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1. Introduction

Polymeric materials have transformed our daily lives due to their broad applicability,
ranging from household appliances to aircraft components. Tailoring polymer architecture,
chain length, monomer arrangement in copolymers, tacticity, 3D cross-linking, and crystal-
linity, among other features, polymers can be designed for specific applications. Besides
the diversity of polymeric structures, the incorporation of additives such as clays, lignin,
collagen, hydroxyapatite, chitosan, carbon nanostructures, organic and inorganic corrosion
inhibitors, metallic or ceramic nanoparticles can further improve their functionality in terms
of thermal stability, mechanical strength, fire retardancy, corrosion resistance, gas barrier
property, self-healing ability, bioactivity, or other desired characteristics.

In the field of corrosion protection, coatings based on polymeric nanocomposites are of
great interest due to the mild synthesis conditions, processability, simple deposition, low
cost, and principally due to their outstanding anticorrosive performance [1]. Acrylate, epoxy,
and polyurethane-based coatings are the most widely applied polymeric materials for corro-
sion protection of metallic surfaces; however, different other polymeric matrices have already
been tested, including fluoropolymers, conducting polymers, and polyesters.

The most commonly used corrosion protection strategy for steel and aluminum is based on
protective multi-layer coatings by applying first a 0.5e4.0 mm thick layer composed by sacri-
ficial anodes (Mg and Zn), chromating of galvanized surfaces, and phosphating or anodizing
of aluminum; a second layer, named primer, with a thickness of 15e25 mm, based on epoxy
resin loaded with curing agent and corrosion inhibitors (phosphate, zinc, cerium,
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benzotriazole, etc.), which is responsible for the adhesion to the pretreated surface; and
finally, a third layer with a thickness of 25e150 mm, called topcoat, provides a passive barrier
protection against the permeation of corrosive species (Fig. 17.1) [2]. Epoxy resins are the
mostly applied primers and topcoats, offering excellent results in terms of corrosion protec-
tion. Concerning this approach, however, there are several critical issues to be noted: (1) the
use of toxic species to produce conversion layers, such as hexavalent chromium, (2) poor
adhesion of polymeric paints to the metallic substrate, which often leads to coating detach-
ment and failure, (3) relatively low thermal stability of polymeric materials, and (4) high costs
associated with the complex deposition process and amount of necessary materials.

Several recent studies have shown the possibility of replacing the established corrosion
protection strategy by polymeric nanocomposites, which offer very effective protection using
only a thin (1e10 mm) single layer. In this context, especially organiceinorganic nanocompo-
sites based on poly(methyl methacrylate) (PMMA)esilica and epoxyesilica hybrids applied
directly on bare metallic surface have presented notable corrosion protection efficiency and
durability. The presence of the inorganic phase improves the coating adhesion by covalent
linking to the substrate and stabilizes by cross-linking the polymeric phase, which in turn
provides a crack- and pore-free matrix, resulting in an efficient anticorrosion barrier [1]. It
is important to stress the crucial role of the hybrid interphase that in the form of a coupling
molecule provides covalent bonding between both phases. This linking leads to a contraction
of the polymer chain segments, inhibiting material swelling and consequently improving the
blocking character of the coating [1].

Anticorrosion coatings are mainly characterized using electrochemical impedance spec-
troscopy (EIS) and potentiometric polarization curves to assess their corrosion resistance
and stability after salt spray test or immersion in aggressive solutions. However, a number
of other techniques focusing on structural properties (Raman, infrared [FTIR], X-ray photo-
electron [XPS], X-ray absorption, secondary ion mass spectroscopies, nuclear magnetic reso-
nance, small angle X-ray scattering), morphology (atomic force, scanning electron , and
transmission electron microscopies), thermal stability (thermogravimetry, differential scan-
ning calorimetry), and mechanical characteristics (microscratch, nanoindentation, adhesion)
are applied to elucidate, in more detail, their barrier properties. The aim of this chapter is
to give an overview of several classes of polymeric nanocomposites used for corrosion pro-
tection and to relate their structural properties with anticorrosive efficiency.

FIGURE 17.1 State-of-the-art
strategy for corrosion protection
coatings.
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2. Acrylate-based nanocomposites

Acrylates, also known as acrylics or polyacrylates, represent a group of thermoplastic
polymers that are widely used due to their transparency and resistance under aggressive
environmental conditions. They comprise polymers obtained from a large number of mono-
mers, such as acrylic acid, methyl methacrylate (MMA), methyl acrylate, ethyl acrylate, 2-
ethylhexyl acrylate, 2-hydroxyethyl methacrylate (HEMA), and glycidyl methacrylate,
among others (Fig. 17.2). The excellent corrosion protection results achieved using acrylate
coatings on different metallic substrates have inspired several research groups to combine
this variety of polymers with different classes of nanofillers. This integration, when properly
accomplished, enables to produce low-thickness coating with high anticorrosive performance
at low costs [1].

For the synthesis of acrylates, the organic monomer is polymerized in three steps (initia-
tion, propagation, and termination) through an anionic, cationic, thermal or photo initiator
of polymerization using ultraviolet light [3,4]. The most commonly used thermal initiation
occurs by the polymerization of carbonecarbon (vinyl) double bonds via radical initiation
under heating using benzoyl peroxide or azobisisobutyronitrile [5,6], as represented in
Fig. 17.3. Peroxides and azo-compounds can undergo hemolytic cleavage rather easily by
heating and breaking the oxygeneoxygen bond and nitrogenecarbon bond, respectively.
The radical synthesized polymers have an average molar mass that depends on the temper-
ature and the concentration of the initiator, thus allowing to control the final structure [6].

Although resistant to hydrolysis and ultraviolet radiation during prolonged weathering,
pure acrylic systems present limitations, including poor thermal stability and mechanical
resistance, swelling of polymeric chains on immersion, and poor adhesion to the substrate
due to the absence of covalent bonds at the interface [1,7]. These drawbacks can be overcome
by the incorporation of inorganic nanophases in the polymer matrix such as CeO2 [8], ZnO
[9], and SiO2 [10]. With the addition of inorganic nanoparticles into the polymeric network,
the interstitial voids are filled, and covalent bonds may be formed at the organiceinorganic
interphase and at the metal/coating interface, thus improving the corrosion resistance and
durability of the coatings.

FIGURE 17.2 Molecular structure of monomers of acrylic nanocomposites.
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To achieve adequate homogenization during the formation of nanocomposites, a series of
synthesis parameters must be optimized, in particular the interaction between the acrylic
monomers and the inorganic additives. For this purpose, coupling molecules e containing
an inorganic group attached to an acrylic tail e have been used to establish covalent linking
between both phases, thus creating cross-linking nodes that densify the structure by contract-
ing the polymer chain segments [11]. Some examples for coupling agents composed of acry-
late monomers linked to silane or hydroxyl functional groups include 3-(trimethoxysilyl)
propyl methacrylate (MPTS), 3-(trimethoxysilyl)propylacrylate, vinyl triethoxysilane, vinyl-
trimethoxysilane, and HEMA, among others (Fig. 17.4). These molecules are able to prevent
the aggregation of inorganic particles by linking to the polymeric phase and to provide
improved adhesion to metallic substrates by forming covalent bonds between the silanol
groups and terminal hydroxyl bonds of the metal surface [7,11]. The use of coupling agents
has yielded remarkable improvement of the protective performance of the coatings without
affecting the hybrid structure, thanks to the functional similarity with both phases [12,13].

The integration of inorganic nanophases in an acrylic polymer matrix has proved to be
very promising for the design of high-performance hybrid coatings and therefore has been
the subject of a detailed study by varying parameters such as type and proportion of precur-
sor reagents, reaction time, temperature, solvent, and type of substrate [1,10,14]. Recent ad-
vances achieved for acrylic nanocomposite coatings in terms of low electrolyte permeation,
strong adhesion to the substrate, thermal stability, mechanical strength, and especially
high durability in aggressive environments make them a potential alternative to conventional
coating systems used in the automotive and aeronautic industry, construction, offshore in-
stallations, etc.

Considering the protection efficiency of carbon steel, extensively used in the automotive
industry and construction, interesting results have been reported for the PMMA system cova-
lently bonded to silica nanoparticles. This is achieved by combining the polymerization pro-
cess of MMA monomers with the solegel route of hydrolytic condensation of the silicon
alkoxide precursor including a suitable coupling agent [12,15]. Using this approach under

FIGURE 17.3 Hemolytic cleavage of the
thermal initiators: (A) benzoyl peroxide and
(B) azobisisobutyronitrile. (C) Free radical poly-
merization of methyl methacrylate. Adapted from
K. van Rijswijk, H.E.N. Bersee, Reactive processing of
textile fiber-reinforced thermoplastic composites e an
overview, Compos. Part A Appl. Sci. Manuf. 38
(2007) 666e681 and C. Duval-Terrié, L. Lebrun,
Polymerization and characterization of PMMA, J.
Chem. Educ. 2 (2006) 443e446.

17. Advanced organic nanocomposite coatings for effective corrosion protection318

IV. Protection of metal using nanocoatings



variation of the MMA to MPTS molar ratio in the organic phase, Hammer et al. have reported
PMMAesilica coatings with a high corrosion resistance, maintaining the low-frequency
impedance modulus of up to 1 GU cm2 stable during 18 days in 3.5 wt% NaCl solution, a
value of about five orders of magnitude higher than that of bare steel [15]. Thereafter, by
varying the ethanol/H2O ratio of the inorganic phase, dos Santos et al. have related the
high connectivity of the silica phase (w83%) to the excellent corrosion resistance, with an
almost unchanged impedance modulus of 1 GU cm2 during more than 6 months immersed
in saline solution and more than 3 months in saline/acid medium (Fig. 17.5) [12]. Ammar
and coworkers have also studied the optimum amount of silica in acryliceSiO2 coatings
deposited on mild steel. By incorporating SiO2 nanoparticles into the acrylic matrix, they
found an improvement of the corrosion protection for concentrations in the range of
3e8 wt%, yielding an impedance modulus of some GU cm2, which remained essentially un-
changed during 90 days in 3.5 wt% NaCl solution. The authors attributed the high protection
efficiency to a denser physical barrier and improved adhesion of the nanocomposite coating
to the steel substrate [16].

As a further step to improve the anticorrosion performance of acrylicesilica coatings, the
inclusion of cathodic inhibitors such as cerium ions has been investigated due to their ability
to precipitate as a protective oxide/hydroxide layer in corroded or artificially scratched re-
gions, thus significantly increasing the durability of the coating [8,17,18]. Harb et al. have re-
ported a significant lifetime improvement of PMMAesilica coatings modified with ceric
ammonium nitrate as source of Ce(IV) ions, deposited on sanded A1010 carbon steel, with
a thickness of 2 mm [8]. For intermediate Ce concentration (700 ppm), the PMMAesilica coat-
ings have shown in potentiometric polarization curve experiments low current densities of

FIGURE 17.4 Molecular structure of most commonly used organiceinorganic coupling agents.
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about 10e11 A/cm2 at a potential of þ0.3 V and a low-frequency impedance modulus of
>0.1 GU cm2 after 304 days in 3.5 wt% NaCl solution (Fig. 17.6). Moreover, the self-
healing ability has been evidenced by XPS for coatings with high Ce content (>5.000 ppm)
maintaining the impedance modules above 10 MU cm2 during 1 year of immersion. An in-
crease in corrosion efficiency, durability, thermal stability, hydrophobicity, and mechanical
strength has also been achieved by the incorporation of lignin [19], carbon nanotubes, and
graphene oxide (GO) [20], used as reinforcement agents.

Other notable results have been reported for the corrosion protection of aluminum alloys,
extensively used in the aeronautic industry. The high corrosion resistance (impedance
modulus >10 GU cm2) and durability (>560 days) in saline solution of PMMAesilica coat-
ings deposited on AA2024 alloy (<10 mm thickness) was related with their dense and
cross-linked structure [1]. Using a copolymer system, 2-ethylhexylacrylate-co-glycidyl meth-
acrylate, Khelifa and coworkers observed that an optimum amount of silica nanoparticles
(10e30 wt%) improved the barrier properties of coated AA1050 aluminum alloy, with a
low-frequency impedance modulus up to 1 GU cm2, unchanged for 21 days in 0.1 M NaCl
solution [13]. Additionally, they observed an increase of adhesion (ASTM D3359-D3002
peel-off method) by applying an intermediate layer of silica nanoparticles, grown by

FIGURE 17.5 Nyquist and bode plots of poly(methyl methacrylate)esilica coating deposited on A1010 carbon
steel immersed in (A) 3.5 wt% NaCl and (B) 0.05 mol/L NaCl þ 0.05 mol/L H2SO4 solution [12]. Reproduced by
permission of The Royal Society of Chemistry.
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plasma-enhanced chemical vapor deposition on the aluminum surface [21]. For this system,
the electrochemical results showed an unchanged anticorrosion performance during 35 days
in 0.1M NaCl solution with an impedance modulus of 1 GU cm2 [21].

An overview of the recent advances in corrosion protection of high-performance acrylic
nanocomposites coatings is given in Table 17.1. This data compilation is based on reported
results of electrochemical analyses and compares for different coating formulations, layer
thickness and substrates, best values of low-frequency impedance modulus (EIS), current
density, potential and coating lifetime, parameters considered essential to evaluate the perfor-
mance of anti-corrosion coatings. As can be observed in Table 17.1, an optimized formulation
of the nanocomposite guarantees efficient protection of metallic surfaces, preserving their
integrity in harsh environments for over a year.

FIGURE 17.6 (A) Potentiodynamic polarization curves, (B) Nyquist plots, and (CeD) Bode plots of poly(methyl
methacrylate)esilicaeCe coating deposited on carbon steel and immersed in 3.5 wt% NaCl solution [8]. Reproduced by
permission of The Royal Society of Chemistry.
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TABLE 17.1 Results of electrochemical analysis obtained for best performing acrylic nanocomposite coat-
ings applied for corrosion protection of metal surfaces: impedance modulus at low frequency,
jZlfj, obtained by EIS; current density, I, at potential, E, extracted from potentiodynamic po-
larization curves; and coating lifetime in aggressive medium.

Coating Substrate
Deposition,
Thickness (mm)

jZlfj (GU cm2),
Lifetime (days),
Solution

I (A/cm2),
E (V),
ref. Electrode Ref.

PMMAeMPTSeTEOS 316L stainless steel Dip coating
w2

w0.01
36
3.5% NaCl

10�9

0.1
Ag/AgCl

[18]

Acrylic resineSiO2 Mild steel Brush method
75

w10
90
3.5% NaCl

e [16]

PMMAeMPTSeTEOS A1010 carbon steel Dip coating
1.5e2

w5
196
3.5% NaCl

e [12]

PMMAeMPTSeTEOS A1010 carbon steel Dip coating
1.5e3

w1
18
3.5% NaCl

10�10

�0.3
Ag/AgCl

[15]

PMMAeMPTSeTEOS AA2024 Al alloy Dip coating
w3

w50
>560
3.5% NaCl

e
�0.68
Ag/AgCl

[1]

GMAeEHAeGPTMSe
TEOS

AA1050 Al alloy Spin coating
w1

w1
21
0.1 M NaCl

e [13]

PMMAeMPTSe
TEOSeCe(IV)

A1010 carbon steel Dip coating
w2

w10
304
3.5% NaCl

10�11

þ0.3
Ag/AgCl

[8]

PMMAeMPTSe
TEOSeCe

Mild steel Dip coating
w26

w10
362
3.5% NaCl

10�12

þ0.35
SCE

[17]

PMMAeMPTSe
TEOSelignin

A1020 carbon steel Dip coating
w2

w0.5
50
3.5% NaCl

e [19]

Acrylic resinesilanole
ZnO

Mild steel Brush method
75

w10
30
3.5% NaCl

e [9]

PMMAeMPTSeTEOSe
CNTs or GO

A1020 carbon steel Dip coating
3e6 mm

w3
211
3.5% NaCl

e

þ0.58
Ag/AgCl

[20]

CNTs, carbon nanotubes; EHA, 2-ethylhexyl acrylate; EIS, electrochemical impedance spectroscopy; GMA, glycidyl methacrylate;
GO, graphene oxide; GPTMS, (3-glycidoxypropyl)trimethoxysilane; MPTS, 3-(trimethoxysilyl)propyl methacrylate; PMMA, poly(-
methyl methacrylate); PPC, potentiometric polarization curve; SCE, standard calomel electrode; TEOS, tetraethoxysilane.
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Since these performance features can be achieved without special surface treatment and
thinner coatings, than those of conventional paint systems, implies lower costs and resource
savings. Further advantages are the mild conditions of preparation and use of nontoxic re-
agents, providing a real alternative for developing safe and economic materials to replace
the toxic hexavalent chromium conversion coatings still used at a large scale to protect
aluminum alloys.

Although organiceinorganic nanocomposites have been manufactured on an industrial
scale since the 1940s [11], acrylic nanocomposites show a very modest presence in the primer
and coatings’ market. Therefore, the main challenges are to advance the production and
application of hybrid nanocomposites on an industrial scale and to improve the lifetime pre-
diction in corrosive environments using theoretical simulations that allow determining the
processes involved by tracking the evolution of physical quantities during electrolyte perme-
ation, as reported recently using the Young model [21a].

3. Epoxy-based nanocomposite

Epoxy resins are irreversibly hardened (cured) by cross-linking the individual polymer
chains, forming rigid and thermally stable thermosetting epoxy polymers. These polymers
are obtained by the reaction between the reactive groups of the hardener (amines, epoxies,
dicyandiamide, isocyanates, among others) and epoxy functional group of organic resins.
Epoxy resins, such as poly(bisphenol A-co-epichlorohydrin) glycidyl end-capped, epoxyphe-
nol novolak, and butyl glycidyl ether, are obtained by the reaction between epichlorohydrin
and (1) bisphenols (bisphenol A, bisphenol F, bisphenol AF, bisphenol S, etc.), (2) novolaks,
which are produced by reacting phenol with methanal (formaldehyde), or (3) aliphatic alco-
hols, polyols, or carboxylic acids, although the latter form of epoxy resin is more used as flex-
ibilizers or diluent for the others types of resins (Fig. 17.7).

The epoxy functional groups, also known as oxirane, impart the reactivity to this family of
materials. This is due to the high bonding stress of the epoxy ring, forming a triangular
carboneoxygenecarbon (eCOCe) bond arrangement, which facilitates its opening by a
wide range of reactants (curing agents). The formation of the three-dimensional epoxy
network can occur at room temperature or at elevated temperatures depending on the nature
of the curing agent. The mostly used curing agents are nitrogen-containing molecules having
functionality equal or higher than three (f � 3), for example, polyamines and their deriva-
tives. The functionality is the number of available bonding sites, such as f ¼ 4 for diamino
diphenyl methane, f ¼ 6 for triethylenetetramine, and f ¼ 5 for diethylenetriamine
(Fig. 17.8A) [22]. The curing reactions proceed by SN2 nucleophilic attack of the nitrogen elec-
trons from the curing agent to the least substituted carbon of the oxirane ring, resulting in its
opening and formation of an OH group (Fig. 17.8B). The formed secondary amine nitrogen,
even though less reactive, attacks another epoxy ring, resulting in 3D cross-linking that signif-
icantly improves the thermal, mechanical, and chemical stability of the polymer [22]. Other
important properties include high chemical resistance, especially in alkaline environments,
good adhesion to metallic substrates, curing ability over a wide range of temperatures,
and high corrosion resistance as a coating material [23].
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Further improvements of epoxies can be achieved by the introduction of organic and inor-
ganic nanofillers (inorganic compounds, nanocontainers with corrosion inhibitors, among
others), interacting either covalently or by van der Waals forces with the organic matrix. In

FIGURE 17.8 (A) Structural representation of commonly used curing agents for epoxy resins, and (B) formation
of a thermosetting cross-linked polymer by the reaction of curing agents, containing amine functional groups, with
the epoxy ring of the resin.

FIGURE 17.7 Structural representation of epoxy resins obtained from the reaction between epichlorohydrin with
bisphenol, novolak, and aliphatic epoxy resin.
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the case of covalent conjugation of epoxy with inorganic compounds, typically oxide nano-
particles, a coupling agent is used, forming an organiceinorganic interphase. Here the nitro-
gen nucleophilic attack of the hardener occurs on both the epoxy group of the resin and the
epoxy group of the coupling molecule, such as (3-glycidyloxypropyl)trimethoxysilane
(GPTMS) (Fig. 17.4). This molecule is frequently used as coupling agent in the synthesis of
organiceinorganic nanocomposites due to its ability to conjugate covalently the epoxy phase
with silica nanoparticles, although several other molecules can also be used for this purpose,
such as 3-(2-aminoethylamino)propyl dimethoxymethylsilane (AEAPS) and (3-aminopropyl)
triethoxysilane (APTES) (Fig. 17.4), both forming covalent bond through their amino func-
tional groups [14]. The properties of the epoxy-based nanocomposites depend on the chem-
ical structure of the monomer, type, and amount of nanofiller and the nature and quantity of
the curing and coupling agent, both defining the overall connectivity of the final structure
[22,23]. Consequently, the fine-tuning of these parameters allows tailoring their final proper-
ties for a wide variety of applications.

For application in protective coatings, epoxy nanocomposites profit from their cross-linked
polymeric structure in terms of higher thermal, mechanical, and chemical stability and partic-
ularly improved barrier property. The electrochemical performance reported for different
types of anticorrosion epoxy nanocomposite coatings is summarized in Table 17.2.

Among the best performing coatings reported so far are epoxies modified with polyaniline
(PANI), applied to protect the surface of mild steel. A low-frequency impedance modulus of
400 GU cm2 and life span of 60 days in 12 wt% NaCl solution was achieved by dispersing
PANI nanorods in commercial epoxy resin and curing using commercial cardanol-based
polyamide agent (Table 17.2) [24]. A different type of epoxy coating, prepared from commer-
cial epoxy resin, based on bisphenol A, was doped with sulfonated PANI nanofibers and
deposited on mild steel. The coatings presented a low-frequency impedance modulus be-
tween 10 and 100 GU cm2 and durability of 120 days immersed in 3.5 wt% NaCl solution [25].

Another interesting class of nanocomposites for corrosion protection of steel are epoxy
nanocomposites modified with graphene oxide (GO). The coatings were prepared using an
epoxy resin derived from bisphenol A (EPON Resin 828), cross-linked by cycloaliphatic
amineebased curing agent (Epikure F205) and modified with an additive based on GO,
PANI nanofibers, and CeO2 nanoparticles. The filler addition resulted in a significant
improvement of the corrosion protection reaching a low-frequency impedance modulus of
1.6 GU cm2, maintained stable for 70 days in 3.5 wt% NaCl solution (Table 17.2) [26]. Another
study reports on the modification of a commercial epoxy resin with GO encapsulated by
ZrO2 nanoparticles. According to the authors, the ZrO2-GO nanofiller was capable of block-
ing local microgalvanic corrosion, in addition to filling defects in the coating, yielding an
impedance modulus of 82 GU cm2 after 60 days in contact with 3.5 wt% saline solution [27].

Excellent anticorrosion efficiency has been achieved also for organiceinorganic hybrids,
combining the polymer curing reaction with the solegel process used to prepare the inor-
ganic phase. Epoxyesilica coatings prepared using poly(bisphenol A-co-epichlorohydrin)
glycidyl end-capped (DGEBA), diethylenetriamine (DETA) as hardener, GPTMS as coupling
agent, and tetraethoxysilane (TEOS) as silica source were applied on carbon steel. The coating
exhibited for the best formulation (molar ratio DGEBA:DETA:GPTMS:TEOS ¼ 8:0.3:8:8) an
impedance modulus of w1 GU cm2, after immersion in 3.5 wt% saline solution, and dura-
bility of 42 days [28]. To study the influence of the curing agent on the anticorrosion efficiency
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TABLE 17.2 Results of electrochemical analysis obtained for best performing epoxy nanocomposite coatings
applied for corrosion protection of metal surfaces: impedance modulus at low frequency, jZlfj,
obtained by electrochemical impedance spectroscopy, and current density, I, at potential, E,
extracted from polarization curves.

Coating Substrate

Deposition,
Thickness
(mm)

jZlfj (GU cm2),
Lifetime
(days),
Solution

I (A/cm2)
E (V),
Electrode Ref.

EpoxyeGPTMSeTEOS Carbon steel Dip coating
w8e9

w10
30
3.5 wt% NaCl

e [This
work]

EpoxyeAPTES Carbon steel Spray
125

w100
21
0.1 M Na2SO4

e [40]

Epoxyepolysiloxane (APTES/
APTMS/GPTMS/TMSPh)

Mg alloyAZ31 Dip coating
12

w5
28
0.05 M NaCl

e [30]

EpoxyeAPTES Mg alloy
AZ31

Dip coating
w14

10
31
3.5 wt% NaCl

e [29]

Epoxyezinc phosphateeiron
oxide

Cold rolled low carbon
steel

Airless spray
55e140

w450/60
220/405
3 wt% NaCl

e [41]

EpoxyePDMSeZnO Mild steel Brush method
70e80

100
30
3 wt% NaCl

e [33]

EpoxyeGOeClosite20A Steel Film
applicator
75e90

10
w56
3.5 wt% NaCl

e [42]

EpoxyePANI Mild steel Film
applicator
20

10e100
120
3.5 wt% NaCl

10�7

�0.61
SCE

[25]

EpoxyePANI Mild steel Brush method
120

400
80
12 wt% NaCl

e [24]

EpoxyeGOeP2BA Q235 carbon steel Film
applicator
20

10
80
3.5 wt% NaCl

10�11

�0.34
SCE

[43]

EpoxyePDMSeSiO2 Mild steel Brush method
w71e74

100
30
3 wt% NaCl

e [34]

EpoxyeAPTES-3
emethylsalicylate

Commercial pure Mg Dip coating
w13e17

90
35
3.5 wt% NaCl

e [32]
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TABLE 17.2 Results of electrochemical analysis obtained for best performing epoxy nanocomposite coatings
applied for corrosion protection of metal surfaces: impedance modulus at low frequency, jZlfj,
obtained by electrochemical impedance spectroscopy, and current density, I, at potential, E,
extracted from polarization curves.dcont'd

Coating Substrate

Deposition,
Thickness
(mm)

jZlfj (GU cm2),
Lifetime
(days),
Solution

I (A/cm2)
E (V),
Electrode Ref.

Epoxyereduced GO Q235 carbon steel Film
applicator
120

w20
60
3.5 wt% NaCl

e [44]

EpoxyeAPTESeZrO2-GO Q235 carbon steel Film
applicator
140

w80
60
3.5 wt% NaCl

e [27]

EpoxyePANIeCeO2-GO Mild steel e

75
w1.6
70
3.5 wt% NaCl

e [26]

Epoxyedye-clay nano pigment Mild steel Film
applicator
30

w20
35
3.5 wt% NaCl

e [31]

EpoxyeGPTMSeTEOS Stainless steel Dip coating
w2e7

w1
42
3.5 wt% NaCl

e [28]

EpoxyeAPTESeCeO2 Mg alloy
AZ31

Dip coating
w10

w10
29
0.05 M NaCl

e [35]

EpoxyeGOePANIeZn Mild steel Film
applicator
65e115

w1
w77
3.5 wt% NaCl

e [45]

EpoxyeMoS2-PDA Carbon steel e

w50
10
20
3.5 wt% NaCl

10�10

�0.08
Ag/
AgCl

[36]

EpoxyeSiO2 Mild steel Spray
41e43

w100
30
3.5 wt% NaCl

e [37]

EpoxyeSiO2eMBIePEG Carbon steel Film
applicator
30

w1
42
3.5 wt% NaCl

10�10

�0.02
Ag/
AgCl

[38]

EpoxyeAPTESetetrathiol Al alloy
AA2024-T3

Single blade
150

w1
350
0.5 M NaCl

e [39]

APTES, aminopropyltriethoxysilane; APTMS, aminopropyltrimethoxysilane; GO, graphene oxide; GTPMS, (3-glycidoxypropyl)tri-
methoxysilane; MBI, 2-mercaptobenzimidazol; P2BA, poly(2-butylaniline); PANI, polyaniline; PDA, polydopamine; PDMS, poly-
dimethylsiloxane; PEG, poly(ethylene glycol); TEOS, tetraethoxysilane; TMSPh, tris(trimethylsilyl)phosphate.
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of these coatings on carbon steel, the proportion between the hardener and bisphenol was
evaluated for samples with DETA to DGEBA molar ratios of 2.4, 3.2, and 4.8, referred to
as D2.4, D3.2, and D4.8. Bode impedance modulus plots recorded for different immersion pe-
riods in 3.5 wt% NaCl solution (Fig. 17.9) show the best result for the highest molar fraction
(D4.8). This coating, with a thickness of 9 mm, showed a low-frequency impedance modulus
of 10 GU cm2 after 1 day andw1 GU cm2 after 30 days in contact with 3.5 wt% NaCl solution,
a value still four orders of magnitude higher than that of bare carbon steel.

For coatings based on poly(bisphenol A-co-epichlorohydrin) glycidyl end-capped and
APTES, deposited on magnesium alloy AZ31, the low-frequency impedance modulus
reached values up to 10 GU cm2 in 3.5 wt% NaCl solution and lifetime of 31 days (Table 17.2)
[29]. Another class of high-performance coatings was prepared by Brusciotti and coauthors.
They showed that epoxyesilica nanocomposites prepared by the variation of organosilane
species (APTES, APTMS: aminopropyltrimethoxysilane, GTPMS: (3-glycidoxypropyl)trime-
thoxysilane, and TMSPh: tris(trimethylsilyl)phosphate) yield coatings with impedance
modulus up to 5 GU cm2 in 0.05 M NaCl solution, stable for 29 days [30].

Table 17.2 shows the large variety of modifying agents used to prepare epoxy coatings
yielding high corrosion protection efficiency for different metallic surfaces, such as pigments
[31]; nanocontainers loaded with corrosion inhibitor [32]; and inorganic nanoparticles (CeO2,
SiO2, ZnO, MoS2) [26,33e38]. Remarkable results were reported by Zadeh et al. for self-
healing epoxy coatings containing tetrathiol-sufonated groups [39]. The coating with a molar
ratio between pentaerythritol tetrakis (3-mercaptopropionate) and bis[3-(triethoxysilyl) pro-
pyl]tetrasulfide equal to 3:1 exhibited a hydrophobic surface, high adhesion strength to the
aluminum AA2024-T3 alloy, and effective corrosion protection in 0.5 M NaCl solution with
low-frequency impedance modulus of 3 GU cm2 and durability of 350 days. Moreover, after
artificial damaging and subsequent heat treatment, the coatings showed the healing effect
ability, restoring their barrier property [39].

FIGURE 17.9 Bode plots of the impedance modulus versus frequency for different immersion times in 3.5 wt%
NaCl solution obtained for epoxyesilica coating with different hardener (DETA) to bisphenol (DGEBA) ratios,
deposited on carbon steel. DETA, diethylenetriamine; DGEBA, poly(bisphenol A-co-epichlorohydrin) glycidyl end-
capped.
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The growing concern about the depletion of fossil reserves and the emission of greenhouse
gases has contributed to the development of polymers derived from renewable sources. In
this context, epoxy resins derived from biologically based chemicals are of special interest
for the development of thermosets with promising properties. As a starting material for
the synthesis of the biothermosets, a wide variety of rigid ring structures or more reactive
groups can be found, such as rosin acid, diphenolic acid, tannin acid, itaconic acid, glucose,
eugenol, furan, and isosorbide [46].

4. Polyurethane-based nanocomposites

Another interesting class of polymeric nanocomposite coatings is based on polyurethane
(PU), which is a polymer most commonly formed by reacting a di- or tripolyisocyanate,
e.g., toluene diisocyanate, methylene diphenyl diisocyanate, and 1,6-hexamethylene diisocya-
nate, with a polyol, e.g., dipropylene glycol, glycerin, and sorbitol, yielding organic units
linked by carbamate (urethane) groups (Fig. 17.10). In recent years, the preparation of PUs
from green sources received increasing attention since the PU industry is dependent on
fossil-based polyols. Aiming to confer new functionalities, as biodegradability and biocom-
patibility, variations of protective coatings include mainly vegetable oilebased materials
[47e50] and also carbohydrates [51].

Among the most common forms of the versatile polyurethanes are soft and rigid foams,
elastomers, adhesives, plastic films, and, in particular, anticorrosive coatings, which have
shown promising results. The functionality of polyurethane can be tailored according to

FIGURE 17.10 (A) Structural representation of polyurethane preparation through reaction of isocyanate groups
(ReN]C]O) with hydroxyls from polyol, and (B) structure of most common polyurethane precursors. (A) Adapted
from K. van Rijswijk, H.E.N. Bersee, Reactive processing of textile fiber-reinforced thermoplastic composites e an overview,
Compos. Part A Appl. Sci. Manuf. 38 (2007) 666e681.
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the application: to obtain thermoplastic polymers, the linear chains must be designed with
two isocyanate and polyol functionalities, whereas for thermosetting polymers, more than
two functions of one of the parts (or both) are required to provide cross-linking. In practice,
most polyurethanes are thermosetting polymers that exhibit high mechanical strength and
thermal stability.

For the synthesis of most polyurethanes, the choice of the catalyst is fundamental to obtain
the desired material properties. The use of catalysts reduces the reaction time and allows
complete curing of the material at low temperatures. Currently, organometallic tertiary
amines and tin compounds (1,4-diazabicyclo[2.2.2]octane and dibutyltin dilaurate, respec-
tively) are some of the most commonly used catalysts. Especially in the reaction between al-
cohols and isocyanates, they not only increase the speed of the reaction but also influence the
selectivity of the final product [52].

Polyurethane paints are often applied as topcoats on a epoxy primer layer due to their
abrasion and chemical resistance, making them suitable for offshore environment with
high UV exposure and aggressive saline media. An almost unchanged performance with
an impedance modulus of 100 MU cm2 during 100 days of exposure to 3.5% NaCl was re-
ported for polyurethaneeurea hybrid coatings [53], confirming their elevated barrier proper-
ties. In other recent studies, polyurethane-based nanocomposite coatings with a low
corrosion rate (w10�4 mm/year) [54] and high corrosion resistance (100 GU cm2 low-fre-
quency impedance modulus) [55e58] were reported for different metallic substrates. For
instance, Maya-Visuet et al. observed elevated long-term stability of 263 days in saline/
acid media (3.5% NaCl solution at pH 5) for 50e75 mm thick polyurethane composite coatings
containing TiO2 as ceramic nanofiller (Fig. 17.11) [55]. Del Algel-López et al. reported on

FIGURE 17.11 Bode plots for different
immersion times recorded for poly-
urethane composite coatings loaded with
10 wt% TiO2 immersed in an acidic envi-
ronment (3.5% NaCl solution at pH 5) [55].
Reproduced with permission of Elsevier.
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polyurethane coatings (40e55 mm) loaded with ZrO2:SiO2 (25:75) nanoparticles, which
resisted for 226 days in saline environment (3% NaCl) [56].

A variety of fillers have been used to strengthen the PU matrix in terms of hardness, stiff-
ness, thermal resistance, and corrosion inhibition, such as SiO2 [54,56,59], ZrO2:SiO2 [56],
TiO2 [55], CeO2 [60], Ce(IV)/carbon nanotubes [61], GO [57,62], bisphenol A [63], urea
[53], ZnO [64], and Cloisite 30B montmorillonite [65]. To improve the connectivity between
the polymeric phase and the inorganic additives, some authors used cross-linking agents
[52,55], mainly in the form of organosilane molecules (Fig. 17.4). The potential of
polyurethane-based nanocomposites in the field of protective coatings is reflected by the
increasing number of recent studies, with the best results summarized in Table 17.3.

Besides passive corrosion protection, polyurethane coatings can present self-healing prop-
erty, thanks to the shape-recovery ability of polycaprolactone and isobornylacrylate addi-
tives. They provide mobility to the polymer chain above 60 �C, allowing to heal defective
zones by heating. Lutz et al. incorporated layered double hydroxides loaded with 2-
mercaptobenzothiazole to achieve intrinsic and extrinsic (heating) inhibition of polyurethane.
Besides providing an impedance modulus of about 10 GU cm2 in 0.05 M NaCl, the coating
showed the ability to seal macrodefects and restore the corrosion protection [70]. Further-
more, polyurethane can be modified with bioactive compounds, such as hydroxyapatite,
and act as biocompatible and anticorrosive coating, delaying the corrosive attack of AZ31
Mg alloy for 101 days in Hank’s solution [69].

The current demand for green, versatile, and multifunctional materials urges for the devel-
opment of thin (wmm), adherent, and environmentally friendly coatings with active protec-
tion, capable to substitute conventional systems based on chromates and paints. Hence, the
big variety of formulations of polymeric nanocomposites based on polyurethanes allows to
tailor their final properties such as low permeability, super hydrophilicity, self-healing,
self-cleaning, and ice repellent properties. All these features are of great interest for applica-
tions in protective coating, portable electronics, car industry, and aircraft manufacture. How-
ever, the biggest challenge is to improve the long-term stability of the coatings in aggressive
environments.

5. Other classes of polymeric nanocomposites

5.1 Fluoropolymers

Fluoropolymers or fluoroplastics comprise a class of polymers that contain in their chem-
ical structure mainly carbon and fluorine. The physical and chemical properties of fluorine
give the compounds exceptional resistance to chemicals, such as organic solvents, acids,
and inorganic bases, which are of great interest for the development of high-performance
anticorrosive coatings [71]. Moreover, the presence of a continuous and uniform arrangement
of fluorine atoms around carbon atoms provides other important features, such as high ther-
mal stability, low refractive index, low electrical and friction resistance, low surface energy,
and nonstick property. In addition, the high electronegativity of fluorine yields a highly hy-
drophobic surfaces with repulsive effect against corrosive electrolytes [71,72].
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Various types of fluoropolymers, such as poly(vinyl fluoride), poly(tetrafluoroethylene)
(PTFE), and poly(vinylidene fluoride), have found wide range of applications in various
fields including coating (Fig. 17.12). Among them, the PTFE, known as Teflon, is obtained
by polymerization of tetrafluoroethylene in the form of linear chains and has many applica-
tions in domestic utensils and industrial equipment.

TABLE 17.3 Results of electrochemical analysis obtained for best performing polyurethane nanocomposite
coatings applied for corrosion protection of metal surfaces: low-frequency impedance modulus
jZlfj, obtained by electrochemical impedance spectroscopy; current density, I, at potential, E,
extracted from polarization curves.

Coating Substrate
Deposition,
Thickness (mm)

jZlfj (GU cm2),
Lifetime (days),
Solution

I (A/cm2)
E (V),
Electrode Ref.

PolyurethaneeZrO2eSiO2 Carbon steel Spray
40e55

w100
226
3.5% NaCl

e [56]

PolyurethaneeepoxyeacrylateeGO Carbon steel Brush method
w70

w100
21
5% NaCl

10�11

�0.1
Ag/AgCl

[57]

PolyurethaneePANI Mild steel Brush method
w60

w10
58
3.5% NaCl

e [66]

Polyurethaneegraphene Phosphated steel Film casting knife
w100

w1
28
3.5% NaCl

10�11

�0.02
SCE

[67]

PolyurethaneeCNTs Phosphated steel Wire lab rod
w50

w0.1
28
3.5% NaCl

10�10

0.1
SCE

[68]

Polyurethaneeurea Carbon steel e w0.1
100
3.5% NaCl

e [53]

Polyurethaneepolydiphenylaminee
V2O5

Carbon steel Brush method
w90

w100
30
5% NaCl

10�11

�0.04
e

[58]

PolyurethaneeMMT Carbon steel Film applicator
w40

w10
225
3.5% NaCl

e [65]

PolyetherimideeHA Mg alloy AZ31 Dip coating
w4

w1
101
Hank’s solution

e [69]

PolyurethaneeAPTESeTEOSeTiO2 AA3003 H14 Drawdown bar
75

w263
3.5% NaCl þ 0.1 M HCl

e [55]

APTES, aminopropyltriethoxysilane; CNTs, carbon nanotubes; GO, graphene oxide; HA, hydroxyapatite; MMT, montmorillonite;
PANI, polyaniline; SCE, standard calomel electrode; TEOS, tetraethoxysilane.
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Several fluoropolymers [73e78] and their nanocomposites have been studied as protective
coatings; however, only few of them exhibited high anticorrosive performance in aggressive
environments in terms of low-frequency impedance modulus higher than 0.1 GU cm2 and
durability of more than 30 days. The most commonly used polymer for low-temperature
preparation of fluoropolymer-based nanocomposites is the fluoroethylene vinylether
(FEVE), consisting of CF2-CFX blocks and functional groups attached to the polymer back-
bone (Fig. 17.12). As an example of high-performance nanocomposite coatings, the commer-
cial FEVE copolymer (Lumiflon LF-200) has been prepared with different isocyanate-based
curing agents and modified with polyhedral oligomeric silsesquioxane [79]. The coating
deposited on bronze discs with a thickness of w5 mm exhibited an impedance modulus of
about 1 GU cm2 after 3 h of immersion in 0.5 M NaCl solution and a decrease of one order
of magnitude after 6 days, remaining stable for a period of 140 days.

Although the anticorrosive efficiency of most fluoropolymers has not reached outstanding
results, such as acrylates, epoxies, and polyurethanes, this class of material is very promising
for multifunctional coatings and should be further studied to achieve high anticorrosive per-
formance. Specially, organiceinorganic nanocomposites containingcovalent coupling mole-
cules result in an enhanced anti-corrosion performance.

5.2 Conducting polymers

In 1985, DeBerry reported that a PANI coating deposited on ferritic stainless steel provided
anodic protection, significantly reducing the corrosion rate in an acid environment [80]. Since
then, conducting polymer nanocomposites have gained increasing attention as anticorrosive
coatings, especially those based on polyaniline (PANI). PANI is a conducting polymer
formed by the polymerization of aniline, an organic compound consisting of a phenyl group
attached to an amino group. PANI is generally obtained by chemical oxidative

FIGURE 17.12 Structural representation of some common fluoropolymers.
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polymerization or electrochemical polymerization [81]. The preparation of PANI requires (1)
an acidic medium, where aniline exists as an anilinium cation, and (2) an oxidative environ-
ment, which can be supplied via the presence of larger amounts of oxidizing agents (such as
ammonium peroxydisulfate) or by the application of potential in an electrochemical cell con-
taining acidic aniline solution [81,82]. The resulting protonated PANI (e.g., PANI hydrochlo-
ride), called emeraldine salt can be converted into its deprotonated form in alkaline medium,
obtaining the so-called emeraldine base (denoted PANI-E or PANI-EB) (Fig. 17.13A).
Through reduction and oxidation reactions, emeraldine base can be transformed into leucoe-
meraldine (denoted as PANI-L) referred to as PANI’s fully reduced form, or pernigraniline
(denoted as PANI-P), referred to as PANI’s fully oxidized form (Fig. 17.13A) [81]. The
average oxidation state is given by the doping degree: for the fully reduced form (leucoemer-
aldine), the doping degree, x, is equal to zero; for the fully oxidized form (pernigraniline), it is
one; and for intermediated oxidation states, it is 0 < x < 1.

The emeraldine salt presents conductivity similar to a doped semiconductor, of about
100 S/cm, but when converted into emeraldine base, leucoemeraldine, or pernigraniline, it
behaves as electrically insulating material [82]. Conducting polymeric coating can protect
metals against corrosion by several mechanisms, including barrier protection, controlled in-
hibitor release, anodic protection, and formation of an insoluble counteranion salt [83,84].
Salem and Grgur have shown that corrosion protection is dependent on the protonation level
of the PANI [85]. The authors have prepared PANI doped with sulfamic acid (0.28 of doping
degree), succinic acid (0.18 of doping degree), citric acid (0.15 of doping degree), and acetic
acid (0.13 of doping degree), incorporated 5 wt% into alkyd-based commercial paint, and
applied the solution on mild steel using a scalpel bladeebased method. The polarization re-
sistances were determined using linear polarization method, in 3 wt% NaCl solution. The
initial oxidation state of the PANI was determinant for the values of polarization resistance,

FIGURE 17.13 Molecular structure of (A) polyaniline (PANI) and (B) other conductive polymers.
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which decreased in the following sequence: Rp(sulfamic) > Rp(succinic) > Rp(citric) >
Rp(acetic) w Rp(base coating). This result is in agreement with visual inspection of the coat-
ings, showing that the corrosion products are more abundant for higher oxidization state
PANI filler (Fig. 17.14).

Other types of conductive polymers used as protective coating include polypyrrole [86,87],
polythiophene [88], and poly(vinyl carbazole) [86] (Fig. 17.13B). In general, no major differ-
ences of impedance modulus and corrosion potential have been detected between pure
conductive polymeric coatings and bare alloys, indicating poor corrosion protection
[86,89e91]. Even when modified with fillers, such as montmorillonite [92e94], TiO2
[95,96], SiO2 [86,97], Ag [95], Zn [95], graphene [98], GO [99], and carbon nanotubes
[100,101], only a modest increase of the corrosion resistance has been achieved. To the best
of our knowledge, no conducting polymer-based coating has achieved an impedance
modulus higher than 0.1 GU cm2 and lifetime longer than 30 days.

An alternative approach that has yielded good results in terms of anticorrosive efficiency is
the use of conducting polymers as fillers in other polymeric matrices. Zhang and coworkers
have incorporated 10 wt% of emeraldine base and salt (hydrofluoric acidedoped and cam-
phorsulfonic acidedoped PANI) into an epoxy matrix [83]. EIS results obtained in 3.5 wt%
NaCl solution showed for camphorsulfonic acidedoped PANI coatings on mild steel a
high anticorrosive performance, with low-frequency impedance modulus of 51 GU cm2,
which decreased by only two orders of magnitude after 175 days. Structural and electrochem-
ical analyses indicate that the addition of PANI, especially in the form of salt, leads to
improved barrier property against electrolytes and after failure to the formation of a compact
layer of corrosion product due to redox reaction of PANI, thus offering additional protection
for the steel surface. Moreover, the coating modified by camphorsulfonic acidedoped PANI
contains sulfonate ligand anions that are capable of complexing Fe, thus resulting in an inhib-
iting mechanism based on insoluble counteranion salt. The authors of another work reporting
on high-anticorrosion efficiency PANI-modified coatings used polyaniline doped with dode-
cylbenzenesulfonic acid (PANIeDBSA) in epoxy resin and applied the paint by spray depo-
sition onto steel plates (SAE 1020) [102]. The addition of 0.1 and 0.5 wt% of PANIeDBSA
resulted in an increase of the coating impedance from 80 GU cm2 (pure epoxy coating) to
160 and 197 GU cm2, respectively. Both epoxy PANIeDBSA-modified coatings presented
good durability, with only one order of magnitude decrease of the impedance modulus, after
30 days of immersion in 3.5 wt% NaCl solution [102].

FIGURE 17.14 Coated steel substrates with alkyd paint containing polyaniline (PANI) in different oxidation
states, after 238 h of immersion in 3% NaCl [85]. Reproduced with permission of Elsevier.
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PANI has also been used combined with polyacrylates in the form of coreeshell structure
to protect carbon steel. The material was composed of poly(methyl methacrylate), butyl
acrylate, and acrylic acid, as “core” (P(MMA/BA/AA)), and PANIeDBSA, as “shell.”. The
spherical P(MMA/BA/AA) nanoparticles with and without PANI-DBSA were applied as
80 mm thick coatings on phosphatized carbon steel (AISI 1005) and tested in 3.5 wt% NaCl
solution. The presence of a low concentration of PANIeDBSA (3 wt%) in the acrylic polymer
resulted in increased conductivity (2.7 � 10�5 S/cm, compared with 3.2 � 10�8 S/cm for pure
polymer) and an improved passivation effect of the steel surface. Although the low-frequency
impedance modulus was similar for both samples (w100 MU cm2), the corrosion protection
of PANIeDBSA containing coating remained effective during 18 days in saline solution [103].
Another notable result has been reported by Su et al. combining graphene, PANI (pernigrani-
line), and PVB for the corrosion protection of copper [104]. The nanocomposite coating with a
thickness of 46 mm exhibited an impedance modulus of almost 10 GU cm2 after 7 days of im-
mersion in 0.03 M NaCl aqueous solution. The efficient corrosion protection was attributed to
the well-dispersed fillers in the PVB matrix, which reduced the porosity and decreased the
diffusion pathways for corrosive species.

5.3 Poly(lactic acid), polyhydroxybutyrate, polyethylene terephthalate,
polybutyrate, polyvinyl chloride, polystyrene, and polyetherimide polymers

Polyester is another class of polymers that has been recently applied as anticorrosive
coating on different metallic surfaces. This category of polymers contains an ester functional
group in the main chain and includes naturally occurring polymers, such as poly(lactic acid)
and polyhydroxybutyrate, as well as synthetics such as polyethylene terephthalate (PET) and
polybutyrate (Fig. 17.15A). PET is the most common polymer resin of the polyester family,
and therefore, it is usually used as a synonym of polyester.

In general, polyester-based coatings present weak resistance against electrolyte perme-
ation; however, in the form of nanocomposites, they show significantly improved barrier
property by reducing the presence of voids and percolation pathways. Some examples of
modifier agents used to prepare polyester nanocomposite coatings for corrosion protection
of metallic alloys include organosilane [105,106], GO [107], clay [108], zinc ferrite [109],
and ZnO [110]. Mahvidi et al. prepared coatings on mild steel based on a mixture of polyester
and formaldehyde resin (also called melamine), which was loaded with 0.5 wt% zinc ferrite
nanoparticles [109]. While the pure polymeric coating presented a low-frequency impedance
modulus of 100 MU cm2, the addition of zinc ferrite led to an increase to 100 GU cm2, which
remained essentially unchanged after 8 weeks immersion in 3.5 wt% NaCl. The authors
explained the improved corrosion resistance by void-filling capability of the inorganic filler,
hindering the diffusion of corrosive species toward the coating/metal interface [109].

Polyester is the fourth most-produced polymer, only after polyethylene (PE), polypro-
pylene (PP), and poly(vinyl chloride) (PVC) [111] (Fig. 17.15B). The latter three polymers
have also been used as protective coatings. PE and PP are primarily used for packaging (plas-
tic bags, plastic films, bottles), but also the application as anticorrosive coating has been
already commercialized. For example, in 2009, METACLAY CJSC launched the manufacture
of PE coatings for corrosion protection of steel pipes (e.g., oil pipelines, main gas pipelines,
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product pipelines, utility pipelines, etc.). Indeed, PE and PP coatings are extensively used to
protect pipelines, mainly in a two- or three-layer design. First the steel pipes are treated by
chromate, followed by an epoxy primer (w150 mm) to promote strong adhesion to the
metallic substrate, and then a second layer of 160e200 mm is used to provide compatibility
between the epoxy layer and the top coat, which is based on a thick (w3 mm) PE or PP layer
[112e114]. Although two- and three-layer systems have offered excellent results in terms of
durable corrosion protection, recent research results indicate that equal or even better perfor-
mance can be obtained using much thinner layer, as depicted for acrylate, polyurethane, and
epoxy-based nanocomposite coatings.

Other less studied polymers and their nanocomposites for corrosion protection application
include polystyrene [107], PVB [115], polyetherimide (PEI) [69], among others. One inter-
esting result has been reported by Yang et al. for PVB-fluorographene nanocomposite coating
deposited on copper substrate with an impedance modulus of almost 100 GU cm2, essentially
unchanged after 90 days in 3.5 wt% NaCl [116].

6. Conclusions

In this chapter, we gave an overview of the recent developments in the field of polymeric
nanocomposites applied as coatings for corrosion protection of metallic surfaces. The formu-
lations, synthesis conditions, deposition methods, and properties have been discussed for
diverse types of polymeric nanocomposite coatings focusing on their anticorrosive perfor-
mance. In general, the inclusion of nanofillers into organic matrices results in dense

FIGURE 17.15 Molecular structure of (A) polyesters and (B) other types of polymers.
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nanocomposites with elevated barrier property, durability, adhesion to the metallic sub-
strates, thermal stability, mechanical resistance, hydrophobicity, and bioactivity. In partic-
ular, organiceinorganic nanocomposites presenting covalent linking between the phases,
such as PMMAesilica or epoxyesilica hybrids, show as protective coatings of small thickness
(wmm) notable barrier properties, comparable with that of thick paint systems. Furthermore,
the inclusion of additives, such as inorganic oxides, clays, carbon nanostructures, and nano-
and microcapsules containing organic and inorganic corrosion inhibitors, provide active
corrosion protection for the coating, resulting in additional enhancement of their anticorro-
sive performance. The creative use of nanotechnology has boosted the design of novel protec-
tive coatings, based on smart, environmentally friendly, low-cost, and functional polymeric
materials.
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