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Chapter

Organic-Inorganic Hybrid
Coatings for Active and Passive
Corrosion Protection

Andressa Trentin, Samarah V. Harb, Thiago A.C. de Souza,
Mayara C. Uvida and Peter Hammer

Abstract

Organic-inorganic coatings based on poly(methyl methacrylate) (PMMA)-silica
and PMMA-cerium oxide hybrids provide effective and active corrosion protection
of metallic surfaces. For both hybrid materials, the covalent conjugation of inor-
ganic silica or ceria nanodomains with the PMMA matrix, provided by molecular
coupling agents, leads to homogenous and highly cross-linked nanocomposites,
which act in the form of coatings as an efficient diffusion barrier. The addition of
lithium salts (500-2000 ppm) into PMMA-silica hybrid and optimized ceria frac-
tion in PMMA-cerium oxide coatings results in active corrosion inhibition by the
self-healing effect. Results of electrochemical assays of aluminum- and steel-coated
samples, performed in a 3.5% NaCl solution, show an excellent corrosion resistance
(impedance modulus up to 100 GQ cm?) and durability (up to 350 days) of the
10-pm-thick passive barrier layer. Time-of-flight secondary ion mass and X-ray
photoelectron spectroscopies evidenced the self-healing ability of coatings induced
by lithium/cerium ion leaching toward corrosion spots or artificial scratches, which
are restored by a protective layer of precipitated phases. Results presented in this
book chapter evidence the active role of lithium and cerium species in improving
the hybrid structure and providing through self-healing a significantly extended
service life of metallic components.

Keywords: anticorrosion coating, organic-inorganic hybrid, passive and active
protection, corrosion inhibitors, self-healing, AA7075, carbon steel

1. Introduction

The development of efficient production techniques of metallic alloys in the
late twentieth century formed the basis for the boom of construction, transporta-
tion, energy, packaging, and electronic industries [1, 2]. Although extensively
used, unprotected alloys are subject to a constant oxidation process, either in con-
tact with humid atmosphere, aqueous, or soil systems, turning them into natural
ore [1, 3]. One common approach to prevent or at least delay metallic corrosion is
the application of organic coatings as a physical diffusion barrier. A barrier coat-
ing in the form of a dense insulating layer acts as a quasi-ideal capacitor, which
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inhibits the contact of corrosive species, such as the electrolyte, with the sub-
strate. Barrier coatings based on acrylate, epoxy, and polyurethane are extensively
employed in automotive, aviation, and marine industries but also in electronics,
decoration, food, and beverage items. However, if these coating systems are not
designed to withstand aggressive environments, they fail, causing corrosion of the
underlying alloy. Therefore, conventional high-efficiency coatings are prepared

in the form of multilayers combining a chromate conversion layer (0.1-0.2 pm)
with a primer (commonly an epoxy layer of about 15-25 pm loaded with corro-
sion inhibitors) and an organic topcoat, mostly in the form of a 50-100-pm-thick
polyurethane, which provide barrier, decorative, hydrophobic, and UV-resistant
characteristics [4, 5].

Chromates, widely employed as conversion layer in the aerospace industry,
provide effective protection because the excess of non-reduced ions produces
an extremely corrosion-resistant film composed of mixed Cr and Al oxides [6].
However, hexavalent chromium causes occupational health problems due to
carcinogenic and mutagenic effects [7], which led to an intense search for high-
performance chromium-free coatings able to protect passively and actively metal
surfaces in harsh environments. To achieve this goal, the alternative material must
provide (i) a dense passive barrier with a very low permeation rate and after failure
(ii) actively inhibit corrosive processes with similar efficiency as the self-healing
ability of chromate anions. Considering this challenge, considerable efforts have
been spent by the scientific community to develop alternatives to chromium conver-
sion coatings, and some encouraging results have been already achieved.

One promising class of coating systems, developed in the last decade, which
fulfill the cited criteria, is organic-inorganic nanocomposites based on conventional
acrylic, epoxy, and polyurethane materials combined with ceramic nanofillers, such
as silica, ceria, zirconia, etc. These hybrid materials have demonstrated excellent
barrier property, providing long-term protection for steel and aluminum alloys
[3, 8-10]. The superiority of hybrid systems compared to purely polymeric phases
comes from a tailored nanostructure achieved by proper amounts of inorganic
nanofillers within the organic matrix and the careful tuning of synthesis condi-
tions, resulting in a dense and homogeneous nanocomposite that acts as an efficient
diffusion barrier, limiting the water uptake and diffusion of ionic species to a very
low rate [11]. The inorganic nodes have the important role to densify the structure
by anchoring covalently the polymeric chain segments through a cross-linking
agent and to improve the adhesion at the coating/metal interface through covalent
bonding [12-14]. The function of the polymeric phase is to provide minimum
internal stress and porosity of the hybrid network, hermetically sealing the struc-
ture [3, 11, 12]. Hence, the key factor for the stability of the material under adverse
conditions is the covalent conjugation between the two phases through the coupling
molecule that has functional similarity to both parts. The presence of this organic-
inorganic interphase overcomes the limitations of organic systems such as lack
of thermal and mechanical stability, poor adhesion, and presence of voids due to
material swelling [15-18].

Nevertheless, even the best barrier fails after some time due to the permeation
of water and aggressive species under weathering or mechanical damage. Smart
coatings are an emerging technology to bypass the limitations of passive systems,
providing a repair response mechanism after failure [5]. Several approaches have
been developed in the search for chromium-free organic coatings using organic
and inorganic additives for extrinsic self-healing strategies. These types of coatings
are able to respond after local damage through reactions triggered by variations
in pH, temperature, presence of water, mechanical damage, and UV [3, 4, 19].
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In practice, however, some studied coating systems, especially those based on
inhibitor-filled micro- and nano-containers, imply increasing costs, which are
hardly accepted by the industry. Some recent studies reporting on incorporation
of simple additives, such as PANI [20], TiO, [21], ZnO [22], lithium [23, 24], ZrO,
[9, 25], cerium/ceria [26-29], poly(2-butylaniline) (P2BA) [30], polydopamine
(PDA) [31], 2-mercaptobenzimidazole (MBI) [32], and tannins [33], among
others, have shown promising results toward the development of chromium-free
active coatings. This chapter comprises an overview of efficient passive organic-
inorganic coatings and their modified form for active protection of metal surfaces.
Emphasis is given on inorganic additives that meet the current demand for non-
toxic low-cost substances, such as cerium nanoparticles and lithium ions in hybrid
matrices.

2. Organic-inorganic hybrid coatings
2.1 Passive protection

Organic-inorganic coatings are usually prepared by combining the polymeriza-
tion of the organic phase using an anionic, cationic, thermal, or photo initiator with
the sol-gel route of hydrolysis and condensation of an inorganic compound in the
form of silicon, zirconium, aluminum, and titanium alkoxides [34]. In the next
step, the hybrid sol is applied on the metal surface by spray, spin, or dip coating
methods, and then the obtained film is dried and cured prior to the structural,
thermal, mechanical, and electrochemical analysis.

Epoxy [35-38] and polyurethanes-based [21, 39, 40] hybrid coatings present
excellent protection against metallic corrosion; however recent research has shown
that equal or even better results in terms of corrosion resistance and durability can
be achieved with much thinner layers, based on acrylic or epoxy hybrids. Especially
for poly (methyl methacrylate) (PMMA)-silica coatings, remarkable results have
been reported when applied on carbon steel and aluminum alloys. For instance,
using electrochemical impedance spectroscopy (EIS) assays, Hammer et al.
reported that PMMA-silica coatings with thicknesses between 1.5 and 3 pm are able
to withstand adverse conditions without failure for 18 days immersed in 3.5% NaCl,
while maintaining the low-frequency impedance modulus (|Zy) in the GQ cm?
range, a value about five orders of magnitude higher than that of bare steel [41].
Analyzing the structural properties of this material, dos Santos et al. showed that
optimizing the inorganic solvent proportion (ethanol/H,0 ratio) results in higher
connectivity of the silica phase, leading to an improvement of the corrosion protec-
tion (|Zi > 1 GQ cm?) and durability up to 6 months in 3.5% NaCl and more than
3 months in saline/acid solution [12].

Excellent passive corrosion protection of carbon steel was recently reported for
some micrometer-thick PMMA-silica coatings in a study where the ratio of thermal
initiator (benzoyl peroxide (BPO)) to monomer (methyl methacrylate (MMA))
was varied in the range of 0.01-0.1 (B001, BO0S5, B010 samples) [11]. The authors
found that this parameter strongly influences the hybrid structure in terms of
polymerization efficiency, leading to an improved anticorrosion performance. From
Raman spectra (Figure 1a), it can be observed that as the BPO fraction increased,
the C—C band at 1640 cm™" disappeared, indicating that the larger number of
radicals provided by BPO promotes a more efficient polymerization of MMA. This
result is supported by thermogravimetry, carried out under N, atmosphere to
analyze the decomposition stages of the hybrid structure (Figure 1b). The first
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derivative of the thermogravimetric (TG) curves (Figure 1c) shows that the PMMA
phase has three major degradation events, involving the rupture of head-to-head
segments (stacking defects) at about 240°C (T};), breaking of unsaturated chain
ends at ~300°C (T,), and a random breaking of head-tail segments at ~400°C (T3).
The differential thermogravimetric (DTG) curves clearly show that the stacking
defects (T, event) are strongly suppressed for higher BPO/MMA ratios, evidenc-
ing improved polymerization. The residual mass of about 20 wt% found at 800°C
corresponds to the nominal fraction of the silica phase in the hybrid.

In this study it was shown that the combination of adequate proportions
between reactive groups of organic monomer (MMA), silica precursor (tetraeth-
oxysilane (TEOS)), and coupling agent (3-(trimethoxysilyl) propyl methacrylate
(MPTS)) leads to the formation of a homogeneous and defect-free structure
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Figure 1.
(a) Raman spectra, (b) TG curves and (c) DTG curves of PMMA-silica hybrids prepared using BPO/MMA
ratios of 0.01, 0.05, and 0.10 (veproduced with permission from Elsevier [11]).
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Figure 2.

(a) Representation of the molecular structure of the PMMA-silica hybrid precursors, showing the reactive
groups of MMA and silicon alkoxides; (b) 3D AFM topography image of the Boo1 coating deposited on carbon
steel; (c) representative images of the coated carbon steel; (d) unsupported hybrid; (e) UV-vis transmittance
spectra of the unsupported hybrids (veproduced with permission from Elsevier [11]).
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(Figure 2a). According to atomic force microscopy (AFM), optical, and UV-vis
results (Figure 2b-e), the prepared coatings are transparent (80-90% transmit-
tance) and very smooth (RMS roughness <1 nm), expected features for effective
barrier coatings. For increasing amounts of the thermal initiator, the red shift of
the absorption edge (Figure 2e) may be related to increased absorption of BPO in
the UVA spectral range. Furthermore, adhesion pull-off tests evidenced a strong
adherence of the coatings to the steel substrate, reaching values up to 26.3 MPa for
the BOO1 sample, while 14.8 MPa, 8.9 MPa, and 6.7 MPa were determined for the
B005, B010 and pure PMMA, respectively.

To evaluate the anticorrosion performance of coated and uncoated steel, EIS
measurements were performed in duplicate after immersion of the coatings in
neutral 3.5% NaCl solution at regular intervals until a significant drop in the imped-
ance modulus was observed, representing the lifespan of the coating. After 3 h of
immersion, all hybrid coatings showed a quasi-ideal capacitive behavior over almost
the entire frequency range, contrasting with the poor performance of pure PMMA
and bare steel (Figure 3a).

The comparison with pure PMMA coating shows clearly the crucial role of the
silica phase in increasing corrosion resistance, after 1 day of immersion, from a
low-frequency impedance modulus of 200 kQ cm” (pure PMMA) to more than
5.0 GQ cm’ (PMMA-silica coatings). Moreover, the BPO increase led to a consid-
erable lifespan extension for the B010 coating (9.1 pm thick) reaching 583 days
with a nearly unchanged electrochemical response (Figure 3b), compared to
the lifetime of 40-50 days, observed for the BOO5 and B001 coatings (5.0 and
2.8 pm thick, respectively), and only 1 day of the PMMA film. This anticorrosion
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Figure 3.

Bode plots recorded (a) after 3 h immersion in 3.5% NaCl, for PMMA-silica coatings on carbon steel prepared
at different BPO/MMA ratios, pure PMMA (BPO/MMA = 0.01) and bave steel and (b) for different
immersion times of the Bo1o sample. The symbols represent the experimental data, and the solid lines are fits
obtained using the electrical equivalent circuit (EEC) model (veproduced with permission from Elsevier [11] ).
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Coating Substrate Thickness |Zg| (GR cm?) Ref.

(pm) lifetime (days)

solution

PMMA-MPTS-TEOS A1010 carbon steel 23-97 ~5, 583, 3.5% NaCl [11]
PMMA-MPTS-TEOS AA2024 ~3 ~50, >560, 3.5% NaCl [3]
PMMA-MPTS-TEOS A1010 carbon steel 1.5-2 ~5, 196, 3.5% NaCl [12]
Acrylic resin-SiO, Mild steel 75 ~10, 90, 3.5% NaCl [43]
PMMA-MPTS-TEOS- A1010 carbon steel 3-6 ~3, 211, 3.5% NaCl [42]
CNTs or GO
Epoxy-zinc phosphate- Cold rolled low 55-140 ~450/60, 220/405, 3% [8]
iron oxide carbon steel NaCl
Epoxy-PANI Mild steel 20 10-100, 120, 3.5% NaCl [20]
Epoxy-GO-P2BA Q235 carbon steel 20 10, 80, 3.5% NaCl [30]
PU-PANI Mild Steel ~60 10, 58, 3.5% NaCl [40]
PU-Zr0,-Si0, Carbon steel 40-55 ~100, 226, 3.5% NaCl [9]
PU-MMT Carbon steel ~40 ~10, 225, 3.5% NaCl [39]
PU-PS-PLA-MBT AA2024 152 ~0.1, 83, 3.5% NaCl [44]
PU-TEOS-TIP-ZRP AA2024 203 ~10, 100, 3.5% NaCl [45]

PMMA, poly (methyl methacrylate); MPTS, 3-(trimethoxysilyl) propyl methacrylate; TEOS, tetraethoxysilane;
CNTs5, carbon nanotubes; GO, graphene oxide; PANI, polyaniline; MM'T, montmorillonite; P2BA, poly
(2-butylaniline); PU, polyurethane; PS, polysiloxane; PLA, polylactic acid; MBT, 2-mercaptobenzothiazole; TIE,
titanium (1V) isopropoxide; ZRE, zirconium (IV) propoxide.

Table 1.
Reported high-performance passive hybrid coatings: composition, substrate, thickness, impedance modulus at
low frequency [Zy, lifetime, and solution.

performance, associated with an improved structure (Figure 1), is comparable
to that of the best performing anticorrosive coatings reported so far [8, 9, 12,
20, 21, 39, 42]. Results obtained for high-performance passive barriers based on
organic-inorganic coatings reported by several research groups are summarized
in Table 1.

Additional information on the barrier property of the BO10 sample was
obtained by a cross-sectional analysis using scanning electron microscopy coupled
with energy dispersive X-ray analysis (SEM/EDX) before and after 583 days of
immersion. Figure 4a shows an essentially unaffected morphology, free of pores
and defects, after 583 days of immersion. Further evidence comes from the EDS
profiles recorded along normal axis of the coating, shown in Figure 4b. The spec-
trum of the immersed sample shows no chlorine signal, which would indicate the
presence of Cl™ ions in the bulk, thus confirming the excellent barrier properties of
this hybrid nanocomposite.

From these results, it can be concluded that the quantity of the thermal
initiator plays a crucial role in terms of the connectivity of the organic phase,
resulting in a remarkable improvement of the barrier property for the BO10
coating (BPO/MMA = 0.1). The increase of the impedance modulus of more
than five orders of magnitude and the long durability of this coatings, compared
to the pure PMMA film, highlights the crucial role of the silica phase and the
importance of an efficient polymerization. Considering the excellent perfor-
mance achieved by PMMA-silica coatings without any additives, this material
can be considered as a promising alternative for conventional primer systems for
the protection of steel surfaces.
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Figure 4.

(a) Cross-sectional SEM images of the Bo1o coating, before (left) and after (vight) 583 days of immersion in
3.5% NaCl solution, including details of the coating/steel interface. The layers visible in the images are due to
the three dips applied by dip coating; (b) integrated EDX cross-sectional spectra, before and after 583 days
of immersion (reproduced with permission of Elsevier [11]).

2.2 Active protection
2.2.1 Corrosion inhibition by lithium ions

The second requirement for an effective chromium-free coating relies on active
anticorrosion protection. Among corrosion inhibitors, it was demonstrated that
the incorporation of lithium salts improves corrosion protection of epoxy coatings.
As possible mechanisms, Visser et al. have proposed that the release of lithium ions
from the epoxy matrix forms in the defective zone a Li/Al layer (hydrotalcite class)
by a conversion process [46]. In recent work, lithium carbonate (Li,CO;) was for
the first time added (500-2000 ppm) into the PMMA-silica system, and the results
revealed a dual beneficial effect of lithium on the structure and self-healing ability
of the coatings on the AA7075 aluminum alloy [24].
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The structural analysis of the coatings showed that the changes of the small-
angle X-ray scattering (SAXS) profiles imply significant modifications in the nano-
structure of the silica phase for higher lithium loadings (Figure 5a). The profiles of
Li0 (0 ppm) and Li05 (500 ppm) samples present a correlation peak, indicative of
a concentrated set of silica domains with an average spacing of 3-4 nm (Figure 5b).
However, for further addition of lithium (Lil and Li2), the correlation peak van-
ishes due to the formation of a more diluted set of larger silica clusters. For these
profiles, the average size of the silica nanoparticles (R,) can be calculated according
to the Guinier-Porod model [47, 48], revealing for the Lil sample (1000 ppm) a
gyration radius of about 1 nm and close to 3 nm for Li2 (2000 ppm).

Thermogravimetric measurements were used to access information on the
polymerization efficacy of PMMA and the thermal stability of the material. The
results reveal that the samples exhibited a thermal stability up to ~240°C (onset
degradation temperature at 5% mass loss, T; (Figure 5c)), while degradation events
of the TG derivative curve (Figure 5d) showed that the presence of lithium sup-
presses head-to-head stacking defects (T;) and unsaturated PMMA chain ends (T).
These findings indicate a more efficient polymerization with higher Li content,
which is an essential feature for an effective diffusion barrier.

The films with thickness between 4 pm and 6 pm present excellent adhesion
to AA7075 substrate reaching values up to 28 MPa for coatings with higher Li
loading [24]. The improved adhesion for lithium-rich coatings might be related to
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Figure 5.

(a) SAXS intensity profiles of the hybrids fitted according to the Guinier-Porod model (green lines);

(b) structural vepresentation of Lio and Lios PMMA-silica hybrids; (c) thermogravimetric curves and (d)
differential thermogravimetric curves of PMMA-silica hybrids prepared with Li,CO; concentrations of o, 500,
1000, and 2000 ppm (reprinted (adapted) with permission from [24]. Copyright (2020) American Chemical
Society).
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aluminum enrichment near the coating/substrate interface, suggesting a diffusion
of Al from the alloy into the coating during the thermal treatment [24].

Besides the beneficial effects of lithium on the structural properties, Li-modified
PMMA-silica hybrids yielded coatings with longer durability under immersion in
3.5% NaCl solution. This is evident from the time dependence of the open circuit
potential (Eocp) and the low-frequency impedance modulus (|Zy]), recorded by
EIS during 310 days of immersion (Figure 6). For lithium-containing coatings, the
time dependence of |Z;f (Figure 6b) revealed a very interesting effect of coating
regeneration, attributed to the chemical activity of the lithium ions. The data show
several important features of the lithium activity for different Li loadings: (i) for
all samples the time dependence shows a clear correlation between |Zy and Eqcp
(Figure 6a); (ii) after local failure of the coating, an impedance drop occurred,
followed by a gradual recovery of about two orders of magnitude within 40 days
(Li05), 28 days (Lil), and 20 days (Li2), indicating a faster regeneration process
with increasing Li content; and (iii) the higher lithium concentration of Li2 coating
delayed the appearance of localized corrosion compared to Lil and Li05 samples.
Furthermore, although the initial value of |Z;f was smaller for Lil and Li2 coatings,
after 300 days of immersion, they showed a higher impedance value, an effect that
can be related to their improved structural characteristics, as discussed before.

Representatively, the time evolution of the Bode plots obtained by EIS for the Lil
coating is displayed in Figure 7, together with the fitted curves (3 h, 99 days, and
126 days) using electrical equivalent circuits (EEC), shown in Figure 7a. Initially,
Lil presents an impedance modulus up to six orders of magnitude higher than bare
aluminum alloy. As a consequence of the coating permeation by the electrolyte, the
formation of conductive percolation paths leads after 99 days to the appearance
of localized corrosion spots (pits), causing a decay of the impedance modulus at
medium and low frequencies, indicative for failure of the coating and the beginning
corrosion process at the coating/metal interface [11]. Nevertheless, after 126 days of
immersion, the coating was spontaneously restored, increasing |Z; by two orders of
magnitude. Next, the appearance of a second pit caused a new decay after 154 days,
and thereafter the impedance modulus has recovered again after 183 days, remain-
ing stable until 311 days of immersion.

The self-healing process of the first recovery event was analyzed by fitting the EIS
data using EEC containing a electrolyte resistance in series with two time constants,
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Figure 6.

(a) Time evolution of Eocpand (b) [Zy[ for coatings modified with different amounts of lithium during
310 days of immersion in 3.5% NaCl solution. The inset shows in more detail the first impedance modulus
recovery (99 days) for the Li1 sample (veprinted (adapted) with permission from [24]. Copyright (2020)
American Chemical Society).
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(a) Electrical equivalent civcuits used to fit (black lines) the EIS data of Li1 coating after (b) 3 h, 99 days,

and 126 days of immersion in 3.5% NaCl solution and (c) time evolution of the bode plots after 154, 183, and
311 days of immersion (veprinted (adapted) with permission from [24]. Copyright (2020) American Chemical
Society).

the first representing the upper water uptake layer and the second the inner intact/
restored layer, and by adding a third time constant to simulate the corrosion process
at the coating/metal interface (Figure 7a). Accordingly, the high-frequency data are
generally attributed to phenomena occurring at the coating/electrolyte interface (R,/
CPE,), the medium frequencies refer to the inner layer of the coating (R,/CPE,),
and the low frequency is related to charge transfer resistance (R.;) and double-layer
capacitance (Cq;) at the coating/substrate interface (R3/CPE3). The electrochemi-
cal parameters, extracted by the fitting procedure, are shown in Table 2. After
99 days, a strong decay of R; and R, can be observed followed by a sharp increase
after 126 days, from 0.20 MQ cm” to 1.68 MQ cm” and 0.02 MQ cm” to 9.03 GQ cm?,
respectively. As expected, an inverse behavior can be observed for the Q values of the
CPE parameter, related to the coating capacitance.

To obtain more information on the Li-induced self-healing mechanism, sur-
face analysis by time-of-flight secondary ion mass spectrometry (ToF-SIMS),

10
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Li1 3h 99 days 126 days

ba 64 x1072 — 45x107° — 52x107 —
R, (Q cm?) 52.8 — 424 — 23.0 —
R, (MQ cm?) 171 (12.8)° 0.20 (2.0) 1.68 (2.0)
Q (nQ em™sY) 0.46 (2.6) 0.55 4.1) 0.66 (2.4)
n 0.97 0.2) 0.97 (0.3) 0.95 0.2)
R, (GQ cm?) 52.2 (3.8) 0.02 11) 9.03 (36)
Q, (nQem™sY) 0.21 (5.6) 17.0 (1.8) 3.85 (0.7)
n, 0.70 (1.6) 0.77 (0.5) 0.88 0.2)
R; (GQ cm?) 0.03 (14.6)

Q (nQ ' em™s") 2723 (5.1)

n 0.75 (4.9)

*The values in brackets corvespond to the errvor (%) of each parameter.

Table 2.
Electrochemical parameters derived by fitting of the EIS data using electrical equivalent circuits of Figure 7a
for Li1 sample after 3 h, 99 days, and 126 days of immersion in NaCl 3.5%.

X-ray photoelectron spectroscopy (XPS), and SEM were performed. Surface
maps recorded by SIMS showed that the pit in the center of the immersion area
(Figure 8b) contains only two small spots of lithium (red), surrounded by alu-
minum corrosion products (blue), and PMMA (green) containing a very low Li
concentration (Figure 8a). In comparison, a higher Li surface concentration was
detected outside the immersed area (Figure 8c), which indicates a Li" leaching
process from the coating surface, evidencing its high mobility. Furthermore, the
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Figure 8.

(a) ToF-SIMS map of the Li1 coating overlay of Li* (ved), C,H;0," (green), and Al" (blue); (b) optical
micrograph displaying the immersed area delimited by a blue dashed circle; (c) normalized ToF-SIMS map of
Li* (yellow) at the edge of the immersed zone; normalized ToF-SIMS maps of (d) AIOH" (yellow) and

(e) Li* (yellow), recorded in top and center zones of Figure 8f; (f) SEM cross-sectional view of the pit of

the Li1 sample obtained after 310 days of immersion in 3.5% NaCl solution; and (g) fitted XPS O 15 and Li
15 spectra taken at the top and center of the pit. For SEM analysis, sputtered Au was used to improve surface
conductivity (reprinted (adapted) with permission from [24]. Copyright (2020) American Chemical Society).
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cross-sectional image obtained by SEM (Figure 8f) shows a conical shape of the
70-pm-deep pit, surrounded by cathodic debris as a consequence of redox reac-
tions. The cross-sectional SIMS maps of the pit revealed that its center is mainly
filled with AIOH; corrosion products (Figure 8d) and that the top contains a
lithium layer (Figure 8c), a clear evidence of the high mobility of lithium ions
toward corrosive sites. XPS analysis performed in the top and center zones of the
pit (Figure 8f) confirmed the SIMS findings, revealing a high Li concentration of
31 at.% and 22 at.%, respectively, and the presence of lithium oxide and lithium-
containing aluminum oxide interphases (Figure 8g).

The reversible process observed for lithium-containing coatings is related
to redox reactions taking place at the coating/substrate interface, as illustrated
in Figure 9. As soon as water, oxygen, and chloride ions reach the substrate,

CI” ions form a complex with aluminum producing soluble Al compounds, which
cause the pit acidification/propagation. Simultaneously, at the top of the defect,
Al(OH)4 begins to precipitate at higher pH (reaction driven by hydroxyl ions,

a product of carbonate action), leading to the formation of aluminum oxides.
Finally, the curing activity of lithium within the pit is triggered at higher pH by
the formation of Li" intercalated aluminum oxide phase with a highly passive
character [16, 49, 50].

More rigorous tests of lithium self-healing activity were conducted by salt spray
tests [24]. SEM images in Figure 10a and b show that after 7 days of testing, the Li2
sample was almost completely covered by a film, whereas the Li0 sample presents
abundant corrosion products in the scratch track. EIS measurements performed
after testing revealed for the Li2 coating an increase of the impedance modulus
of one decade, while for the Li-free coating, a drop of impedance was observed. A
confirmation of Li" activity in the corrosion zones was obtained by the overlay of
Li* (red), AIOH" (green) and C,H;0," (yellow) SIMS map (Figure 10c) showing
that lithium ions were preferentially leached from the walls of the scratch to active
corrosion zones. The leached Li ions initiated a precipitation reaction of aluminum
oxides, resulting in the formation of a protective layer within the scratch track that
resulted in a significant reduction of the corrosion rate [46, 51].

Pit initiation Pit propagation
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OH @&
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Figure 9.

Proposed mechanism for the formation of a lithium-induced protective barrier layer (veprinted (adapted)
with permission from [24]. Copyright (2020) American Chemical Society).
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Figure 10.

SEM images of the scratched film vecorded after 7 days of salt spray test and the corresponding EIS impedance
modulus profiles after 1 day and 7 days for (a) Lio and (b) Li2 coating on Al7075 substrate; (c) ToF-SIMS map
of the Li2 sample showing the overlay map of Li* (ved), AIOH" (green), and C,H;0," (yellow), after 7 days
salt spray test (veprinted (adapted) with permission from [24]. Copyright (2020) American Chemical Society).

Structural, surface and electrochemical characterization showed that lithium
ions were successfully incorporated into PMMA-silica coatings promoting a ben-
eficial effect on the hybrid structure as well as smart corrosion inhibition. Based
on the data of different surface analysis techniques, a self-healing mechanism
was proposed that describes a lithium ion-induced formation of a protective layer
of redox reaction products that block the corrosion process not only in localized
defects (pits) but also in artificially damaged zones, thus extending considerably
the service time of the PMMA-silica coating.

2.2.2 Corrosion inhibition by cerium ions

Recently, it was shown that organic-inorganic hybrids based on PMMA-cerium
oxide are very promising materials for protective coating due to their excellent cor-
rosion resistance, active self-healing ability, and environmental compatibility [29].
This nanocomposite material was prepared by the radical polymerization of methyl
methacrylate and 2-hydroxyethyl methacrylate (HEMA), using benzoyl peroxide as
thermal initiator, combined with the sol-gel synthesis of cerium oxide nanoparti-
cles using Ce(NOs)36H,0 salt and LiOH. The hybrid solutions were used to deposit
films on A1020 carbon steel by dip coating, yielding coatings with a thickness of
10 pm. Three coating formulations were evaluated with the following molar pro-
portions, 1Ce:22HEMA:20MMA, 1Ce:2HEMA:25MMA, and 1Ce:2HEMA:30MMA,
keeping the BPO/MMA molar ratio equal to 0.05. The HEMA molecule is formed
by a methacrylate group that reacts with the organic phase (PMMA) and a hydroxyl
terminal group that can be linked to the hydroxyl surface groups of the cerium
oxide particles, thus acting as coupling agent and imparting excellent homogeneity
and compatibility between the organic and inorganic phases (Figure 11a).

Structural characterization performed by XPS, SAXS, and high-resolution trans-
mission electron microscopy (HRTEM) revealed the formation of CeO, and Ce,0;
nanoparticles with an average size of 2.5 nm and the homogenous distribution of
these particles in the PMMA matrix through covalent bonds with the HEMA mol-
ecule (Figure 11b) [29]. The coatings deposited on carbon steel were transparent
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Figure 11.

(a) Schematic vepresentation of the PMMA-cerium oxide coating deposited on carbon steel; (b) HRTEM
image of the hybrid; (c) electrochemical impedance spectroscopy plots of the 1Ce:2HEMA:25MMA coating
immersed in 3.5% NaCl solution; and (d) electrical equivalent civcuit used to fit the EIS data (reproduced with
permission from Elsevier [29] ).

and free of pores and presented low surface roughness (<1.6 nm), extracted from
AFM topography images. In addition, thermogravimetric analysis showed that the
PMMA-cerium oxide hybrids have thermal stability up to 220°C and confirmed
the nominal inorganic mass fraction for the samples, varying between 22 wt%
(1Ce:2HEMA:20MMA) and 10 wt% (1Ce:2HEMA:30MMA).

Careful tuning of the molar ratio between the reagents yielded coatings with
notable anticorrosive performance, assessed by electrochemical impedance spec-
troscopy in aggressive saline environment [29]. The 1Ce:2HEMA:20MMA sample
exhibited low corrosion resistance, with impedance modulus at low frequency
|Zi¢| of 10 kQ cm” after 1 day of immersion in 3.5% NaCl solution, only one order
of magnitude higher than the uncoated carbon steel. A small increase of the
polymeric content to 1Ce:2HEMA:25MMA, led to a sharp rise of the impedance
modulus to 290 GQ cm?, which remained almost unchanged after more than
6 months in saline solution (Figure 11c). A further increase of the MMA amount to
1Ce:2HEMA:30MMA resulted in an intermediate performance of the coating, with
|Z1¢| of 95 GQ cm? and durability of 5 months. The corrosion resistance achieved
for the 1Ce:2HEMA:25MMA sample is comparable to that of the best anticorrosive
coatings reported so far [22, 26, 27, 36, 43, 52-54], however, with the advantage
of using nontoxic solvent or precursor. Several interesting results reported for
high-performance organic-inorganic coatings with active corrosion protection are
summarized in Table 3.

The electrical equivalent circuit shown in Figure 11d was used to fit the EIS data
of the 1Ce:2HEMA:25MMA sample, allowing a deeper insight into the behavior of
the electrochemical system. The circuit is composed of a solution resistance (R;) in
series with two time constants (R;/CPE; and R,/CPE,) related to coating resistance
and capacitance of the near-surface region and that of the inner layer close to the
coating/steel interface, respectively. During the immersion period of 189 days,

14



Organic-Inorganic Hybrid Coatings for Active and Passive Corrosion Protection
DOI: http://dx.doi.org/10.5772/intechopen.91464

Coating Substrate Thickness |Zg] (GR cm?) Ref.
(pm) 1st failure (days)
solution

PMMA-MPTS-TEOS- A1010 carbon ~2 ~1, 304, 3.5% NaCl [26]
Ce(IV) steel
PMMA-MPTS-TEOS-Li AA7075 4-6 ~1, 142, 3.5% NaCl [24]
PMMA-HEMA-CeO, A1010 carbon 10 ~290, 189, 3.5% NaCl [29]

steel
PMMA-MPTS-TEOS-Ce Mild steel 26 ~10, 362, 3.5% NaCl [55]
Epoxy-HT-BZ Carbon steel 35-45 ~10, >60, 0.5 M NaCl [56]
PVB-p-GAMo Mild steel 47-53 ~1, >21, 3.5% NaCl [57]
Epoxy-MMT-Ce(III) Carbon steel 50-70 ~0.1, >100, 3.5% NaCl [58]
Epoxy-PBH-GO Carbon steel — ~0.1, 40, 3.5% NaCl [59]
Epoxy-APS-BS AA2024 300 ~1, >350, 0.5 M NaCl [60]

PMMA, poly (methyl methacrylate); MPTS, 3-(trimethoxysilyl) propyl methacrylate; TEOS, tetraethoxysilane;
Li, lithium; GO, graphene oxide; HT, hydrotalcites; BZ, benzoate; PVB, polyvinyl butyral; p-GAMo, porous
organosilica with ion molybdate; MM'T, montmorillonite;

PBH, polydopamine benzotriazole loaded halloysite nanotubes (HNTs); APS, (3-aminopropyl)trimethoxysilane;
BS, bis[3-(triethoxysilyl ) propyl]tetrasulfide.

Table 3.

Reported active hybrid coatings loaded with organic and/or inorganic corrosion inhibitors: composition,
substrate, thickness, impedance modulus at low frequency [Zye|, time interval until the first failure event occurs,
and solution.

the coating resistance of the bulk presented values up to 1 TQ cm” and coating
capacitance of less than 0.1 nF cm™?, characteristics of an extremely efficient anti-
corrosion barrier arising from the dense and highly insulating cross-linked PMMA-
cerium oxide structure [29].

Moreover, a detailed analysis of scratched and immersed coatings performed by
EIS, XPS, and SEM (Figure 12) evidenced that Ce ions act as self-healing agents,
by formation of insoluble cerium oxide and hydroxide species by reactions between
leached cerium ions and hydroxyl groups in the scratch track, inhibiting the progres-
sion of the corrosion process and consequently enhancing the coating lifetime [29].

In summary, PMMA-cerium oxide coatings deposited on carbon steel combine
high corrosion resistance, durability, self-healing property, low-cost, small-
thickness, and eco-friendliness, thus representing a very promising alternative to
conventional anticorrosive coatings for the protection of steel components.
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Figure 12.

(a) EIS plot of the scratched PMMA-cerium oxide coating immersed in 3.5% NaCl solution; (b) XPS O 1s
spectra and (c) SEM image after immersion in 3.5% NaCl solution for 24 h (reproduced with permission from
Elsevier [29] ).
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3. Conclusions

Advances in the search for effective substituents of chromates claim long-term
protection through a dense barrier coating associated with an active response
in case of damage. In this chapter, we have shown that acrylic nanocomposites
efficiently prevent corrosion for 583 days by applying a thin (10 pm), adherent
(up to 26 MPa), and transparent (80-90% transmission) layer of PMMA-silica on
carbon steel. Furthermore, it was demonstrated that by incorporation of corro-
sion inhibitors, such as lithium ions and cerium oxide nanoparticles, a self-healing
ability of hybrid coatings can be achieved, based on different mechanisms: lithium
ions induce the formation of a passive layer in the corroded zone composed of Li*
intercalated aluminum oxide phases, whereas cerium nanoparticles liberate cerium
ions that react with water to form insoluble oxides and hydroxides in the affected
zone, thus blocking the progress of the corrosion process of the AA7075 alloy and
carbon steel, respectively. The efficient passive and active protection of metallic
surfaces makes acrylic hybrid coatings potential candidates for a chromate-free
future.
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