrossRef]

Gong, F; Shen, ].; Gao, R; Xie, X.; Luo, X. Enhanced corrosion resistance of magnesium alloy by a silane-based solution treatment
after an in-situ formation of the Mg(OH), layer. Appl. Surf. Sci. 2016, 365, 268-274. [CrossRef]

Bexell, U.; Grehk, T.M. A corrosion study of hot-dip galvanized steel sheet pre-treated with y-mercaptopropyltrimethoxysilane.
Surf. Coat. Technol. 2007, 201, 4734-4742. [CrossRef]

Asadi, N.; Naderi, R.; Saremi, M.; Arman, S.Y.; Fedel, M.; Deflorian, F. Study of corrosion protection of mild steel by eco-friendly
silane sol-gel coating. J. Sol-Gel Sci. Technol. 2014, 70, 329-338. [CrossRef]

Abdulmajid, A.; Hamidon, T.S.; Hussin, M.H. Characterization and corrosion inhibition studies of protective sol-gel films
modified with tannin extracts on low carbon steel. |. Sol-Gel Sci. Technol. 2022, 104, 287-299. [CrossRef]

Alibakhshi, E.; Akbarian, M.; Ramezanzadeh, M.; Ramezanzadeh, B.; Mahdavian, M. Evaluation of the corrosion protection
performance of mild steel coated with hybrid sol- gel silane coating in 3.5 wt.% NaCl solution. Prog. Org. Coat. 2018, 123, 190-200.
[CrossRef]

Subramanian, V.; van Ooij, W.]. Silane based metal pretreatments as alternatives to chromating. Surf. Eng. 1999, 15, 168-172.
[CrossRef]

Pu, Z.; van Ooij, W.J.; Mark, J.E. Hydrolysis kinetics and stability of bis (ethoxysilyl) ethane in water-ethanol solution by FTIR
spectroscopy. J. Adhes. Sci. Technol. 1997, 11, 29-47.

Van Ooij, W.J.; Sabata, A. Characterization of films of organofunctional silanes by TOFSIMS and XPS. ]. Adhes. Sci. Technol. 1991,
5, 843-863. [CrossRef]

Sabata, A.; van Ooij, W.J.; Koch, R.J. The interphase in painted metals pretreated by functional silanes. ]. Adhes. Sci. Technol. 1993,
7,1153-1170. [CrossRef]


https://doi.org/10.1016/0143-7496(90)90146-O
https://doi.org/10.1002/app.31743
https://doi.org/10.1016/j.jobe.2021.103729
https://doi.org/10.1016/j.cemconres.2020.106351
https://doi.org/10.1016/j.carbpol.2019.04.088
https://www.ncbi.nlm.nih.gov/pubmed/31221319
https://doi.org/10.1016/j.triboint.2018.11.004
https://doi.org/10.1007/BF00354754
https://doi.org/10.1021/acs.langmuir.2c00122
https://www.ncbi.nlm.nih.gov/pubmed/35438508
https://doi.org/10.3390/ma14082005
https://www.ncbi.nlm.nih.gov/pubmed/33923655
https://doi.org/10.1016/j.compositesa.2010.03.005
https://doi.org/10.1016/j.electacta.2006.02.042
https://doi.org/10.1016/j.porgcoat.2003.08.015
https://doi.org/10.1134/S2070205113060117
https://doi.org/10.1016/j.corsci.2011.08.039
https://doi.org/10.1016/j.porgcoat.2008.03.005
https://doi.org/10.1016/j.surfcoat.2005.02.073
https://doi.org/10.1016/j.actbio.2012.12.025
https://www.ncbi.nlm.nih.gov/pubmed/23313945
https://doi.org/10.1016/j.matlet.2017.01.136
https://doi.org/10.1016/j.apsusc.2016.01.028
https://doi.org/10.1016/j.surfcoat.2006.10.014
https://doi.org/10.1007/s10971-014-3286-8
https://doi.org/10.1007/s10971-022-05941-7
https://doi.org/10.1016/j.porgcoat.2018.07.008
https://doi.org/10.1179/026708499101516407
https://doi.org/10.1163/156856191X00251
https://doi.org/10.1163/156856193X00024

Buildings 2024, 14, 1756 49 of 53

349.

350.

351.

352.

353.

354.

355.
356.

357.

358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.
370.

371.

372.

373.

374.

375.

376.

377.

378.

Van Ooij, W.J.; Zhu, D. Corrosion protection of metals by water-based silane mixtures of bis-[trimethoxysilylpropylJamine and
vinyltriacetoxysilane. Prog. Org. Coat. 2004, 49, 42-53.

Gao, Z.; Zhang, D.; Lia, X,; Jiang, S.; Zhang, Q. Current status, opportunities and challenges in chemical conversion coatings for
zinc. Colloids Surf. A 2018, 546, 221-236. [CrossRef]

Gao, Z.; Zhang, D.; Liu, Z,; Li, X,; Jiang, S.; Zhang, Q. Formation mechanisms of environmentally acceptable chemical conversion
coatings for zinc: A review. J. Coat. Technol. Res. 2019, 16, 1-13. [CrossRef]

Zaferani, S.H.; Peikari, M.; Zaarei, D.; Danaee, I.; Fakhraei, ].M.; Mohammadi, M. Using silane films to produce an alternativ efor
chromate conversion coatings. Corrosion 2013, 69, 372-387. [CrossRef]

Du, Y.J.; Damron, M.; Tang, G.; Zheng, H.; Chu, C.-].; Osborne, ]. H. Inorganic/organic hybrid coatings for aircraft aluminum alloy
substrates. Prog. Org. Coat. 2001, 41, 226-232.

Andreatta, F.; Lanzutti, A.; Paussa, L.; Fedrizzi, L. Addition of phosphates or copper nitrate in a fluotitanate conversion coating
containing a silane coupling agent for aluminium alloy AA6014. Prog. Org. Coat. 2014, 77, 2107-2115. [CrossRef]

Becker, M. Chromate-free chemical conversion coatings for aluminum alloys. Corros. Rev. 2019, 37, 321-342. [CrossRef]

Cave, N.G.; Kinloch, A.J. The effect of the silane deposition conditions on the durability of aluminium joints pretreated using
3-aminopropyltrimethoxysilane. J. Adhes. 1991, 34, 175-187. [CrossRef]

Van Ooij, W.J.; Zhu, D.Q.; Prasad, G.; Jayaseelan, S.; Fu, Y.; Teredesai, N. Silane based cromate replacements for corrosion control,
paint adhesion, and rubber bonding. Surf. Eng. 2000, 16, 386-396. [CrossRef]

Van Ooij, W.J.; Zhu, D.; Stacy, M.; Seth, A.; Mugada, T.; Gandhi, J.; Puomi, P. Corrosion protection properties of organofunctional
silanes—An overview. Tsinghua Sci. Technol. 2005, 10, 639-664. [CrossRef]

Salon, M.-C.B.; Belgacem, M.N. Hydrolysis-cendensation kinetics of different silane coupling agents. Phosphorus Sulfur Silicon
Relat. Elem. 2011, 186, 240-254. [CrossRef]

Salon, M.C.H.B.; Abdelmouleh, M.; Boufi, S.; Belgacem, M.N.; Gandini, A. Silane adsorption onto cellulose fibers: Hydrolysis and
condensation reactions. J. Colloid Interface Sci. 2005, 289, 249-261. [CrossRef]

Salon, M.C.H.B.; Belgacem, M.N. Competition between hydrolysis and condensation reactions of trialkoxysilanes, as a function
of the amount of water and the nature of the organic group. Colloids Surf. A Physicochem. Eng. Asp. 2010, 366, 147-154. [CrossRef]
Kang, H.-J.; Meesiri, W.; Blum, F.D. Nuclear magnetic resonance studies of the hydrolysis and molecular motion of aminopropyl-
silane. Mater. Sci. Eng. A 1990, 126, 265-270. [CrossRef]

Chambers, R.C.; Jones, W.E.; Haruvy, Y.; Webber, S.E.; Fox, M.A. Influence of steric effects on the kinetics of ethyltrimethoxysilane
hydrolysis in a fast sol-gel system. Chem. Mater. 1993, 5, 1481-1486. [CrossRef]

Papirer, E.; Balard, H. Influence of surface chemistry and surface morphology on the acid-base interaction capacities of glass
fibers and silicas. J. Adhes. Sci. Technol. 1990, 4, 1-371. [CrossRef]

Daniels, M.W.; Francis, L.F. Silane adsorption behavior; microstructure, and properties of glycidoxypropyltrimethoxysilane-
modified colloidal silica coatings. J. Colloid Interface Sci. 1998, 205, 191-200. [CrossRef]

Matinlinna, J.P; Lung, C.Y.K; Tsoi, ] K.H. Silane adhesion mechanism in dental applications and surface treatments: A review.
Dent. Mater. 2018, 34, 13-28. [CrossRef]

Matinlinna, J.P;; Lassila, L.V.].; Vallittu, PK. The effect of five silane coupling agents on the bond strength of a luting cement to a
silica-coated titanium. Dent. Mater. 2007, 23, 1173-1180.

McNeil, K.J.; DiCaprio, J.A.; Walsh, D.A.; Pratt, R.F. Kinetics and mechanism of hydrolysis of a silicate triester, tris(2-
methoxyethoxy)phenylsilane. J. Am. Chem. Soc. 1980, 102, 1859-1865. [CrossRef]

Brinker, C.J. Hydrolysis and condensation of silicates: Effects on structure. J. Non-Cryst. Solids 1988, 100, 31-50. [CrossRef]
West, R. Cyclic organosilicon compounds. II. Ring size and reactivity in the alkali-catalyzed hydrolysis of silanes. ]. Am.
Chem. Soc. 1954, 76, 6015-6017. [CrossRef]

Steward, O.W.; Pierce, O.R. The effect of substituent fluoroalkyl groups on the alkali- catalyzed hydrolysis of silanes. |. Am.
Chem. Soc. 1959, 81, 1983-1985. [CrossRef]

Torry, S.A.; Campbell, A.; Cunliffe, A.V.;; Tod, D.A. Kinetic analysis of organosilane hydrolysis and condensation. Int. ].
Adhes. Adhes. 2006, 26, 40-49. [CrossRef]

Jiang, H.; Zheng, Z.; Wang, X. Kinetic study of methyltriethoxysilane (MTES) hydrolysis by FTIR spectroscopy under different
temperatures and solvents. Vib. Spectrosc. 2008, 46, 1-7. [CrossRef]

Jiang, H.; Zheng, Z.; Li, Z.; Wang, X. Effects of temperature and solvent on the hydrolysis of alkoxysilane under alkaline conditions.
Ind. Eng. Chem. Res. 2006, 45, 8617-8622. [CrossRef]

Somasundaram, S. Silane coatings of metallic biomaterials for biomedical implants: A preliminary review. . Biomed. Mater. Res.
Part B Appl. Biomater. 2018, 106B, 2901-2918. [CrossRef] [PubMed]

Petrunin, M.A.; Gladkikh, N.A.; Maleeva, M.A.; Maksaeva, L.B.; Yurasova, T.A. The usw of organosilanes to inhibit metal
corrosion. A review. Int. J. Corros. Scale Inhib. 2019, 8, 882-907.

Gandhi, J.S.; Singh, S.; van Ooij, W.J.; Puomi, P. Evidence for formation of metallo-siloxane bonds by comparison of dip-coated
and electrodeposited silane films. J. Adhes. Sci. Technol. 2006, 20, 1741-1768. [CrossRef]

Song, J.; van Ooij, W.J. Bonding and corrosion protection mechanisms of y-APS and BTSE silane films on aluminum substrates. J.
Adhes. Sci. Technol. 2003, 17,2191-2221. [CrossRef]


https://doi.org/10.1016/j.colsurfa.2018.03.018
https://doi.org/10.1007/s11998-018-0076-1
https://doi.org/10.5006/0686
https://doi.org/10.1016/j.porgcoat.2014.05.020
https://doi.org/10.1515/corrrev-2019-0032
https://doi.org/10.1080/00218469108026512
https://doi.org/10.1179/026708400101517369
https://doi.org/10.1016/S1007-0214(05)70134-6
https://doi.org/10.1080/10426507.2010.494644
https://doi.org/10.1016/j.jcis.2005.03.070
https://doi.org/10.1016/j.colsurfa.2010.06.002
https://doi.org/10.1016/0921-5093(90)90132-M
https://doi.org/10.1021/cm00034a018
https://doi.org/10.1163/156856190X00351
https://doi.org/10.1006/jcis.1998.5671
https://doi.org/10.1016/j.dental.2017.09.002
https://doi.org/10.1021/ja00526a015
https://doi.org/10.1016/0022-3093(88)90005-1
https://doi.org/10.1021/ja01652a036
https://doi.org/10.1021/ja01517a049
https://doi.org/10.1016/j.ijadhadh.2005.03.008
https://doi.org/10.1016/j.vibspec.2007.07.002
https://doi.org/10.1021/ie0607550
https://doi.org/10.1002/jbm.b.34151
https://www.ncbi.nlm.nih.gov/pubmed/30091505
https://doi.org/10.1163/156856106779024481
https://doi.org/10.1163/156856103772150788

Buildings 2024, 14, 1756 50 of 53

379.

380.

381.

382.

383.

384.

385.

386.

387.

388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.
400.

401.

402.

403.

404.

405.

406.

407.

Woo, H.; Reucroft, PJ.; Jacob, R.J. Electrodeposition of organofunctional silanes and its influence on structural adhesive bonding.
J. Adhes. Sci. Technol. 1993, 7, 681-697. [CrossRef]

Shacham, R.; Anvir, D.; Mandler, D. Electrodeposition of methylated sol-gel filmson conducting surface. Adv. Mater. 1999,
11, 384-388. [CrossRef]

Toledano, R.; Shacham, R.; Anvir, D.; Mandler, D. Electrochemical co-deposition of sol- gel/metal thin nanocomposite films.
Chem. Mater. 2008, 20, 4276-4283. [CrossRef]

Sheffer, M.; Groysman, A.; Mandler, D. Electrodeposition of sol-gel films on Al for corrosion protection. Corros. Sci. 2003,
45,2893-2904. [CrossRef]

Hu, J.-M.,; Liu, L; Zhang, J.-Q.; Cao, C.-N. Effects of electrodeposition potencial on the corrosion properties of bis-1,2-
[triethoxysilyl] ethane films on aluminium alloy. Electrochim. Acta 2006, 51, 3944-3949. [CrossRef]

Wu, L.-K,; Hu, J.-M.; Zhang, J.-Q. Electrodeposition of zinc-doped silane films for corrosion protection of mild steels. Corros. Sci.
2012, 59, 348-351. [CrossRef]

Li, M.; Yang, Y.-Q.; Liu, L.; Hu, ].-M.; Zhang, ].-Q. Electro-assisted preparation of dodecyltrimethoxysilane/TiO, composite films
for corrosion protection of AA2024-T3 (aluminium alloy). Electrochim. Acta 2010, 55, 3008-3014. [CrossRef]

Jiang, L.-L.; Wu, L.-K,; Hu, J.-M.; Zhang, J.-Q.; Cao, C.-N. Electrodeposition of protective organosilane films from a thin layer of
precursor solution. Corros. Sci. 2012, 60, 309-313. [CrossRef]

Wu, L.-K.; Zhang, J.-T.; Hu, J.-M.; Zhang, J.Q. Improved corrosion performance of electrophoretic coatings by silane addition.
Corros. Sci. 2012, 56, 58-66. [CrossRef]

Gandhi, J.S.; van Ooij, W.J. Improved corrosion protection of aluminum alloys by electrodeposited silanes. J. Mater. Eng. Perform.
2004, 13, 475-480. [CrossRef]

Ding, S.Z.; Liu, L.; Hu, ]J.-M.; Zhang, J.-Q.; Cao, C.-N. Nitrate ions as cathodic alkalization promoters for the electro-assisted
deposition of sol-gel thin films. Scr. Mater. 2008, 59, 297-300. [CrossRef]

Hu, ].-M.; Liu, L.; Zhang, J.-Q.; Cao, C.-N. Electrodeposition of silane films on aluminum alloys for corrosion protection. Prog.
Org. Coat. 2007, 58, 265-271. [CrossRef]

Wu, LK, Liu, L,; Li, J.; Hu, ].M.; Zhang, J.Q.; Cao, C.N. Electrodeposition of cerium (III)-modified bis [triethoxysilypropyl]tetra-
sulphide films on AA2024-T3 (aluminium alloy) for corrosion protection. Surf. Coat. Technol. 2010, 204, 3920-3926. [CrossRef]
Daniels, M.W.; Sefcik, J.; Francis, L.F.; McCormick, A.V. Reactions of a trifunctional silane coupling agent in the presence of
colloidal silica sols in polar media. J. Colloid Interface Sci. 1999, 219, 351-356. [CrossRef] [PubMed]

Montemor, M.F,; Rosqvist, A.; Fagerholm, H.; Ferreira, M.G.S. The early corrosion behaviour of hot dip galvanised steel pre-treated
with bis-1,2-(triethoxysilyl)ethane. Prog. Org. Coat. 2004, 51, 188-194. [CrossRef]

Child, T.F,; van Ooij, W.]. Application of silane technology to prevent corrosion of metals and improve paint adhesion. Int. J. Surf.
Eng. Coat. 1999, 77, 64-70. [CrossRef]

Pantoja, M.; Abenojar, J.; Martinez, M.A.; Velasco, F. Silane pretreatment of electrogalvanized steels: Effect on adhesive properties.
Int. J. Adhes. Adhes. 2016, 65, 54-62. [CrossRef]

Sivakumar, P.; Du, S.M,; Selter, M.; Daye, J.; Cho, J. Improved adhesion of polyurethane-based nanocomposite coatings to tin
surface through silane coupling agents. Int. J. Adhes. Adhes. 2021, 110, 102948. [CrossRef]

van Ooij, W.J.; Zhu, D.; Palanivel, V.; Lamar, J.A.; Stacy, M. Overview: The potential of silanes for chromate replacement in metal
finishing industries. Silicon Chem. 2006, 3, 11-30. [CrossRef]

Nishiyama, N.; Horie, K. Hydrolysis and condensation mechanisms of a silane coupling agent studied by '3C and 2°Si NMR. J.
Appl. Polym. Sci. 1987, 34, 1619-1630. [CrossRef]

Plueddemann, E.P. Silane Coupling Agent; Plenum Press: New York, NY, USA, 1991.

Onal, A.N.; Aksiit, A.A. Corrosion inhibition of aluminium alloys by tolyltriazole in chloride solution. Anti-Corros. Methods Mater.
2000, 47, 339-349. [CrossRef]

Chen, Y,; Liu, Y.W,; Xie, Y.; Zhang, H.H.; Du, X.Q.; Zhang, Z. Preparation of hydrophobic silane/graphene oxide composite
coating implanted with benzotriazole to improve the anti-corrosion performance of copper. J. Alloys Compd. 2022, 893, 162305.
[CrossRef]

Palanivel, V.; Huang, Y.; van Ooij, W.]. Effects of addition of corrosion inhibitors to silane films on the performance of AA2024-T3
a 0.5 M NaCl solution. Prog. Org. Coat. 2005, 53, 153-168. [CrossRef]

Wang, Q.; Zhang, H.; Zhang, D.Q.; Zheng, H.; Gao, L. Complex films formed on Al alloy surface via vapor phase assembly of
benzotriazole and dodecyltrimethoxysilane. Anti- Corros. Methods Mater. 2023, 70, 182-188. [CrossRef]

Zheludkevich, M.L,; Serra, R.; Montemor, M.E,; Salvado, LM.M.; Ferreira, M.G.S. Corrosion protective properties of nanostructured
sol-gel hybrid coatings to AA2024- T3. Surf. Coat. Technol. 2006, 200, 3084-3094. [CrossRef]

Motte, C.; Poelman, M.; Roobroeck, A.; Fedel, M.; Deflorian, F,; Olivier, M.-G. Improvement of corrosion protection offered to
galvanized steel by incorporation of lanthanide modified nanoclays in silane layer. Prog. Org. Coat. 2012, 74, 326-333. [CrossRef]
Trabelsi, W.; Triki, E.; Dhouibi, L.; Ferreira, M.G.S.; Zheludkevich, M.L.; Montemor, M.F. The use of pre-treatments based on
doped silane solutions for improved corrosion resistance of galvanized steel substrates. Surf. Coat. Technol. 2006, 200, 4240-4250.
[CrossRef]

Luo, F; Li, Q.; Zhong, X.K.; Gao, H.; Dai, Y.; Chen, EN. Corrosion electrochemical behaviors of silane coating coated magnesium
alloy in NaCl solution containing cerium nitrite. Mater. Corros. 2012, 63, 148-154. [CrossRef]


https://doi.org/10.1163/156856193X00367
https://doi.org/10.1002/(SICI)1521-4095(199903)11:5%3C384::AID-ADMA384%3E3.0.CO;2-M
https://doi.org/10.1021/cm800002z
https://doi.org/10.1016/S0010-938X(03)00106-9
https://doi.org/10.1016/j.electacta.2005.11.008
https://doi.org/10.1016/j.corsci.2012.02.016
https://doi.org/10.1016/j.electacta.2009.12.081
https://doi.org/10.1016/j.corsci.2012.03.042
https://doi.org/10.1016/j.corsci.2011.11.018
https://doi.org/10.1361/10599490420016
https://doi.org/10.1016/j.scriptamat.2008.03.028
https://doi.org/10.1016/j.porgcoat.2006.11.008
https://doi.org/10.1016/j.surfcoat.2010.05.027
https://doi.org/10.1006/jcis.1999.6497
https://www.ncbi.nlm.nih.gov/pubmed/10534395
https://doi.org/10.1016/j.porgcoat.2004.07.011
https://doi.org/10.1080/00202967.1999.11871249
https://doi.org/10.1016/j.ijadhadh.2015.11.006
https://doi.org/10.1016/j.ijadhadh.2021.102948
https://doi.org/10.1007/s11201-005-4407-6
https://doi.org/10.1002/app.1987.070340421
https://doi.org/10.1108/00035590010354177
https://doi.org/10.1016/j.jallcom.2021.162305
https://doi.org/10.1016/j.porgcoat.2003.07.008
https://doi.org/10.1108/ACMM-03-2023-2772
https://doi.org/10.1016/j.surfcoat.2004.09.007
https://doi.org/10.1016/j.porgcoat.2011.12.001
https://doi.org/10.1016/j.surfcoat.2005.01.044
https://doi.org/10.1002/maco.201005706

Buildings 2024, 14, 1756 51 of 53

408.

409.

410.

411.

412.

413.

414.

415.

416.

417.

418.

419.

420.

421.

422.

423.

424.

425.

426.

427.

428.

429.

430.

431.

432.

433.

434.

Wang, H.; Akid, R. Encapsulated cerium nitrate inhibitors to provide high-performance anti-corrosion sol-gel coatings on mild
steel. Corros. Sci. 2008, 50, 1142-1148. [CrossRef]

Zand, R.Z.; Verbeken, K.; Adriaens, A. Influence of the cerium concentration on the corrosion performance of Ce-doped silica
hybrid coatings on hot dip galvanized steel substrates. Int. ]. Electrochem. Sci. 2013, 8, 548-563. [CrossRef]

Xian, X.; Nai, C.; Li, L.; Zhao, S. The formation proces of Zr-doped silane film on carbon steel during immersing in Zr(NOj3)4 /silane
mixed solutions. Anti-Corros. Methods Mater. 2017, 64, 1-9. [CrossRef]

Shi, H.; Liu, F; Han, E. Corrosion behaviour of sol-gel coatings doped with cerium salts on 2024-T3 aluminum alloy. Mater. Chem.
Phys. 2010, 124, 291-297. [CrossRef]

Yu, P.; Hayes, S.A.; O’Keefe, M.; Stoffer, ].O.; O’Keefe, T.J. The phase stability of cerium species in aqueous systems:II the
Ce(III/IV)-Hy,O-H,,0, /O, systems. Equilibrium considerations and pourbaix diagram calculations. . Electrochem. Soc. 2006,
153, C74. [CrossRef]

Yu, P.; O’Keefe, T.]. The phase stability of cerium species in aqueous systems III. The Ce(IIl/IV)-H20-H202/O2. Systems dimeric
Ce(IV) species. J. Electrochem. Soc. 2006, 153, C80-C85. [CrossRef]

Montemor, M.E,; Ferreira, M.G.S. Electrochemical study of modified bis-[triethoxysilylpropyl] tetrasulfide silane films applied on
the AZ31 Mg alloy. Electrochim. Acta 2007, 52, 7486-7495. [CrossRef]

Montemor, M.E; Pinto, R.; Ferreira, M.G.S. Chemical composition and corrosion protection of silane films modified with CeO,
nanoparticles. Electrochem. Acta 2009, 54, 5179-5189. [CrossRef]

Montemor, MLE; Trabelsi, W.; Lamaka, S.V.; Yasakau, K.A.; Zheludkevich, M.L.; Bastos, A.C.; Ferreira, M.G.S. The synergistic
combination of bis-silane and CeO,-ZrO, nanoparticles on the electrochemical behaviour of galvanised steel in NaCl solutions.
Electrochim. Acta 2008, 53, 5913-5922. [CrossRef]

Brusciotti, F; Batan, A.; De Graeve, I.; Wenkin, M.; Biessemans, M.; Willem, R.; Reniers, E; Pireaux, J.J.; Piens, M.; Vereecken, J.; et al.
Characterization of thin water- based silane pre-treatments on aluminium with the incorporation of nano-dispersed CeO, particles.
Surf. Coat. Technol. 2010, 205, 603—613. [CrossRef]

Peng, T.; Man, R. Rare earth and silane as chromate replacers for corrosion protection on galvanized steel. ]. Rare Earths 2009,
27,159-163. [CrossRef]

Samiee, R.; Ramezanzadeh, B.; Mahdavian, M.; Alibakhshi, E. Corrosion inhibition performance and healing ability of a hybrid
silane coating in the presence of praseodymium (III) cations. J. Electrochem. Soc. 2018, 165, C777-C786. [CrossRef]

Mahmoudi, R.; Kardar, P.; Arabi, A.M.; Amini, R.; Pasbakhsh, P. The active corrosion performance of silane coating treated by
praseodymium encapsulated with halloysite nanotubes. Prog. Org. Coat. 2020, 138, 105404. [CrossRef]

Arnott, D.R.; Hinton, B.R.W.; Ryan, N.E. Cationic-film-forming inhibitors for the protection of the AA 7075 aluminum alloy
against corrosion in aqueous chloride solution. Corrosion 1989, 45, 12-18. [CrossRef]

Zhang, X.-L. The role of yttrium oxide on the corrosion resistance of BTSE silane films on AA6061. Met. Finish. 2011, 109, 39-43.
[CrossRef]

Zhang, S.-L.; Zhang, M.-M.; Yao, Y.; Sun, F. Silane films modified with yttrium oxide nanoparticles for improved corrosion
resistance of AA6061-T6. Corrosion 2012, 68, 045005-1-045005-6. [CrossRef]

Talha, M.; Ma, Y,; Xu, M.; Wang, Q.; Lin, Y.; Kong, X. Recent advancements in corrosion protection of magnesium alloys by
silane-based sol-gel coatings. Ind. Eng. Chem. Res. 2020, 59, 19840-19857. [CrossRef]

Suegama, PH.; de Melo, H.G.; Recco, A.A.C.; Tschiptschin, A.P.; Aoki, I.V. Corrosion behavior of carbon steel protected with
single and bi-layer of silane films filled with silica nanoparticles. Surf. Coat. Technol. 2008, 202, 2850-2858. [CrossRef]

Nie, Y.;; Ma, S.; Tian, M.; Zhang, Q.; Huang, J.; Cao, M.; Li, Y.; Sun, L.; Pan, J.; Wang, Y.; et al. Superhydrophobic silane-based
surface coatings on metal surface with nanoparticles hybridization to enhance anticorrosion efficiency, wearing resistance and
antimicrobial ability. Surf. Coat. Technol. 2021, 410, 126966. [CrossRef]

Franquet, A.; Terryn, H.; Vereecken, J. Composition and thickness of non-functional organosilane films coated on aluminium
studied by means of infra-red spectroscopic ellipsometry. Thin Solid Film. 2003, 441, 76-84. [CrossRef]

Xu, H.; Liu, C.; Silberschmidt, V.V.; Pramana, S.S.; White, T.].; Chen, Z.; Acoff, V.L. Behavior of aluminum oxide, intermetallics
and voids in Cu-Al wire bonds. Acta Mater. 2011, 59, 5661-5673. [CrossRef]

Rider, A.N.; Arnott, D.R. Boiling water and silane pre-treatment of aluminium alloys for durable adhesive bonding. Int. J. Adhes.
Adhes. 2000, 20, 209-220. [CrossRef]

Metroke, T.L.; Henley, M.V. Modification of poly(vinyl butaryl) coatings using bis-silanes. Prog. Org. Coat. 2010, 69, 470-474.
[CrossRef]

Palomino, L.E.M.; Suegama, P.H.; Aoki, L.V,; Paszti, Z.; De Melo, H.G. Investigation of the corrosion behaviour of a bilayer
cerium-silane pre-treatment on Al 2024-T3 in 0.1 M NaCl. Electrochim. Acta 2007, 52, 7496-7505. [CrossRef]

Zhu, D.; van Ooij, W.J. Enhanced corrosion resistance of AA 2024-T3 and hot-dip galvanized steel using a mixture of bis-
[triethoxysilylpropyl]tetrasulfid and bis- [trimethoxysilylpropyl]lamine. Electrochim. Acta 2004, 49, 1113-1125. [CrossRef]

Zhu, D.; van Ooij, W.J. Structural characterization of bis-[triethoxysilylpropyl]tetrasulfid and bis-[trimethoxysilylpropyl]amine
silanes by Fourier-transform infrared spectroscopy and electrochemical impedance spectroscopy. J. Adhes. Sci. Technol. 2002,
16, 1235-1260. [CrossRef]

Zhu, D.; van Ooij, W.J. Corrosion protection of AA 2024-T3 by bis-[3-(triethoxysilyl)propyl]tetrasulfide in sodium chloride
solution: Part 1: Corrosion of AA 2024-T3. Corros. Sci. 2003, 45, 2163-2175. [CrossRef]


https://doi.org/10.1016/j.corsci.2007.11.019
https://doi.org/10.1016/S1452-3981(23)14040-5
https://doi.org/10.1108/ACMM-12-2015-1627
https://doi.org/10.1016/j.matchemphys.2010.06.035
https://doi.org/10.1149/1.2130572
https://doi.org/10.1149/1.2130574
https://doi.org/10.1016/j.electacta.2006.12.086
https://doi.org/10.1016/j.electacta.2009.01.053
https://doi.org/10.1016/j.electacta.2008.03.069
https://doi.org/10.1016/j.surfcoat.2010.07.052
https://doi.org/10.1016/S1002-0721(08)60212-4
https://doi.org/10.1149/2.0841811jes
https://doi.org/10.1016/j.porgcoat.2019.105404
https://doi.org/10.5006/1.3577880
https://doi.org/10.1016/S0026-0576(11)80067-X
https://doi.org/10.5006/0010-9312-68-4-6
https://doi.org/10.1021/acs.iecr.0c03368
https://doi.org/10.1016/j.surfcoat.2007.10.028
https://doi.org/10.1016/j.surfcoat.2021.126966
https://doi.org/10.1016/S0040-6090(03)00886-1
https://doi.org/10.1016/j.actamat.2011.05.041
https://doi.org/10.1016/S0143-7496(99)00046-9
https://doi.org/10.1016/j.porgcoat.2010.08.012
https://doi.org/10.1016/j.electacta.2007.03.002
https://doi.org/10.1016/j.electacta.2003.10.023
https://doi.org/10.1163/156856102320256873
https://doi.org/10.1016/S0010-938X(03)00060-X

Buildings 2024, 14, 1756 52 of 53

435.

436.

437.

438.

439.

440.

441.

442.

443.

444,

445.

446.

447.

448.

449.

450.

451.

452.

453.

454.

455.

456.

457.

458.

459.

460.

461.

Zhu, D.; van Ooij, W.J. Corrosion protection of AA 2024-T3 by bis-[3-(triethoxysilyl)propyl]tetrasulfide in sodium chloride
solution: Part 2: Mechanism for corrosion protection. Corros. Sci. 2003, 45, 2177-2197. [CrossRef]

van Ooij, W.J.; Zhu, D. Electrochemical impedance spectroscopy of bis-[triethoxysilylpropyl]tetrasulfide on Al 2024-T3 substrates.
Corrosion 2001, 57, 413-427. [CrossRef]

Palomino, L.M.; Aoki, PH.S.I1.V.; Montemor, M.E,; De Melo, H.G. Electrochemical study of modified non-functional bis-silane
layers on Al alloy 2024-T3. Corros. Sci. 2008, 50, 1258-1266. [CrossRef]

Liang, Y,; Jiang, L.; Ju, W.; Xu, S.; Tao, Z.; Wang, K; Yang, Y.; Zhu, B.; We, G. Modification of bis-silane film with cerium salt for
improved corrosion protection of sintered NdFeB. Mater. Today Commun. 2024, 38, 108319. [CrossRef]

Jaramillo, A.F; Baez-Cruz, R.; Montoya, L.F.; Medinam, C.; Pérez-Tijerina, E.; Salazar, F,; Rojas, D.; Melendrez, M.F. Estimation of
the surface interaction mechanism of ZnO nanoparticles modified with organosilane groups by Raman Spectroscopy. Ceram. Int.
2017, 43, 11838-11847. [CrossRef]

Longhi, M.; Kunsta, S.R.; Beltrami, L.V.R.; Kerstner, E.K,; Filho, C.I.S.; Sarmento, V.H.V.; Malfatti, C. Effect of tetraethoxy-silane
(TEOS) amounts on the corrosion prevention properties of siloxane-PMMA hybrid coatings on galvanized steel substrates.
Mater. Res. 2015, 18, 1140-1155. [CrossRef]

Yuan, W.; van Ooij, W.J. Characterization of organofunctional silane films on zinc substrates. ]. Colloid Interface Sci. 1997,
185, 197-209. [CrossRef] [PubMed]

Purcar, V,; Somoghi, R.; Nitu, S.G.; Nicolae, C.-A.; Alexandrescu, E.; Gifu, I.C.; Gabor, A.R,; Stroescu, H.; Ianchi, R,
Caprarescu, S.; et al. The effect of different coupling agents on nano-ZnO materials obtained via sol-gel process. Nanomaterials
2017, 7, 439. [CrossRef] [PubMed]

Shan, EJ.; Liu, C.S.; Wang, S.H.; Qi, G.C. Corrosion resistance of hot dip galvanized steel pretreated with bis-functional silanes
modified with nanoalumina. Acta Metall. Sin. 2008, 21, 245-252. [CrossRef]

Zhu, H.Y;; Chen, Y,; Liu, Y.P; Sun, WW.; Chen, S.G. Analytical characterization and corrosion behavior of non-functional bis-silane
pre-treated carbon steel substrates. Adv. Mater. Res. 2009, 79, 1091-1094. [CrossRef]

Jing, S.; Sumio, A.; Katsuya, M.; Hidetoshi, H.; Oravec, J.; Preto, J.; Melus, P. Adhesion of carbon steel and natural rubber by
functionalized silane coupling agents. Int. |. Adhes. Adhes. 2017, 72, 70-74.

Foroozan, A.; Naderi, R. Effect of coating composition on the anticorrosion performance of a silane sol-gel layer on mild steel.
RSC Adv. 2015, 5, 106485-106491. [CrossRef]

Zhao, Y.; Cao, Y.-Q.; Wang, X.-X.; Chen, Y.-Q.; Liu, Y.-C.; Hu, J.-M. Beneficial effect of pre-oxidization proces on the formation of
silane films on iron. Surf. Coat. Technol. 2021, 412, 127057. [CrossRef]

Franquet, A.; Terryn, H.; Vereecken, J. Study of the effect of different aluminium surface pretreatments on the deposition of the
thin non-functional silane coatings. Surf. Interface Anal. 2004, 36, 681-684. [CrossRef]

Balan, P; Chan, E.S.; Harun, M.K.; Swamy, V.; Raman, R.K.S. Effect of lanthanide activated nano-SiO, on the corrosion behavior
of silane-based hybrid coatings on low carbon steel. Mater. Corros. 2015, 66, 1223-1231.

Wang, Y.; Puomi, P.; van Ooij, W.J. Effect of substrate cleaning solution pH on the corrosion performance of silane-coated
cold-rolled steel. J. Adhes. Sci. Technol. 2007, 21, 935-960. [CrossRef]

Jussila, P.; Ali-Loytty, H.; Lahtonen, K.; Hirsiméki, M.; Valden, M. Effect of surface hydroxyl concentration on the bonding and
morphology of aminopropylsilane thin films on austenitic stainless steel. Surf. Interface Anal. 2010, 42, 157-164. [CrossRef]
Kosmulski, M. A literature survey of the differences between the reported isoelectric points and their discussion. Colloids Surf. A
Physicochem. Eng. Asp. 2003, 222, 113-118. [CrossRef]

McCafferty, E.; Wightman, ].P. Determination of the surface isoelectric point of oxide films on metals by contact angle titration. J.
Colloid Interface Sci. 1997, 194, 344-355. [CrossRef] [PubMed]

Banerjee, P.C.H.; Raman, R.K.S. Electrochemical impedance investigation of the role of alkaline pre-treatment in corrosion
resistance of a silane coating on magnesium alloy, ZE41. Electrochim. Acta 2011, 56, 3790-3798. [CrossRef]

Supplit, R.; Koch, T.; Schubert, U. Evaluation of the anti-corrosive effect of acid pickling and sol-gel coating on magnesium AZ31
alloy. Corros. Sci. 2007, 49, 3015-3023. [CrossRef]

Rouzmeh, S.S.; Naderi, R.; Mahdavian, M. A sulfuric acid surface treatment of mild steel for enhancing the protective properties
of an organosilane coating. Prog. Org. Coat. 2017, 103, 156-164. [CrossRef]

Rouzmeh, S.S.; Naderi, R.; Mahdavian, M. Steel surface treatment with three different acid solutions and its effect on the protective
properties of the subsequent silane coating. Prog. Org. Coat. 2017, 112, 133-140. [CrossRef]

Orouji, S.; Naderi, R.; Mahdavian, M. Fabrication of protective silane coating on mild steel: The role of hydrogen peroxide in acid
treatment solution. |. Ind. Eng. Chem. 2018, 64, 245-255. [CrossRef]

Tavangar, R.; Naderi, R.; Mahdavian, M. Acidic surface treatment of mild steel with enhanced corrosion protection for silane
coatings application: The effect of zinc cations. Prog. Org. Coat. 2021, 158, 106384. [CrossRef]

Ramezanzadeh, B.; Akbarian, M.; Ramezanzadeh, M.; Mahdavian, M.; Alibakhshi, E.; Kardar, P. Corrosion protection of steel with
zinc phosphate conversion coating and post- treatment by hybrid organic-inorganic sol-gel based silane film. . Electrochem. Soc. 2017,
164, C224-C230. [CrossRef]

Shahini, M.H.; Mohammadloo, H.E.; Ramezanzadeh, B. Recent advances in steel surface treatment via novel /green conversion
coatings for anti-corrosion applications: A review study. J. Coat. Technol. Res. 2022, 19, 159-199. [CrossRef]


https://doi.org/10.1016/S0010-938X(03)00061-1
https://doi.org/10.5006/1.3290365
https://doi.org/10.1016/j.corsci.2008.01.018
https://doi.org/10.1016/j.mtcomm.2024.108319
https://doi.org/10.1016/j.ceramint.2017.06.027
https://doi.org/10.1590/1516-1439.321614
https://doi.org/10.1006/jcis.1996.4604
https://www.ncbi.nlm.nih.gov/pubmed/9056330
https://doi.org/10.3390/nano7120439
https://www.ncbi.nlm.nih.gov/pubmed/29231881
https://doi.org/10.1016/S1006-7191(08)60045-9
https://doi.org/10.4028/www.scientific.net/AMR.79-82.1091
https://doi.org/10.1039/C5RA21744J
https://doi.org/10.1016/j.surfcoat.2021.127057
https://doi.org/10.1002/sia.1735
https://doi.org/10.1163/156856107781393901
https://doi.org/10.1002/sia.3200
https://doi.org/10.1016/S0927-7757(03)00240-1
https://doi.org/10.1006/jcis.1997.5138
https://www.ncbi.nlm.nih.gov/pubmed/9398416
https://doi.org/10.1016/j.electacta.2011.02.050
https://doi.org/10.1016/j.corsci.2007.02.006
https://doi.org/10.1016/j.porgcoat.2016.10.033
https://doi.org/10.1016/j.porgcoat.2017.07.014
https://doi.org/10.1016/j.jiec.2018.03.022
https://doi.org/10.1016/j.porgcoat.2021.106384
https://doi.org/10.1149/2.0491706jes
https://doi.org/10.1007/s11998-021-00466-0

Buildings 2024, 14, 1756 53 of 53

462.

463.

464.
465.

466.

467.

Nabizadeh, M.; Marcoen, K.; Cherigui, E.A.M.; Kolberg, T.; Schatz, D.; Terryn, H.; Hauffman, T. Unraveling the formation
mechanism of hybrid Zr conversion coating on advanced high strength stainless steels. Surf. Coat. Technol. 2022, 441, 128567.
[CrossRef]

Tan, Y.T.; Wijesinghe, S.L.; Blackwood, D.]. Inhibition of bicarbonate-chloride corrosion and passivation of carbon steel under
open-circuit conditions by molybdate. J. Electrochem. Soc. 2017, 164, C505-C515. [CrossRef]

Vukasovich, M.S; Farr, J.P.G. Molybdate in corrosion inhibition—A review. Polyhedron 1986, 5, 551-559. [CrossRef]

Leoni, G.B.; de Freitas, D.S.; Gomes, ].A.C.P; Brasil, S.L.D.C. Multivariable analysis of electrodeposited silane based superhy-
drophobic coatings for corrosion protection of carbon steel. J. Sol-Gel Sci. Technol. 2020, 94, 695-707. [CrossRef]

Xian, X.; Chen, M.; Li, L.; Lin, Z.; Xiang, J.; Zhao, S. Key factors influencing the stability of silane solution during long-term
surface treatment on carbon steel. Corros. Sci. 2013, 74, 283-289. [CrossRef]

Alcantara-Garcia, A.; Garcia-Cases, A.; Jimenez-Morales, A. The effect of the organosilane content on the barrier features of
sol-gel anticorrosive coatings applied on carbon steel. Progress. Org. Coat. 2020, 139, 105418. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.surfcoat.2022.128567
https://doi.org/10.1149/2.0501709jes
https://doi.org/10.1016/S0277-5387(00)84963-3
https://doi.org/10.1007/s10971-020-05225-y
https://doi.org/10.1016/j.corsci.2013.04.055
https://doi.org/10.1016/j.porgcoat.2019.105418

	Introduction 
	Surface Coatings of Reinforced Steel 
	Epoxy Coatings 
	General Technology Aspects 
	Corrosion Performance 
	Bond Strength in Concrete 

	Hot-Dip Galvanized Coatings 
	General Technology Aspects 
	Corrosion Performance 
	Bond Strength in Concrete 

	Organofunctional Silane Coatings 
	General Technology Aspects 
	Corrosion Performance 
	Bond Strength in Concrete 


	Conclusions 
	References

