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SYNOPSIS

Corrosion of materials and structures is a hindrance to the development of society as it
causes significant loss to the economy and hence its prevention and control is of great
benefit for the humanity. Corrosion prevention by protective coatings has a greater role
to play in curbing this menace for all metals and alloys used in industries. Application
of organic/polymeric coating system is one of the widely used strategies to combat
corrosion of metals and alloys under service conditions [1, 2]. A typical protective
coating system includes a pre-treatment layer or conversion layer, a primer and a
topcoat [3]. These pre-treatment or conversion layers are generally applied to improve
the corrosion protection efficiency and impart good adhesion of organic coatings
applied subsequently [4]. Chromate and phosphate conversion coatings are widely used
strategies to obtain a pre-treatment layer to improve the adhesion of subsequent organic
coatings for both ferrous and non ferrous alloys. But the extreme oxidation property of
Cr (VI) causes several health problems to humans and it is carcinogenic in nature [5, 6].
The main disadvantage of inorganic corrosion inhibitors such as chromates, phosphates
is their toxicity. The common usage of chromate is banned in several countries
considering health and safety reasons and the protection of the environment. Similarly,
the corrosion protection performance of zinc phosphate coating is not good enough for
outdoor exposure. Hence, there is a strong necessity for developing an
environmentally- friendly surface pre-treatment for all coatings.

One of the most promising alternatives to the above mentioned toxic surface treatment
for corrosion protection is sol-gel coatings. A sol-gel based dip coating is a very simple
method consisting of the withdrawal of a substrate from a fluid sol and the resulting
deposition of a thin solid film due to gravitational draining, solvent evaporation and

further condensation reactions [7]. The sol-gel process is a chemical synthesis method

XVi



based on hydrolysis and condensation reactions of metal alkoxides (M (OR) ). Sol-gel
derived coatings possess lot of advantages such as high corrosion resistance, nontoxic
and environmentally compatible, and good adhesion to both metallic substrate and
organic topcoat [5, 8]. One of the fascinating features of sol-gel based coating is its
functionalization and tailoring of the properties of the deposited sol-gel film.

The sol-gel process can be used to prepare either organic or inorganic based protective
coatings. Moreover, the low reaction temperature required for sol-gel process provides
ease of introduction of organic groups in the inorganic material leading to the
fabrication of a new class of hybrid coatings consists of both organic and inorganic
components. The functions imparted by both organic and inorganic components in
hybrid coatings are different. The inorganic parts confer enhanced mechanical
properties, scratch resistance, durability and adhesion to metallic substrate. On the other
hand, the organic part contributes to the increase of density, flexibility and functional
compatibility with polymeric paint systems applied as topcoats. Moreover, organically
modified coatings are thick and pore free dense coatings [5, 8].

The corrosion resistance of sol-gel derived film is mainly due to its barrier property,
which obstructs the entry of corrosive species and water through the coatings and
protects the underlying metal surface. Corrosion protection provided by a barrier film,
which avoids any interaction of metallic substrate with external environment, is known
as passive protection [10, 11]. However, sol-gel coatings are not completely free from
cracks and other defects (such as fissures and pores) and this leads to the penetration of
electrolyte and water into metal surface for initiating corrosion reactions. Hence it is
ideal to introduce active agents or corrosion inhibitors into the barrier coatings to
enhance its anticorrosion property. Corrosion protection provided by active agents or

corrosion inhibitors is known as active corrosion protection. In active corrosion
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protection methods, corrosion inhibitors are incorporated into the protective barrier
layers which become active and decrease the corrosion rate when the passive barrier
layer starts deteriorating [9-11]. The corrosion inhibitor can be introduced into the
coatings in two ways: (i) adding the inhibitors directly into the coating, (ii) loading or
encapsulating the inhibitors in suitable containers or reservoirs and then incorporating
them into the coating. It was proved that the direct addition of inhibitor had a negative
effect on the stability of the sol-gel coating and thereby deteriorates the physical barrier
functionality of the coating [9]. Hence the second approach, loading or encapsulating
the inhibitors in containers prior to mixing with coating is widely adopted in recent
times.

Recent developments in nanotechnology and surface engineering pave avenues for
fabricating novel class of coatings which can impart both barrier protection and active
functionalities. Nano or microcontainers with sustained release properties can be used
in a new class of self-healing coatings [12-15]. When the environment around the
coatings changes, nanocontainers senses the same and would release quickly the
inhibitor for delaying corrosion activity. Several investigations with this novel
approaches have been reported recently in the literature [16-19]. There are many
advantages in adopting this novel strategy for corrosion protection as this avoids the
direct contact between the inhibitor molecules and barrier coatings and hence reduces
the negative effect of the inhibitors. It helps in releasing the inhibitors at the corroding
site in required quantity for preventing uncontrolled progress of corrosion activity into
the substrates.

The present work is focused on the development of effective anticorrosion coatings for
modified 9Cr-1Mo ferritic steels using active corrosion protection. Modified 9Cr-1Mo

ferritic steel is a structural and tubing material for various chemical and power plants
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industries due to its low thermal expansion, high resistance to chloride stress corrosion
cracking in water-steam systems, acceptable mechanical properties at service
temperatures and easy control of microstructures by simple heat treatments. However,
during fabrication, storage and commissioning stages this class of steel is prone to
undergo corrosion in chloride containing humid environments. The objective of the
present study is to develop an active corrosion protection system for modified 9Cr-1Mo
steels based on self-healing ability of inhibitor loaded ceramic nanocontainers
containing novel nanocontainers which can protect the steel from corrosion by
releasing the inhibitors on demand. The coatings were prepared on steel substrates by
dispersing ceramic nanocontainers (TiO;, SiO,, and ZrO;) loaded with non toxic
corrosion inhibitors (Benzotriazole and 2-Mercaptobenzothiazole) in zirconia-silane
sol. Both the active corrosion protection and barrier property of the coatings were
investigated using electrochemical impedance spectroscopy (EIS). Long term stability
of the coatings and their self healing ability were also investigated using salt spray test.
The thesis consists of eight chapters and the summary of each chapter is given below.
Chapter 1

A brief introduction of corrosion, its manifestations, consequences and methods
generally used to prevent corrosion are discussed in this chapter. This chapter
introduces the definition of corrosion and its classifications in different ways. Both the
direct and indirect consequences of corrosion are discussed. The various methods to
control corrosion such as material selection, design, cathodic and anodic protection,
inhibitors, and coating are described in this chapter. Corrosion of iron and low alloy
steels particularly in coastal and humid atmosphere is described with details of
mechanism of uniform and localized corrosion. The necessity to protect them by

surface treatment and coatings, and the role of inhibitors and coatings for this purpose
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is addressed. The main focus in this chapter is to highlight the necessity to develop
surface treatments and coatings for corrosion protection of structural components.
Chapter 2

This chapter gives a general overview about the hybrid sol-gel coatings containing
inhibitors for active corrosion protection methods based on self-healing ability. An up
to date literature review on various nanocontainers, their synthesis and application in
active corrosion protection is covered. The concept of self-healing and how it can be
used for corrosion protection of materials is included. A brief history of different self-
healing coatings developed so far is also described in this chapter.

Chapter 3

This chapter describes various materials and experimental methods used for the present
work. The entire investigation is carried towards the development of nanocontainer
mixed hybrid coatings which can impart active corrosion protection based on self-
healing ability. The details of 9Cr-1Mo steel for coating and the pretreatments applied
on this steel are discussed. The details of synthesis of ceramic nanocontainers (TiO,,
SiO,, and ZrO,) are described. The various experimental techniques employed to
characterize the nanocontainers and the method for loading of inhibitor molecules into
the nanocontainers and its sustained release are described. The preparation and
application of nanocontainer mixed hybrid coatings and the top epoxy based coatings
are included. This chapter also describes electrochemical, microscopy techniques and
salt spray test used to evaluate and analyze the short term and long term corrosion
protective performance of coatings.

Chapter 4

This chapter describes the fabrication of an active corrosion protection coating system

with self-healing ability using hollow mesoporous zirconia nanocontainers. Zirconia
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nanocontainers with a hollow core/shell structure were synthesized through a hard
templating approach and used as nanocontainers for loading 2-mercatobenzothiazole
(2-MBT). A hybrid zirconia-silane sol-gel coating mixed with 2-MBT loaded hollow
mesoporous zirconia nanocontainers was deposited on modified 9Cr-1Mo. The
corrosion protection performance of coatings with and without the addition of inhibitor
loaded nanocontainers was investigated using electrochemical impedance spectroscopy
(EIS) technique. Further, artificial defects were made to the coatings in order to analyze
the evolution of corrosion activity and to prove active corrosion protection. It was
found that the released inhibitor delayed the corrosion process and imparted active
corrosion protection.

Chapter 5

Chapter 5 discusses the development of an active corrosion protection system
consisting of silane-zirconia hybrid sol-gel coating impregnated with inhibitor loaded
hollow mesoporous silica nanocontainers. Hollow mesoporous silica spheres were
synthesized through sol-hydrothermal method and used as nanocontainers to load
corrosion inhibitor molecule, 2-mercaptobenzothiazole. A silane-zirconia based hybrid
coating containing hollow mesoporous silica nanocontainers were applied on modified
9Cr-1Mo ferritic steels. The loading and releasing properties of hollow mesoporous
silica nanocontainers were studied using UV-visible spectroscopy. The corrosion
resistance and active corrosion protection efficiency of hybrid silane-zirconia coatings
with and without the addition of inhibitor loaded hollow mesoporous silica
nanocontainers were studied using electrochemical impedance spectroscopy (EIS) and
scanning electron microscopy (SEM) techniques. In order to prove the self-healing
ability of the coatings, EIS experiments were carried out on coated specimens with

artificial scratches. The anticorrosive property of the hybrid coating impregnated with

XXi



inhibitor loaded nanocontainers was found enhanced in comparison with that of the
plain hybrid coating. This enhancement in corrosion resistance was due to the
controlled and sustained release of 2-MBT from hollow mesoporous silica
nanocontainers embedded in the hybrid coating.

Chapter 6

This chapter describes a new approach to develop active corrosion protection coating
system using TiO, nanotube powder. TiO, nanotube powder was synthesized by rapid
breakdown anodization (RBA) method and loaded with corrosion inhibitors.
Benzotriazole (BTA) and 2-mercaptobemzothiazole (2-MBT) were used as inhibitors
for encapsulation. The successful loading and controlled release of the inhibitor
molecules was investigated using UV-visible spectroscopy. The inhibitor loaded TiO;
nanotube powder was randomly introduced into a hybrid barrier coating. This hybrid
sol-gel barrier coating with random distribution of such inhibitors loaded TiO,
nanotube powder was coated over modified 9 Cr-1 Mo steel. The corrosion resistance
and the self healing effects of this hybrid passive barrier coating with and without the
addition of inhibitor loaded TiO, nanocontainers were studied using electrochemical
impedance spectroscopy (EIS). EIS analysis revealed that inhibitor loaded TiO,
nanocontainer impregnated coatings showed enhanced corrosion protection due to the
release of inhibitor molecules from the nanocontainers.

Chapter 7

A comparison of the active corrosion protection rendered by different nanocontainers,
hollow mesoporous silica, hollow mesoporous zirconia, and titania nanocontainers
were carried out and presented in this chapter. Titania nanocontainers were found to
have better corrosion protective performance considering both the active and barrier

protective properties. Hence, this superior corrosion protection system was selected to
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study the long term corrosion protection in accelerated corrosive environments. Later
these titania nanocontainers were used to fabricate inhibitor loaded nanocontainer
mixed hybrid coating with top epoxy coating. Along with the reference (plain top
epoxy) coating, these samples were exposed to neutral salt spray test in a salt spray
cabinet in order to investigate the long term corrosion protection and the self-healing
efficiency of the nanocontainer mixed epoxy coating. The salt spray experiment was
carried out according to the standard of ASTM B117. The salt spray chamber test
showed sufficient protection even after 1000 h of exposure for inhibitor loaded
nanocontainer mixed epoxy coating compared to that of reference (plain top epoxy)
coating. Blistering and peeling off of the coating was observed for reference epoxy
coating, while insignificant rust markings were observed for the developed coatings.
Chapter 8
This chapter elucidates the important conclusions derived from the investigations
carried out on synthesis of nanocontainers, its inhibitor loading and releasing properties
and the active corrosion protection efficiency of coatings developed using inhibitor
loaded nanocontainers. The self-healing ability of various coatings prepared using
nanocontainers was assessed and compared. These results were consolidated and
summarized in this chapter. Apart from this, suggestions are provided for further
research to be carried out for improving the performance of coatings for enhanced
longer active corrosion protection systems with self-healing ability.
References

[1] P.A. Sorensen, S. Kiil, K.Dam-Johansen, C.E. Weinell, Anticorrosive coatings:

a review, J. Coat. Technol. Res. 6 (2009) 135-176.
[2] D. Wang, G.P. Bierwagen, Sol-gel coatings on metals for corrosion protection,

Prog. Org. Coat. 64 (2009) 327-338.

xxiii



[3]

[4]

[5]

[6]

[7]

8]

[9]

S.A.S. Dias, S.V. Lamaka, C.A. Nogueria, T.C. Diamantino, M.G.S. Ferreira,
Sol-gel coatings modified with zeolites fillers for active corrosion protection of
AA2024, Corros. Sci. 62 (2012) 153-162.

S.K. Ghosh, Functional coatings and microencapsulations: a general
perspective in: Functional Coatings, 1 Ed., WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim, 2006, 1-26.

M.L. Zheludkevich, 1.M. Salvado, M.G.S. Ferreira, Sol-gel coatings for
corrosion protection of metals, J. Mater. Chem. 15 (2005) 5099-5111.

G. Bierwagen, R. Brown, D. Battocchi, S. Hayes, Active metal based corrosion
protection coating systems for aircraft requiring no-chromate pretreatment,
Prog. Org. Coat. 67 (2010) 195-208.

C.J. Brinker, G.C. Frye, AJ. Hurd, C.S. Ashley, Fundamentals of sol-gel dip
coating, Thin Solid Films, 201 (1991) 97-108.

D. Wang, G.P. Bierwagen, Sol-gel coatings on metals for corrosion protection,
Prog. Org. Coat. 64 (2009) 327-338.

M.L. Zheludkevich, D.G. Shchukin, K.A. Yasakau, H. Mohwald, M.G.S.
Ferreira, Anticorrosion Coatings with self-healing effect based on
Nanocontainers impregnated with corrosion inhibitor, Chem. Mater. 19 (2007)

402-411.

[10] E.W. Brooman, Modifying organic coatings to provide corrosion resistance:

Part I1- Inorganic additives and inhibitors, Met. Finish. 100 (2002) 42-53.

[11] M.L. Zheludkevich, J. Tedim, M.G.S. Ferreira, Smart coatings for active

corrosion protection based on multi-functional micro and nanocontainers,

Electrochim. Acta 82 (2012) 314-323.

XXiV



[12] D.G. Shchukin, H. Mohwald, Self repairing coatings containing active
nanoreservoirs, Small 3 (2007) 926-943.

[13] C. Arunchandran, S. Ramya, R.P. George, U. Kamachi Mudali, Self-healing
corrosion resistive coatings based on inhibitor loaded TiO, nanocontainers, J.
Electrochem. Soc. 159 (2012) C552-C559.

[14] D.G. Shchukin, G.B. Sukhorukov, H. Mohwald, Smart inorganic/organic
nanocomposites hollow microcapsules, Angew. Chem. Int. Ed. 42 (2003) 4472-
4475.

[15] D. Borisova, H. Mohwald, D.G. Shchukin, Mesoporous silica nanoparticles for
active corrosion protection, ACS Nano 5 (2011) 1939-1946.

[16] A. Vimalandan, L.P. Lv, T.H. Tran, K. Landfester, D. Crepsy, M. Rohwerder,
Redox-responsive self-healing for corrosion, Adv. Mater. 25 (2013) 6980-
6984.

[17] L.P. Lv, Y. Zhao, N. Vibrandt, M. Gallei, A. Vimalandan, M. Rohwerder, K.
Landfester, D. Crepsy, Redox responsive release of hydrophobic self healing
agent from pollyaniline capsules, J. Am. Chem. Soc. 135 (2013) 14198-14205.

[18] M. Serdechnova, S. Kallip, M.G.S. Ferreira, M.L. Zheludkevich, Active self-
healing coatings for galvanically coupled multi-material assemblies,
Electrochem. Commun. 41 (2014) 51-54

[19] G.L. Li, M. Schenderlein, Y. Men, H. Mohwald, D.G. Shchukin, Monodisperse
polymeric core-shell nanocontainers for organic self-healing anticorrosion

coatings, Adv. Mater. Interfaces, 1 (2014) 13006-13012.

XXV



Figure
No.
Figure 1.1
Figure 1.2

Figure 1.3
Figure 1.4

Figure 1.5
Figure 2.1
Figure 2.2

Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6

Figure 3.1

Figure 3.2
Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6

Figure 3.7
Figure 3.8
Figure 3.9

LIST OF FIGURES

Figure caption

Schematics of the common forms of corrosion

Macroscopic and microscopic forms of localized corrosion

Electrochemical process of atmospheric rusting

The process of atmospheric rusting in low concentration of chloride
content in atmosphere

A typical coating system for marine and industrial applications
Schematic for the sol-gel synthesis of silica materials

Mechanism of the base catalyzed hydrolysis of silicon alkoxide

Reaction pathway for acid catalyzed hydrolysis of silicon alkoxide
Reaction pathway for the sol-gel synthesis of metal alkoxide

Schematic of different classes of hybrid materials prepared by sol-gel
process; (a) no chemical bond between organic and inorganic group; (b)
polymerizable organic group is bonded to the inorganic group; (c) non-
polymerizable organic groups are bonded to inorganic phase

Structure of some of the commonly used alkoxysilanes to introduce

organic parts into hybrid sol-gel materials

Experimental setup for the synthesis of TiO, nanocontainers using rapid
break down anodization method

Schematic of the synthesis procedure for HMZ nanocontainers
Schematic drawing of the inhibitor loading into TiO, nanocontainers
Schematic drawing of the inhibitor loading into mesoporous silica and
zirconia containers

Design of the epoxy based coatings for long term corrosion test

Current versus potential curve showing pseudo-linearity

Nyquist plot with impedance vector
Vector representations of |Z| and @

Complex plane representations of |Z| and @

XXVi

Page
No.

11

24
32
34

34
35
39

40

61

62
64
64

69

75

76
76
77



Figure 3.10

Figure 3.11

Figure 4.1

Figure 4.2
Figure 4.3

Figure 4.4

Figure 4.5
Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Bode plot for simple electrochemical system

Equivalent circuit of a coating on metallic substrate

HRTEM images of solid silica nanoparticles at different magnifications

HRTEM images of HMZ nanocontainers at different magnifications
Raman spectra of as prepared HMZ nanocontainers

N, adsorption-desorption isotherms of HMZ nanocontainers and pore
size distribution (inset)
UV-visible spectra of 2-MBT before and after interaction with HMZ

Raman spectra of HMZ, 2-MBT and 2-MBT loaded HMZ

UV-vis spectra at different times of the 0.05 M NaCl media in which 2-
MBT was released from 2-MBT loaded HMZ nanocontainers (a) at pH
3, (b) at pH 7, (c) at pH 10 and (d) corresponding pH-dependent
releasing behaviour of 2-MBT from HMZ-MBT system

EIS behaviour of BS, CS, CS-1, CS-N, CS-NI after 1 h of immersion in
0.05 M NaCl solution

EIS behaviour of CS, CS-I, CS-N, and CS-NI after 1 day of immersion
in 0.05 M NaCl

EIS behaviour of CS, CS-I, CS-N, and CS-NI after 1 week of immersion
in 0.05 M NacCl solution

EIS response of CS-NI during 1 week of immersion in 0.05 M NaCl

Optical photographs of the coated samples after 1 week of immersion in
0.05 M NaCl solution. The drawn circles indicate the exposed area of
the coatings

SEM images and its corresponding EDX spectrum of various coated
substrates after 1 week of exposure to 0.05 M NacCl solution

EIS spectra of CS during immersion in 0.01 M NaCl solution after
making an artificial defect

EIS spectra of CS-NI during immersion in 0.01 M NaCl solution after

making an artificial defect

XXVii

7

79

88

88

89

90

91

92

94

97

98

99

100

101

102

103

104



Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20
Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4
Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Equivalent circuits used to fit the experimental EIS data of scratched CS
and CS-NI during 1 week of immersion in 0.01 M NaCl solution

Evolution of hybrid barrier coating resistance (Rcoar) during 1 week of
immersion in 0.01 M NaCl solution

Evolution of polarization resistance of (a) CS-NI, (b) CS during 1 week
of immersion in 0.01 M NaCl solution

Optical photographs of scratched CS-NI and CS after 1 week of
immersion in 0.01 M NaCl solution. The drawn circles indicate the
exposed area of the coatings

Self-healing mechanism of active corrosion protection

Schematic drawing for the formation of HMS nanocontainers
Low angle XRD pattern for HMS nanocontainers

HRETM images of HMS nanocontainers at different magnifications

FESEM images of HMS nanocontainers. Inset shows a magnified view
N adsorption-desorption isotherm of HMS nanocontainers. Inset shows
the BJH pore size distribution

UV-visible spectra of 2-MBT before and after interaction with HMS

Raman spectra of pure 2-MBT and 2-MBT loaded HMS nanocontainers

UV-vis spectra at different times of the 0.05 M NaCl media in which 2-
MBT was released from 2-MBT loaded HMS nanocontainers (a) at pH
3, (b) at pH 7, (c) at pH 10 and (d) corresponding pH-dependent
releasing behaviour of 2-MBT from HMS-MBT system

FESEM images of the coatings produced on modified 9Cr-1 Mo ferritic
steel: (a) hybrid silane-zirconia coating, (b) nanocontainer doped hybrid
silane-zirconia coating

EIS behaviour of BS, CS, CS-lI, CS-N, and CS-NI after 1 h of
immersion in 0.05 M NaCl solution

EIS response of CS, CS-1, CS-N, and CS-NI after 1 day of immersion in
0.05 M NaCl solution

EIS response of CS, CS-I, CS-N, and CS-NI after 1 week of immersion
in 0.05 M NacCl solution

XXviii

105

106

107

108

109
117

118

119

119
120

121

122

124

126

128

129

130



Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

EIS response of CS-NI during 1 week of immersion in 0.05 M NaCl
solution

Optical photographs of the coated samples after 1 week of immersion in
0.05 M NaCl solution. The drawn circles indicate the exposed area of
the coatings

SEM images and its corresponding EDX spectra of various coated
specimens after 1 week of immersion in 0.05 M NaCl solution

EIS behaviour of scratched CS for one week while immersed in 0.01 M
NaCl solution

EIS behaviour of scratched CS-NI for one week while immersed in 0.01
M NaCl solution

Equivalent circuits used to fit the experimental EIS data of scratched CS
and CS-NI during 1 week of immersion in 0.01 M NaCl solution
Evolution of coating resistance (Rcoar) 0f CS and CS-NI during 1 week
of immersion in 0.01 M NaCl solution

Evolution of oxide layer resistance (Roxigze) 0Of CS and CS-NI during 1
week of immersion in 0.01 M NaCl solution

Optical images of artificially scratched CS-NI and CS after 1 week of
immersion in 0.01 M NaCl solution

Proposed mechanism of the active corrosion protection based on self-
healing ability

The current-time behaviour observed during the rapid breakdown
anodization of TiO, nanotube powder at 20 V at room temperature in
0.1 M HCIO4

FESEM micrographs of TiO, nanocontainers

The HRTEM images of (a) as synthesized TiO, nanotube; (b) calcined
TiO, nanotube powder at 400 °C; (c) & (d) magnified views

Raman spectra of (a) the as prepared TiO, nanotube powders and (b)
Raman spectra of TiO, nanotube powders calcined at 400 °C.

The UV absorbance spectra of ethanolic solution of benzotriazole before
and after the interaction with TiO, nanocontainers

The release percentages of benzotriazole from TiO, nanocontainers at

different pH values. Inset shows the UV-visible absorbance spectra of

XXiX

131

133

133

135

136

137

138

139

139

141

149

150

151

152

153

154



Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

benzotriazole in the release medium

UV absorbance spectra of 2-MBT before and after the interaction with
TiO; nanocontainers

UV-vis spectra at different times of the 0.05 M NaCl media in which 2-
MBT was released from 2-MBT loaded TiO, nanocontainers (a) at pH 3,
(b) at pH 7, (c) at pH 10 and (d) corresponding pH-dependent releasing
behaviour of 2-MBT from TiO,-MBT system

Raman spectra of (a) TiO,, (b) pure 2-MBT, (c) 2-MBT loaded TiO;
nanocontainer. Inset shows the enlarged view of the Raman features of
2-MBT in 2-MBT@TIO, system

The Bode plots for BS, CS, CS-1, CS-N, CS-NI after 1 h immersion in
0.05M NacCl

The Bode plots for CS, CS-I, CS-N, CS-NI after 24 h immersion in
0.05M NacCl

The equivalent circuit (a) for bare Mod.9Cr-1Mo alloy specimen
immersed in 0.05M NaCl solution, (b) for coated Mod.9Cr-1Mo alloy
specimens immersed in 0.05M NaCl solution

Evolution of (a) pore resistance Rpoe Of the coating (b) pseudo-
capacitance Qpore Of the coating during immersion in 0.05M NaCl
solution.

Evolution of (a) electrical double layer and oxide layer resistance R (b)
electrical double layer and oxide layer pseudo-capacitance Qsg during
immersion in 0.05M NaCl solution

Graphical representation of the proposed self healing mechanism

EDX mapping of hybrid coating with TiO, nanocontainers for the
element Ti

EIS behaviour of BS, CS, CS-lI, CS-N, and CS-NI after 1 h of
immersion in 0.05 M NaCl solution

EIS response of CS, CS-1, CS-N, and CS-NI after 1 day of immersion in
0.05 M NaCl solution

EIS response of CS, CS-I, CS-N, and CS-NI after 1 week of immersion
in 0.05 M NacCl solution

XXX

155

156

158

160

161

163

164

166

167

168

169

170

171



Figure 6.20

Figure 6.21

Figure 6.22

Figure 6.23

Figure 6.24

Figure 6.25

Figure 6.26

Figure 6.27

Figure 6.28

Figure 6.29

Figure 7.1

Figure 7.2

Figure 7.3

Figure 7.4

EIS spectra of CS-NI during 1 week of immersion in 0.05 M NaCl
solution

Evolution modulus of impedance at 10 Hz for CS-NI during 1 week of
immersion

Optical photographs of the coated specimens after 1 week of immersion
in 0.05 M NaCl solution. The drawn circles indicate the exposed area of
the coatings

SEM images CS, CS-I, CS-N, and CS-NI after 1 week of immersion in
0.05 M NaCl solution and its corresponding EDX spectra

EIS spectra of CS during immersion in 0.01 M NaCl solution after
making an artificial scratch

EIS spectra of CS-NI during immersion in 0.01 M NaCl solution after
making an artificial defect

Equivalent circuits used to fit the experimental EIS data of scratched CS
and CS-NI during 1 week of immersion in 0.01 M NaCl solution
Evolution of coating resistance (Rcoar) 0f CS and CS-NI during 1 week
of immersion in 0.01 M NaCl solution

Evolution of polarization resistance (R;) of (a) CS-NI and (b) CS during
1 week of immersion in 0.01 M NaCl solution

Photographs of scratched CS-NI and CS after 1 week of immersion in
0.01 M NacCl solution. The drawn circles indicate the exposed area of
the coatings

EIS response of scratched hybrid coatings of 2-MBT loaded zirconia,
silica, and titania nanocontainers after 1 week of immersion in the salt
solution

Evolution of |Z| at 10 Hz for scratched 2-MBT loaded zirconia, silica,
and titania mixed hybrid coatings after 1 week of immersion in salt
solution

Specimens coated with plain epoxy coatings before (A) and after (B)
initial adhesion test; specimens coated with epoxy nanocontainer
coatings before (C) and after (D) initial adhesion test.

Photographs of the Epoxy Nanocontainer Coating (ENC) and reference

coating (Plain epoxy coating, PEC) after 1000 h of exposure to neutral

XXXi

172

173

174

175

176

177

178

179

181

181

185

186

189

190



Figure 7.5

Figure 7.6

Figure 7.7

Figure 7.8

salt spray test; (A) first set, (B) second set

Photographs of the Epoxy Nanocontainer Coating (ENC) after 2000 h of
exposure to neutral salt spray test

The photographs of metal surface underneath the coatings after 1000 h
of salt spray exposure

Raman spectra of plain epoxy coating after 1000 h of salt spray
exposure. Inset shows the image of the specimen and the circle indicates
the area at which the spectrum was recorded

Raman spectra of epoxy nanocontainer coating after 1000 h of salt spray
exposure. Inset shows the image of the specimen and the circle indicates

the area at which the spectrum was recorded

XXXii

191

192

193

194



Table

No.

Table 1.1

Table 3.1

Table 3.2

Table 4.1

Table 5.1

Table 6.1

Table 7.1

LIST OF TABLES

Table caption

Oxides and hydroxides found in rust layers

List of chemicals used for experiments

List of various instruments and equipment used for thesis work

Raman peak assignments for 2-MBT
Raman peak assignments for 2-MBT
Raman peak assignments for 2-MBT

Characteristic features of three nanocontainer systems

XXXiii

Page

No.

58

59

93
123
158

187



LIST OF ABBREVIATIONS

NACE: National Association of Corrosion Engineers
GDP: Gross Domestic Product

DC: Direct Current

VCI: Volatile Corrosion Inhibitors

PVD: Physical Vapor Deposition

CVD: Chemical VVapor Deposition

TEQS: Tetraethyl orthosilicate

LbL: Layer- by- Layer

PEI: Poly(ethylene amine)

PSS: Poly(styrene sulfonate)

LDHs: Layered Double Hydroxides

XRD: X-ray Diffraction

2-MBT: 2-Mercaptobenzothiazole

BTA: Benzotriazole

SVET: Scanning Vibrating Electrode Technique
UV: Ultra Violet

TTIP: Titanium isopropoxide

GPTMS: (3-Glycidyloxypropyl) trimethoxy silane
TPOZ: Tetra-n-propoxyzirconium

CTAB: Cetyltrimethylammonium bromide
PVP: Poly (vinylpyrrolidone)

RBA: Rapid Breakdown Anodization

HMS: Hollow Mesoporous Silica

HMZ: Hollow Mesoporous Zirconia

SEM: Scanning Electron Microscopy

XXXiV



FESEM: Field Emission Scanning Electron Microscopy

EDX: Energy Dispersive X-ray

TEM: Transmission Electron Microscopy

LRS: Laser Raman Spectroscopy

HRTEM: High Resolution Transmission Electron Microscopy

EIS: Electrochemical Impedance Spectroscopy

BET: Brunauer-Emmett-Teller

BJH: Barrett-Joyner-Halenda

BS: Bare Specimen (Uncoated modified 9Cr-1Mo Ferritic Steel)

CS: Coated Specimen (Hybrid Coated modified 9Cr-1Mo Ferritic Steel)

CS-I: Inhibitor Mixed Coated Specimen (Inhibitor Mixed Hybrid Coated modified 9Cr-

1Mo Ferritic Steel)

CS-N: Empty Nanocontainer Mixed Coated Specimen (Empty Nanocontainer Mixed
Hybrid Coated modified 9Cr-1Mo Ferritic Steel)

CS-NI: Inhibitor Loaded Nanocontainer Mixed Coated Specimen (Inhibitor Loaded

Nanocontainer Mixed Hybrid Coated modified 9Cr-1Mo Ferritic Steel)
EEC: Electrical Equivalent Circuits
ENC: Epoxy Nanocontainer Coating

PEC: Plain Epoxy Coating

XXXV



CHAPTER 1

Introduction to Corrosion and its Prevention

A brief introduction to corrosion, its manifestations, consequences and methods
generally used to control corrosion are discussed in this chapter. Both the direct and
indirect consequences of corrosion are discussed. The various methods to control
corrosion such as material selection, design, cathodic and anodic protection,
inhibitors, and coatings are described in this chapter. Corrosion of iron and low alloy
steels particularly in coastal and humid atmosphere is described with details of
mechanism of uniform and localized corrosion. The necessity to protect them by
surface treatment and coatings, and the role of inhibitors and coatings for this purpose
is addressed. The main focus in this chapter is to highlight the necessity to develop

surface treatments and coatings for corrosion protection of structural components.

1.1 Corrosion and its Manifestations

The very common meaning of corrosion to the great majority of the people is rust. The
word “Rust” is more specifically reserved for iron, whereas corrosion is commonly
defined as the deterioration of a substance (usually a metal) or its properties because of
a reaction with its environment. The terms corrosion and rust are almost synonymous
since iron and its alloys are the most commonly used material by mankind and
corrosion of iron must have been the one of the first serious corrosion problems
affected humans [1]. Corrosion is a naturally occurring phenomenon and just like all
natural processes, corrosion of materials is spontaneous and it drives the materials to its
lowest possible energy states. Most of the metals and alloys have a natural tendency to
combine with water and oxygen present in its environment and return to its most stable
state. Iron and steel quite often interact with their environment return to their native and

stable oxide states. Similar to any natural disasters such as earthquakes or severe

1



weather changes, corrosion results in dangerous and expensive damage to everything

from automobiles, home appliances, drinking water systems, gas and petroleum

pipelines, bridges and buildings [2].

Corrosion takes place in several different ways and it can be classified based on one of

the three factors:

> Nature of the corrodent: This classification is based on “wet” or “dry” conditions in
which corrosion occurs. The presence of moisture is essential for wet corrosion and
dry corrosion usually involves reaction with gases at high temperatures.

» Mechanism of corrosion: Corrosion can occur either electrochemically or with
direct chemical reactions.

» Appearance of the corroded metal: Corrosion can be either uniform or localized.
The metal corrodes at the same rate over the entire surface for the former and only
small areas are affected in localized corrosion.

Classification by appearance is manifested by the morphology of the corrosion attack

and this can be visualized either by naked eye or magnification [2]. The schematic

given in Figure 1.1 illustrates some of the most common forms of corrosion.

Load

More noble Flowing Cyciic Metal or
metal corrodent  movement nonmetal
\ e
\\O
I . ﬁ %
No corrosion Uniform Galvanic Erosion Fretting Crevice
Tensile stress Cyclic stress

Pitting Exfoliation Dealloying Intergranular Stress-corrosion Corrosion
cracking fatigue

Figure 1.1: Schematics of the common forms of corrosion [2]



Based on the appearance of corroded metal, eight forms of wet corrosion can be
identified. These are:

» Uniform or general corrosion

» Pitting corrosion

» Crevice corrosion, including corrosion under tubercles or deposits, filiform
corrosion, and poultice corrosion

Galvanic or two metal corrosion

Erosion-corrosion, including capitation corrosion and fretting corrosion

Intergranular corrosion, including sensitization and exfoliation

vV VWV VvV V¥V

Environmentally assisted cracking, including stress corrosion cracking, corrosion
fatigue and hydrogen damage
» Selective leaching or parting
Even though the eight forms of corrosion are unique, all of them are more or less
interrelated. Furthermore, the localized corrosion attack can be classified as

microscopic and macroscopic forms. Figure 1.2 depicts microscopic and macroscopic

CORROSION

MACROSCOPIC

Galvanic
Erosion-corrosion

forms of localized corrosion.

MICROSCOPIC

Intergranular

Crevice
Pitting
Exfoliation
Dealloying

Stress-Corrosion
cracking
Corrosion fatigue

Figure 1.2: Macroscopic and microscopic forms of localized corrosion [2]



Macroscopic corrosion affects most of the areas of the metal and which can be
observed with the help of naked eye or can be viewed by with the aid of low
magnifying power devices. However, microscopic form of corrosion can cause
considerable damage to materials before even noticed by naked eye.

1.2 Consequences of Corrosion

Corrosion is having both direct and indirect effects on our daily life. It can affect the
useful life of various materials we possess. We can easily recognize corrosion on
automobile parts, grills, metal furniture and other household tools made up of metals
and alloys. Corrosion can cause far more serious consequences to human lives when a
bridge is collapsed due to the corrosion of the steel reinforcing bar in concrete or the
collapse of electric towers and damage to buildings. The major cost and consequences
of corrosion can be represented in three ways [1-3]:

®,

% It is extremely expensive financially

®,

% It is extremely wasteful of natural recourses

It causes considerable inconveniences and injuries to human beings and sometimes
even loss of life.

Corrosion results in tremendous economic loss and it slow down the economic growth

of all countries. The annual cost of corrosion worldwide is estimated to be $ 2.2 trillion

[4]. National Association of Corrosion Engineers, NACE estimated that the direct cause

of corrosion in the US was $ 276 billion in 1998, approximately 3.1% of Gross

Domestic Product (GDP) [5]. However, by including the indirect losses of corrosion it

was estimated to exceed $1trillion [5]. Our country India looses a staggering amount of

Rs 2 lakh crore per year due to corrosion and related issues [6, 7].

The major economic and social consequences of corrosion are described here [1, 2, 8].

7
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Aesthetic appearance of materials is very important since corroded surfaces are
unlikable to the eye. Hence, equipments and structures are required to paint to

improve its appearance to the observer.

X/
°e

Shutdown of plants and equipments due to corrosion failure. Because of unexpected

corrosion failures, electrical, chemical, nuclear power plants are shut down.

% Contamination of products

% Loss of valuable products

+ Inability to use otherwise desirable objects

% Damage of equipments due to corrosion failures

%+ Serious damage to the liability of products

% Safety and health of public, for example, sudden failure of plants can cause fire,
explosion, release of toxic gases and acids and other hazardous and flammable
materials

%+ Depletion of natural recourses, including metals and the fuels used to manufacture
them.

Corrosion is causing a huge amount of financial damage to economies, wasting a vast

amount of natural recourses and giving rise to a great deal of human sufferings.

1.3 Atmospheric Corrosion Behaviour of Iron and Low Alloy Steels

Atmospheric corrosion is the most visible form of corrosion processes. It is difficult to

provide a clear definition for atmospheric corrosion, since it lies in a region between

immersed corrosion and dry oxidation. Broadly, atmospheric corrosion can be defined

as the corrosion of materials exposed to air and its impurities, rather than immersed in a

liquid. The most widely studied corrosion process is the atmospheric corrosion or

rusting of iron and steels. Atmospheric corrosion of iron and steels is electrochemical in

nature in opposition to dry oxidation [9-11]. Atmospheric corrosion of metals generally



results from surface wetting and it occurs in thin films or adsorbed layers of electrolyte
on the metal surface. Due to the thin film nature of atmospheric corrosion, the process
is very sensitive and easily influenced by factors such as temperature, relative humidity,
precipitation, air currents, orientation of the metal samples and airborne pollutants and
particulars [12]. The atmospheric rusting of iron and steels can be considered as wet
corrosion in the thin water film formed on the surface of iron and steel and its physical
and electrochemical mechanisms are quite complex [12,13].

The following scheme summarizes electrochemical process, which requires aqueous

conditions for the atmospheric rusting of iron and alloy steels.

Iron substrate Electrolyte

4Fe +30,+2H,0 = 4FeOQ\H

Atmosphere Rust

Figure 1.3: Electrochemical process of atmospheric rusting
The equation in Figure 1.3 shows that atmospheric oxidizer (O,) in the presence of a
water layer oxidizes iron substrate and this leads to the formation of rust. In fact, the
formed rust layer is quite complex and contains several oxides and hydroxides of iron
as presented in Table 1.1[14]. The major parameter influencing the atmospheric
corrosion is the interaction between rust layer and electrolyte. An electrolyte layer is
formed on the surface of the metal due to the condensation of water. The time of
wetness depends on the relative humidity at a given temperature [9, 14]. There is a

direct relationship between the amount of relative humidity and thickness of the



electrolyte formed on the metal surface. The variations in relative humidity and

temperature form wet-dry cycles on the surface of the metal [14].

Composition Name Crystal system
Fe304 Magnetite Cubic (spinel)
v-Fe,03 Maghemite Cubic (spinel)
a-FeOOH Goethite Orthorhombic
v-FeOOH Lepidocrocite Orthorhombic
p-FeOOH Akaganeite Tetragonal

y-Fe.OH.OH Reduced lepidocrocite Orthorhombic

Fe(OH), Ferrous hydroxide Hexagonal

Table 1.1: Oxides and hydroxides found in rust layers
The alternative wet-dry cycle results from the temperature fluctuations between day
and night is the most typical feature of atmospheric corrosion which makes drastic
changes in the mechanism of rusting in opposition to bulk aqueous corrosion [9,14-16].
According to earlier studies reported by Evans and Taylor and Stratmann, atmospheric
corrosion occurs in three stages [9-11, 17]. During the wetting stage, electrolyte is
building up on the surface of iron or iron based alloys and this leads to the anodic
dissolution of iron. In this first stage (wetting) of atmospheric corrosion, anodic
dissolution of iron occurs and it is balanced mainly by the reduction of ferric species
within the rust layer and the reduction of oxygen is very little. Even though oxygen is
readily available for reduction to balance the anodic dissolution of Fe, the rate of
oxygen reduction is very small due to the slow diffusion of oxygen through the thick

electrolyte layer on the top of iron surface. However, another oxidizer is available in



the rust layer itself is y-FeOOH. One of the proposed reduction reactions for y-FeOOH
is as follows.

vFeOOH + e~ + H* — yFe. OH. OH (1.1)
Hence, during the wetting stage, rust layer itself is responsible for corrosion, i.e. the
anodic dissolution of Fe is balanced by the reduction of y-FeOOH available within the
rust layer.
During the second stage (wet stage) of atmospheric corrosion, oxidation of Fe occurs
on the small metal area in contact with the electrolyte at the bottom of the pores and
oxygen reduction reaction takes place on the large cathodic area of y-Fe.OH.OH. The
oxygen reduction reaction occurring at the cathodic area is as follows

0, + 4e~ + 2H,0 — 40H" (1.2)

After the wetting stage, adequate amount of y-FeOOH is reduced and the reduction of
oxygen becomes the main cathodic reaction [18]. It is proposed that first atmospheric
oxygen is dissolved at the metal/electrolyte interface and then the dissolved oxygen
diffuses through the electrolyte and the pores of the rust layer [14].
During the drying stage, the thickness of the electrolyte layer decreases. Due to the
decrease in the thickness of the electrolyte layer, the reduction current is also
decreased. According to Nishikata et al., at the stage of drying, no more diffusion of
oxygen occurs and only oxygen salvation determines the reduction current [19]. Zhang
et al. explained that drying results in the decrease of anodic and cathodic area, which
would eventually stop the electrochemical reactions due to the scarcity of electrolyte
[20]. Another possible mechanism for the decrease of reduction current is related to the
phenomenon of passivation. Both the decrease in the electrolyte layer thickness and
increase of the concentration of species during the first stage of wet-dry cycle result in

the covering of the surface of the metal. This in due course decreases both the cathodic



and anodic areas and hence the covering of small anodic area prevents further iron
dissolution. Thus, the blocking of the anodic sites and the diffusion of the dissolved
species limit the oxidation current. The anodic sites blocking process is occurring
according to the following equation.

Fe - Fe?* + 2e” (1.3)

Fe?* + 20H™ - Fe(OH), (1.4)
At the end of the drying stage, the rust layer is polarized to more positive potential due
to the increasing cathodic current and this would in turn results in the regeneration of y-
FeOOH from y-Fe.OH.OH. This will allow another cycle to occur when the rust is
wetted again [21].
In brief, a wet-dry cycle of atmospheric corrosion can be explained as follows [14]:
Wetting: The thickness of the electrolyte layer increases from the surface of the rust
layer. Fe dissolution occurs. The cathodic reaction is the reduction of y-FeOOH and the
system is under cathodic control.
Wet Stage: The thickness of the electrolyte layers remains almost constant. The
cathodic reaction is oxygen reduction and the system is under the cathodic control.
Beginning of the Drying: The cathodic reaction is oxygen reduction. Anodic sites are
being blocked and the system is under anodic control.
End of the Drying: There is no more electrochemical corrosion and the rust layer is re-
oxidized to start another cycle.
Marine environment contains significant amounts of chloride ions that have a big role
in the corrosion process of iron and steels. The deposition of chloride ions has a
significant impact on the composition of the rust layer and its thickness. According to
Stratmann et al. and Asami et al., the rust layer formed during atmospheric corrosion

mainly constitute goethite (a-FEOOH), akaganeite (B-FeOOH) and lepidocrocite (y-



FeOOH) [9, 23]. However, 3-FeOOH existed in high chloride containing environments
[24, 25]. The phase B-FeOOH accelerates the corrosion process, since its reduction
reactivity is higher than that of y-FeOOH. Antony et al. reported that when both y-
FeOOH and B-FeOOH exists together, B-FeOOH plays the major role in determining
the rate of corrosion of Fe [26]. On the other hand, when the concentration of chloride
ions is very low, goethite (a-FeOOH) and lepidocrocite (y-FeOOH) are the major
corrosion products in the rust layer [25]. Generally, p-FeOOH present on the outer
surface of the rust layer and it is formed probably due to the reaction between iron ions
and atmospherically deposited chloride ions [23]. Sometimes, -FeOOH appears in the
inner layer of the rust also and this may be due to the diffusion of the chloride ions
dissolved in the water layer [23, 25].
The detailed mechanism of the accelerated effect of chloride ion deposition is given
below. The high amount of chloride ions helps in the formation of B-FeOOH and this in
turn decreases the corrosion resistance of steel accelerates the corrosion process [25].
In Wet Cycle
Anodic Reactions: Fe —» Fe?* + 2e- (1.5)

Fe?* — Fe3* + e~ (1.6)
Cathodic Reactions: O, + 4e~ + 2H,0 - 40H™ (1.7)
Total Reactions: (Fe?*,Fe3*) + CI~ + OH™ - FeOCl + HCl (1.8)
In Dry Cycle

FeOCl » BFeOOH (1.9)

At low concentration of chloride ions or when the concentration of chloride ion is
below the critical concentration, chloride ions help in the transformation of y-FeOOH

to a-FeOOH. The overall transformation process is given in the following scheme.
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dissoluti hydrolysi oxidation and
Fe == Fe?*————» FeOH" precipitation” y-FeOOH

chlorination solid state
——— Fe0,(OH),,,Cl ——> oa-FeOOH + HCI
precipitation precipitation

Figure 1.4: The process of atmospheric rusting in low concentration of chloride
content in atmosphere [25]

1.4 Influence of Cr and Mo on the Atmospheric Corrosion of Steel

The addition of alloying element chromium to steels has a major influence on
atmospheric corrosion and electrochemical properties of steel. Chromium containing
steels generally have a surface rust layer with duplex structure, consisting of an outer
layer of y-FeOOH and inner layer of ultra fine chromium enriched a-FeOOH. It was
reported that the Cr enriched a-FeEOOH helped to form a stable protective rust layer
[27]. Lai et al. reported that chromium enriched inner most oxide scale resisted the
migration of ions and electrons better than FeO [28]. According to Wang et al.
chromium could easily enrich in the rust layers compared to that of other alloying
elements irrespective of environments [29]. Stratmann et al. pointed out that
atmospheric corrosion resistance of chromium containing steel depends on the ratio of
crystalline a-FeOOH (goethite) to all other forms of ferrous oxides such as y-FeOOH,
0-FeOOH. It was found that the atmospheric corrosion resistance enhanced when the
mass ratio is higher than 1. The addition of Cr influences the atmospheric corrosion
only during the drying stage. According to Stratmann, the reason for higher
atmospheric corrosion resistance of chromium containing steel during drying stage
might be due to the inhibition of rust reduction and the formation of Fe?* states within
the rust layer in the presence of Cr enriched oxide layer. This would in turn decrease

oxygen reduction rate during drying stage since the electron transfer reaction is the
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rate-determining step for the overall reaction [30]. Moreover, in a recent study, Y.
Qian reported that higher content of chromium in steel promoted the formation of
crystalline a-FeOOH (goethite) and increases the mass ratio of a-FEOOH (goethite) to
all other forms of ferrous oxides and hence, showed better atmospheric corrosion
resistance [31]. According to their study, Cr plays two roles in improving the
atmospheric corrosion resistance
1) Promotion of formation of rust layers mainly containing a-FeOOH
2) Improving the passivation capability of steels

M. Yashimata and his coworkeers conducted investigations on the composition of rust
layers containing Cr. Mossbauer spectroscopy studies revealed that the rust layers of
Fe-Cr alloy film consisting of supermagnetic ultra fine Cr-goethite with crystal size in
the range of 15 nm. The rust layers were mainly composed of y-FeOOH and ultra fine
Cr-goethite with the latter in abundance. Moreover, they proposed a mechanism for the
formation of Cr enriched goethite. Due to the solubility difference of Cr** to that Fe?*
ions, dissolved Cr** ions precipitates as hydroxides at the substrate interface during the
initial stages of corrosion. Cr®* ions act as nucleus for the growth of Cr-goethite
crystals. Moreover, the oxidation of Cr ion is very fast since the diffusion of oxygen
through a very thin film is not kinetically limited. This in turn helps in the nucleation of
Cr-goethite at various sites on the Fe-Cr alloy surface. The Cr** in the rust layer is
coordinated with O% and positioned in the double chains of vacant sites in the network
of FeO3(OH)3 octahedra in the goethite crystals [32, 33]. X-ray Absorption Fine
Structure (XAFS) spectroscopy studies revealed that Cr** in the rust layer is

coordinated with O* and might form CrO,>*

complex anion and it is located in the
double chains of vacant sites in the network of FeO3(OH)s; octahedra as a surface

adsorbed or intergranular ion in the ultrafine goethite crystal [34].
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The major purpose of adding Mo to steel is to increase the strength and hardness. The
influence of Mo addition on corrosion resistance of steels is evident only when Mo is
used in combination with other alloying elements and Mo content exceeds 3%
simultaneously [35].

1.5 Corrosion Prevention Methods

Although corrosion is a natural process, it can be controlled by using effective methods
and strategies. There are mainly five primary ways to control corrosion. These are:

e Materials selection

e Design

e Cathodic and anodic protection

e Inhibitors

e Coating

1.5.1 Materials Selection: The most common and important method of controlling
corrosion is the selection of the right and proper materials for particular corrosive
environments. Corrosion behavior of each metal and alloy is unique and inherent and
corrosion of metal and alloy has a strong relation with the environment to which it is
exposed. A general relation between the rate of corrosion, corrosivity of the
environment and corrosion resistance of materials can be elucidated as follows [2]:

. corrosivity of environment
rate of corrosive attack = - - (1.10)
corrosion resistance of metal

The rate of corrosion directly depends upon the corrosivity of the environment and
inversely proportional to the corrosion resistance of the metal. Hence, the knowledge of
the nature of the environment to which the material is exposed is very important.
Moreover, the corrosion resistance of each metal can be different in different exposure
conditions. Therefore, the right choice of the materials in the given environment (metal-

corrosive environment combination) is very essential for the service life of equipments

13



and structures made of these materials. It is possible to reduce the corrosion rate by
altering the corrosive medium. The alteration of the corrosive environment can be
brought about by lowering temperature, decreasing velocity, removing oxygen or
oxidizers and changing concentration. Consideration of corrosion resistance based on
the corrosion behaviour of the material and the environment in which it is exposed is an
essential step in all industry [1, 2, 8].

1.5.2 Design: The design of a structure is as equally important as the choice of
materials of construction since it can greatly reduce the time and cost associated with
corrosion maintenance and repair [2]. The proper design of equipment or tools made up
of metals and alloys must consider mechanical and strength requirements along with
corrosion resistance. Prior knowledge about the corrosion resistance of the candidate
material and the environment in which it functions is very essential for proper design of
any equipment. The most common rule for design is avoiding heterogeneity. It is very
important to make all conditions as uniform as possible throughout the entire system
[8]. Corrosion frequently happens in dead spaces or crevices and it is highly
recommended to eliminate or minimize these areas while designing. All the
components and structures should be designed by keeping its expected service life,
otherwise premature collapse of the component or structure is the inevitable and large
sum of money should be spent for its repair or replacement. The ever-changing
environment during the different stages of manufacture, transit and storage as well as
the daily and seasonal variations in the environment in which the components are
exposed should be considered for its maximum service life. It is highly essential to
avoid all unnecessary bimetallic corrosion cells in components by coupling dissimilar
metals. The metals involved in coupling should be widely separated in the galvanic

series to have a maximum service life of components. Galvanic corrosion can be
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controlled effectively by either preventing access of electrolyte to dissimilar metal
joints by applying barrier coatings or insulating both the anodes and cathodes to
prevent the flow of electrons across the joint. Dissimilar corrosion rate can also be
minimized by keeping the anodes as large as possible in the particular component or
location to reduce the current density [1, 2, 8].

1.5.3 Cathodic and Anodic Protection: Cathodic protection is an electrochemical way
of controlling corrosion in which the object to be protected is the cathode. Cathodic
protection is achieved by suppressing the corrosion current in a corrosion cell and by
supplying electrons to the metal to be protected. The principle of cathodic protection
can be explained with the help of a typical corrosion reaction of a metal M in an acid
medium [35]. Consider an electrochemical reaction in which metal dissolution and
hydrogen evolution are involved; for example

M - M™ + ne (1.11)
2H" + 2e - H, (1.12)

Equations (1.2) and (1.3) show that the addition of electrons to the structure would
reduce the metal dissolution and increase the rate of evolution of hydrogen. Cathodic
protection of a structure can be achieved by two ways: (1) by an external power supply
(2) by appropriate galvanic coupling. Most of the pipelines and marine structures are
protected by using an external power supply. Both the buried anodes and the objects to
be protected are connected to a direct current (dc) power supply. Generally, the buried
anode materials are inert materials and natural cathodes to steel pipelines or tanks to be
protected. However, with the aid of the dc power supplies the natural polarities of the
materials are reversed and steel pipelines are cathodically protected. Instead of the
corrosion reaction of the anodes, some other oxidation reactions such as oxygen or

chlorine evolution occur at the anode and thus the anodes are not consumed. Cathodic
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coupling by galvanic coupling is realized by using active metal anodes, for example,
zinc or magnesium, which is connected to the structure to provide the cathodic
protection current. In this case, the anode is called a sacrificial anode, since it is
consumed during the protection of the steel structure [2, 8, 36].

In contrast to cathodic protection, anodic protection is one of the more recently
developed electrochemical methods for controlling corrosion. Anodic protection is
based on the principles of passivity and it is generally used to protect structures used
for the storage of sulphuric acid [37, 38]. The difference of anodic protection from
cathodic protection is how the metal to be protected is polarized. The component that is
to be protected is made as anode in anodic protection. Since the anodic protection is
based on the phenomenon of passivity, metals and alloy systems, which exhibit active
passive behaviour when subjected to anodic polarization, can be protected by anodic
polarization. The corrosion rate of an active-passive metal can be significantly reduced
by shifting the potential to the passive range. Anodic protection is used to make a
protective passive film on the metal or alloy surface and thereby controlling the
corrosion [37].

1.5.4 Inhibitors: According to the definition given by NACE International, “inhibitor is
a substance that retards corrosion when added to an environment in small
concentrations” [39]. An inhibitor can be considered as a retarding catalyst that reduces
the rate of corrosion. The mechanism of inhibition is quite complex and it is not well
understood. It is established that inhibitors function in more than one way: (a) by
adsorption of a thin film on the corroding surface of a metal; (b) by forming a thick
corrosion product, or (c) by changing the properties of the environment and thereby
slows down the corrosion rate [40]. According to Uhlig et al, inhibitors can be broadly

classified as passivators, organic inhibitors and vapor phase inhibitors [35]. The
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inhibitors can also be classified based on their mechanism of inhibition and
composition [8]. A large number of inhibitors fall under the category of adsorption type
inhibitors. These are generally organic compounds and function by adsorbing on anodic
and cathodic sites and reduces the corrosion current. Another class of inhibitors is
hydrogen evolution poisons. Arsenic and antimony are generally used as hydrogen
evolution poisons and they specifically retard the hydrogen evolution reactions. This
type of inhibition is very effective only in those environments where hydrogen
evolution is the main cathodic reactions and hence these inhibitors are very effective in
acid solutions.

The inhibitive substances, which act by removing the corrosive reagents from solution,
are known as scavengers. Sodium sulfite and hydrazine are these types of inhibitors,
which remove dissolved oxygen from aqueous solutions. These inhibitors function very
effectively in those solutions where oxygen reduction is the main cathodic reaction.
Oxidizers are also a kind of inhibitors. Substances such as chromate, nitrate, and ferric
salts act as corrosion inhibitors in certain systems. Generally, they inhibit the corrosion
of metals and alloys that exhibits active-passive transitions. Inorganic oxidizing
materials such as chromates, nitrites and molybdates are generally used to passivate the
metal surface and shift the corrosion potential to the noble direction. Paint primers
containing chromate pigments are widely used to protect aluminum alloys and steel.
Inhibitors that are very similar to organic adsorption type with very high vapor pressure
are known as vapor phase inhibitors. They are also known as volatile corrosion
inhibitors (VCI). According to Miksic and Miller “Volatile corrosion inhibitors are
secondary-electrolyte layer inhibitors that possess appreciable saturated vapor
pressure under atmospheric conditions, thus allowing vapor-phase transport of the

inhibitive substance” [41]. These inhibitors are generally placed very near to the metal
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surface to be protected and they are transferred by sublimation and condensation to the
metal surface. Hence, these inhibitors can be used to protect metals from atmospheric
corrosion without being placed in direct contact with the metal surface. Vapor phase
inhibitors are very successful, if they are used in closed packages or the interior of
equipments [42].

1.5.5 Coatings: Protective coatings are the most generally used method for preventing
corrosion. The function of a protective coating is to provide a satisfactory barrier
between the metal and its environment. Coatings can be broadly classified into three
types. These are:

% Metallic coatings

% Inorganic coatings

% Organic coatings

Usually, an anticorrosive coating system is multifunctional with multiple layers with
different properties. A typical multifunctional coating can provide an aesthetic
appearance, corrosion control, good adhesion, and abrasion resistance. The functioning
of any protective coatings is based upon three basic mechanisms:

e Barrier Protection

e Chemical inhibition

e Galvanic (sacrificial) protection

Completely isolate metals and alloys from its environment achieve barrier protection.
Protection of metals through chemical inhibition is achieved by adding inhibitor
molecules into the coating system. An active metal is coated on the surface of the metal

to achieve sacrificial or galvanic protection [2, 8, 43].
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1.5.5.1 Metallic Coatings: Metals and sometimes their alloys are applied to other
metals and alloys to prevent corrosion. Metallic coatings are applied to a metal surface
by using following methods:

» Electroplating

> Electroless plating

» Hot dipping

A\

Thermal spraying
Cladding

Vapor deposition

YV YV Vv

lon implantation

» Laser processing

A metallic coating can function either as noble coatings or as sacrificial coatings.
Electroplated coatings are produced by the electrodeposition of an adherent metallic
coating upon a metal or alloy which is to be protected [44]. This is carried out by
immersing a metal or part of the metal to be coated in a solution of the metal to be
coated and passing direct current between the metal and another electrode. It is also
known as electroplating and it is generally used for decoration, protection, corrosion
resistance, electrical and magnetic properties. The nature of the deposit depends mainly
on factors such as temperature, current density, time and composition of the bath. A
coating of desired thickness and property can be achieved by changing these variables.
Generally zinc and cadmium deposits on steel act as active coatings and protect steel by
cathodic protection. Several metals commonly coated on steel are noble to iron. These
noble coatings act as an effective barrier to deny access for any corrosive species and to

ensure this the noble coating should be pore free and flawless.
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Electroless metal coatings are prepared without the help of electric current. Electroless
nickel coatings are achieved by the autocatalytic chemical reduction of nickel ions from
aqueous solution. Generally nickel-phosphorous and nickel-boron coatings are
produced. These coatings are amorphous in nature and provide excellent corrosion
resistance in a wide range of environments [2].

Hot-dip coating is a process in which a low melting point metal is applied as a
protective coating on steel wherein the material to be coated is immersed in a molten
bath of the coating metal. Although hot dipping method can be applied over a wide
variety of materials, it is commonly used to protect steels. Hot-dip coating can be
applied by continuous or batch process. Aluminum and zinc are most commonly used
metals to be coated to steel. Hot-dip zinc coated steels are generally known as
galvanized steels [2, 8].

Thermal spraying consists of a group of processes including flame spraying, plasma
spraying, arc metallization, detonation gun, high velocity oxyfuel, and cold spray and
that can be used to apply a variety of coating materials for corrosion prevention. The
coating materials can be powder, rod, wire or liquid. The coating materials are heated
to a plastic or molten state and propelled by a stream of compressed gas onto the
substrate. When these particles strike the metal surface, they flatten and form thin
platelets and adhered to the prepared surface. Generally, a spray gun is used to generate
the required heat for melting through combustion of gases, electric arc or plasma [8,
45].

Cladding is the bonding together of dissimilar metals. It is achieved by rolling of two
sheets of metal together. The principle of cladding includes hot-roll bonding, cold roll

bonding, explosive bonding, and weld cladding. For example, a nickel and steel sheets
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are hot rolled to get a composite nickel-steel sheet. Similarly, high strength aluminum
alloys are clad with commercially pure aluminum to have a good barrier to corrosion.
Vapor deposited coatings are accomplished in a high vacuum chamber. There are
mainly two types of vapor deposition: physical vapor deposition (PVD) and chemical
vapor deposition (CVD). Usually, the coating material is vaporized by heating
electrically and the vapors are allowed to deposit on the part to be protected. The major
vapor deposition method are sputtering, evaporation, ion plating (all of which are PVD
processes) and CVD. The species to be deposited is transferred and deposited in the
form of individual atoms or molecules. The most important advantage of vapor
deposited thin coating is that it is pore free and highly dense. However, its application
in corrosion protection is limited since this method is more expensive compared to
other methods [2].

lon implantation and laser processing are two surface modification methods
accomplished by the use of high-energy or particle beam. High-energy ion beams are
used to modify surfaces to combat issues related to corrosion and wear. By ion
implantation, it is possible to enhance the passivation characteristics or create a novel
material. lon implantation commonly finds its application in semiconductor industry.
Lasers with output power 0.5 to 10 kW can be employed to engineer the metallurgical
structure of a surface and tailor its surface property by leaving its bulk properties intact.
Laser processing helps to produce corrosion resistant surface layers. Transformation
hardening, surface melting, and surface alloying achieve laser processing [2, 8].

1.5.5.2 Inorganic Coatings: Nonmetallic inorganic coatings include ceramic coatings,
conversion coatings, and anodized coatings. One of the most widely used ceramic
coatings is zinc silicates [46, 47]. Sol-gel based silica and titania coatings are another

type of inorganic coatings. The sol-gel process to produce ZrO,, TiO,, SiO;, ZnO
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coatings is very well studied and established [48-52]. The inorganic particles in the sol-
gel coatings generally act as a good barrier against corrosive species. These coatings
give excellent abrasion resistance, low UV-absorption rate, high abrasion resistance and
aesthetic appearance to the metal. However, sol-gel based inorganic coatings cannot be
prepared in the thickness required for very high corrosion resistance since it is prone to
have cracks in the coating.

Phosphate coating and chromate conversion coatings are two largely used inorganic
conversion coatings. Phosphate coating is produced on the metal surface by immersion
the metal in a bath mainly contains phosphoric acid and other chemicals. During the
immersion, the metal reacts with phosphoric acid and other chemical contained in the
bath and produce a crystalline insoluble protective phosphate layer. Phosphate
conversion coatings are generally used to improve the corrosion resistance and the
adhesion of paints. Commonly used phosphate conversion coatings are zinc phosphate,
iron phosphates, and manganese phosphates. The basic principle involves in any
phosphate coating is the precipitation of a divalent metal and phosphate ions (PO4>) on
a metal surface. The phosphate conversion coatings can be applied either by spraying or
by immersion [2].

Chromate conversion coatings are produced on the metal surface by a chemical or
electrochemical treatment of the metals or metallic coatings in solutions containing
hexavalent chromium (Cr°®*) and other components. Chromate conversion coatings are
primarily applied to improve the corrosion resistance of the metal and to improve the
adhesion of paints on the metal surface. Chromate conversion coatings are applied by
both spraying and immersion methods. However, various governments and regulatory
bodies recommend the replacement of chromate conversion coating with some other

green alternative since hexavalent chromium is carcinogenic and toxic [2].
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Anodizing is one of the most important surface modifications carried out for aluminum
alloys for improving the corrosion resistance and other purposes. Aluminum oxide
(Al,03) films are formed on the surface when aluminum and aluminum alloys are
polarized anodically in electrolyte solutions. Since all of the anodic process form
porous Al,Os films, it is required to seal the pores by immersion the coated materials in
hot water. The hot water treatment would hydrate the coating and seal the pores by
forming Al,O3. 3H,0 [2].

1.5.5.3 Organic Coatings: Organic coatings act as relatively thin layer between the
substrate materials and the environment. The terms organic protective coatings and
paints are generally used interchangeably for both having an organic base. According to
the definition of coating mentioned in the Manuals for Coatings of Light Water Nuclear
Plants, “Coatings (paints) are polymeric materials that applied in fluid stage, cure to
form a continuous film”[53, 54]. This is a general definition given very broadly and
simply for both coatings and paints. However, as far as corrosion protection is
concerned, it is very necessary to define both these terms very specifically. “Paint can
be defined as any liquid material containing drying oils alone or in combination with
natural resins and pigments which , when applied to a suitable substrate, will combine
with oxygen from air to form a solid, continuous film over the substrate, thus providing
a weather resistive decorative surface”’[53]. During its entire lifetime, a paint film
continues to oxidize and slowly become porous to oxygen, water and other corrosive
species, thus giving a less permanent protection against corrosion than the more
sophisticated protective coating.

A protective coating is chemically a considerably different material from paint. It
surpasses paint in adhesion, toughness, and resistance to chemical, weather, humidity,

and water. “A protective coating can be defined as any materials composed essentially
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of synthetic resins or inorganic silicate polymers which, when applied to a suitable
substrate, will provide a continuous coating that will resist industrial or marine
environments and prevents serious breakdown of the basic structure in spite of
abrasion, holidays, or imperfections in the coating ”’[53]. In order to provide maximum
protection, a protective coating should: (a) resist the penetration of ions from salts that
are in contact with the coatings; (b) minimize the action of osmosis; (c) expand and
contract with the underlying metal surface; and (d) retain the aesthetic appearance over
a long period.

1.6 The Organic Coating System

A typical anticorrosive coating system consists of a primer, one or several intermediate
coats and a top coat [46, 53, 55]. Figure 1.5 illustrates a typical coating system used for

highly corrosive industrial and marine environments.

Intermediate Coat(s)

Surface Preparation

Figure 1.5: A typical coating system for marine and industrial applications
Prior to the application of a primer, the substrates to be coated should be cleaned neatly
and pretreated to improve the adhesion of the subsequent coatings. Generally, sand

blasting, polishing with emery sheets and pickling are employed for surface finishing.
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A primer is considered the most important components of the coating system [8, 46,
53]. The major purposes of a primer are listed as follows:

» Good adhesion to the substrate

» High bond to intermediate coats

» Appropriate flexibility with subsequent coatings

» Strong resistance to corrosion and other chemicals

The primer is the base coat on which the rest of the coating system is applied and hence
it should have strong adhesion to the surface of the substrate. The primer generally
contains some inhibitive pigments and these pigments used to passivate the metal
surface and improve its corrosion resistance. A primer should protect the surface for
many days or months prior to the application of top coats and thus the primer coat
should be highly adherent and inert.

The specific purpose of the application of intermediate coating is to increase the
thickness of the coating system and resist the infiltration of corrosive species to the
metal surface [46, 53]. The major use of intermediate coats is to provide:

> Building up the thickness of the coating

» Improve the chemical resistance of the coating

» Retard the moisture vapor transfer

> Increase the electrical resistance of the coating

» Strong cohesion

> Improve the adhesion between the primer and topcoat.

The topcoat is the final finish coat it is always exposed to the external environment.
The topcoat should have required colour and gloss to please the eyes of an observer. It

is the first line of defense against corrosion in a coating system and hence it should
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have enough barrier property to impede the transport of aggressive species through the
coating system. The important function of a topcoat is to provide [46, 53, 56, 57]:

> A resistant seal for the coating system

> Initial barrier to the external environment

» Good resistance to water, chemicals, and weather

» Strong and wear resistant surface

» Aesthetic look to the coating system

» High resistance to ultraviolet radiation

The above-mentioned coating system is not necessary for all applications. Different
combinations of coating system can be obtained depending upon the corrosive
situations. Even a single coat can function satisfactorily for some particular corrosive
environment. Sometimes a single coating formulation applied in more than two coats
can provide required protection for metals and alloys.

1.7 Recent Advances in Protective Coatings

Application of organic/polymeric coating system is one of the widely used strategies to
combat corrosion of metals and alloys under service conditions [46]. Such polymer
coating system includes a pre-treatment layer or conversion layer, a primer and a
topcoat. These pre-treatment or conversion layers are generally applied to improve the
corrosion protection efficiency and to impart good adhesion of organic coatings applied
subsequently [58]. Chromate and phosphate conversion coatings are widely used
strategies to obtain a pre-treatment layer to improve the adhesion of subsequent organic
coatings for both ferrous and non-ferrous alloys [59]. However, the superior oxidation
property of Cr (VI) causes several health problems to humans and it is carcinogenic
[60]. The main disadvantage of inorganic corrosion inhibitors such as chromates,

phosphate is its toxicity. The common usage of chromate is banned in several countries
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considering health and safety reasons and the protection of the environment. Similarly,
the corrosion protection performance of zinc phosphate treatment is not good enough
for outdoor exposure [59]. Hence, the necessity of developing an environmentally
friendly surface pre-treatment is vital.

One of the most promising alternatives to aforementioned toxic surface treatment for
corrosion protection is sol-gel coatings. A sol-gel based dip coating is a very simple
method consists of the withdrawal of a substrate from a fluid sol and this results in the
deposition of a thin solid film due to gravitational draining, solvent evaporation and
further condensation reactions [61, 62]. Compared to other conventional thin solid film
deposition techniques such as chemical vapor deposition (CVD), physical vapor
deposition (PVD), electrochemical deposition, and sputtering, sol-gel dip coating
method requires considerably less equipments and it is potentially less expensive [63].
The sol-gel process is a chemical synthesis method based on the hydrolysis and
condensation reactions of metal alkoxides (M (OR),). Sol-gel derived coatings have
many advantages such as high corrosion resistance, nontoxic and environmentally
compatible, and good adhesion to both metallic substrate and organic topcoat. One of
the fascinating features of sol-gel based coating is its functionalization and tailoring the
properties of the deposited sol-gel film.

The sol-gel process can be used to prepare either organic or inorganic based protective
coatings. Moreover, the low reaction temperature required for sol-gel process makes
easy the introduction of organic groups in the inorganic material leading to the
fabrication of a new class of hybrid coatings consisted of both organic and inorganic
components [62]. The functionalities imparted by both organic and inorganic moieties
in hybrid coatings are different. The inorganic parts confer enhanced mechanical

properties, scratch resistance, durability and adhesion to metallic substrate. On the other
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hand, the organic part contributes to the increase of density, flexibility and functional
compatibility with polymeric paint systems applied as topcoats. Moreover, organically
modified coatings are generally thick and pore free dense coatings [64, 65].

The corrosion resistance of sol-gel derived film is mainly due to its physical barrier
property, which obstructs the entry of corrosive species and water through the coatings
and protects the underlying metal surface. Corrosion protection provided by a barrier
film which avoid any contact between metallic substrate and external environment is
known as passive protection. However, sol-gel coatings are not free from cracks and
other defects (such as scratches and pores) and this leads to the penetration of
electrolyte and water towards metal surface and instigates corrosion. Even though the
physical barrier coatings provide resistance against corrosion, any occurrence of failure
in this barrier layer leads corrosive ions to permeate to the metal surface leading to the
onset of corrosion. Hence, it is required to introduce active agents or corrosion
inhibitors into the barrier coatings to improve its anticorrosion property. Corrosion
protection provided by active agents or corrosion inhibitors is known as active
corrosion protection. In active corrosion protection methods, corrosion inhibitors are
incorporated into the protective barrier layers to decrease the corrosion rate when the
passive barrier layer starts deteriorating [58, 66]. The corrosion inhibitor can be
introduced into the coatings in two ways: (i) adding the inhibitors directly into the
coating (ii) loading or encapsulating the inhibitors in some containers or reservoirs and
then adding into the coating [58].

It was proved that the direct addition of inhibitors had a negative effect on the stability
of the sol-gel coating and thereby deteriorates the physical barrier functionality of the
coating [66]. Hence, the second approach, loading or encapsulating the inhibitors in

containers prior to mixing with coating, is the favored one. Recent developments in
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nanotechnology and surface engineering pave avenues for fabricating novel class of
coatings, which can impart both barrier protection and active functionalities. Nano or
microcontainers with sustained release properties can be used in a new class of self-
healing coatings. When the environment around the coatings changes, the inhibitor
from the nanocontainers would be released quickly and delays corrosion activity. There
are many advantages in adopting this novel strategy for corrosion protection compared
to conventional barrier coatings. This strategy avoids the direct contact between the
inhibitor molecules and barrier coatings and hence reduces the negative effect of the
inhibitors on the integrity of the coating. It helps in releasing the inhibitors at the right
time in the right quantity and thereby no uncontrolled leaching of the inhibitors into the
coatings [58, 66, 67].

1.8 Summary

Corrosion of materials and structures is a big hindrance to the development of the
economy and cause a lot of damage to our life and hence its prevention is a great
challenge for humanity. Corrosion prevention by protective coatings has a greater role
to play in curbing this menace. Sol-gel based protective layers equipped with active
functionalities is the ideal replacements for both chromate and phosphate coatings as
pre-treatment or conversion layers, since sol-gel derived coatings are eco-friendly.
However, it is required to utilize the recent developments in nanotechnology to

improve the properties of coatings to have multifunctional capabilities.
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CHAPTER 2

A Review on Protective Sol-Gel Coatings and Active Corrosion

Protection Methods Based on Self-Healing Ability

This chapter gives a general overview on the fundamentals of sol-gel method and
hybrid sol-gel coatings containing inhibitors for active corrosion protection methods
based on self-healing ability. An up to date literature review on various
nanocontainers, their synthesis and application in active corrosion protection is
covered. The concept of self-healing and how it can be used for corrosion protection of
materials is described. A brief description of different self-healing coatings developed

so far is also included in this chapter.

2.1 Fundamentals of Sol-Gel Coatings

The sol-gel process has a long history dating back to 1846, when Ebelmen employed
this simple chemical synthesis method to prepare silica gels from alkoxides [68]. Sol-
gel method is a chemical synthesis method in the beginning used to fabricate inorganic
materials such as glass and ceramics. Ebelmen reported that hydrolysis of tetraethyl
orthosilicate (TEOS) under acidic conditions yielded SiO; in the form of a “glass like
substance”. Later Roy and co-workers employed sol-gel process to synthesize new
ceramic oxides of Al, Si, Ti, Zr, etc [69-71]. The potential of sol-gel films as corrosion
resistance coatings for metallic substrates was extensively investigated [72-91]. Sol-gel
thin film coatings are proposed to be the green replacement for toxic chromate
conversion coatings as pretreatments or primer coatings. There are other methods such
as chemical vapor deposition (CVD), physical vapor deposition (PVD), electrochemical
deposition, and plasma spray process for deposition of coating on metallic substrates.
Compared to these techniques, sol-gel coating process has some advantages and they

are listed below.
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» Sol-gel process is a low temperature chemical synthesis; generally, sol-gel
synthesis takes place at room temperature.
> It is possible to apply coatings on substrates of any shapes since sol-gel
coating process involves the dipping of substrate in liquid sol.
» The sol-gel coating is a “green” method.
2.1.1 Synthesis of Sol-Gel Coatings
As the name implies, sol-gel process involves the evolution of a colloidal system
through the formation of an inorganic or hybrid sol and followed by the gelation of the
sol into a continuous liquid phase colloidal network (gel). Sols are dispersions of
colloidal particles with diameters of 1-100 nm in a liquid. A gel is a three dimensional
continuous network in the liquid phase which is built by the agglomeration of colloidal
particles. During sol-gel process, a compound is “dissolved” in liquid in order to bring
it back as a solid in a controlled manner. Sol-gel coatings can be synthesized in two
ways: inorganic method and organic method. Inorganic method involves the formation
of a colloidal sol and its gelation and eventually resulted in a continuous liquid phase
network. But organic method involves either base or acid catalyzed hydrolysis of
monomeric metal or metalloid alkoxide precursors M(OR), in alcohol or other low-
molecular weight organic solvents. Here M is representing the network forming
element such as Si, Ti, Zr, Al, Fe, B, etc,; and R is an alkyl group (C,Hzn+1) [92]. The
important steps involved in a sol-gel process are given as follows:
a) Hydrolysis
b) Condensation and polymerization of monomers to form chains and particles
c) Growth of the particles
d) Agglomeration of the polymer structure followed by the formation of a

continuous network in the liquid phase and resulting in the formation of a gel
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A schematic of the hydrolysis and condensation during the preparation of sol-gel

derived silica materials is presented in Figure 2.1.
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Figure 2.1: Schematic for the sol-gel synthesis of silica materials [92]
Generally, alkoxides of Si, Zr, Ti and Al are used to prepare their corrosion resistant
sol-gel coatings. During the hydrolysis stage, silicon alkoxides interact with water and
alkoxide groups (-OR) are replaced by hydroxyl groups (-OH). In the condensation
step, the condensation of two —OH groups or —OH group with —OR groups results in the
formation of a continuous network of Si-O-Si bonds, water, and alcohol. In fact, both

the hydrolysis and condensation occur simultaneously once the hydrolysis has initiated.
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Usually, the rate of hydrolysis is greater than that of the condensation reaction [93-95].
The major factors influence the sol-gel process is given below:

a) Initial reaction conditions such as pH, temperature

b) Molar ratio of the reactants

c) Solvent composition
The nature of the mutual solvent controls significantly the kinetics of the sol-gel
reactions [93]. Since the metal alkoxide and water are immiscible, the addition of a
mutual solvent like alcohol is essential to achieve homogeneity of the reaction mixture.
The concentration of the solvent used has a significant effect on the thickness of the
sol-gel film produced on the metal substrate and hence its corrosion resistance too.
Moreover, the effect of concentration depends on the nature of the solvent used.
Metroke et al. reported that high concentration of diluent provided enhanced corrosion
resistance when aprotic solvents were used. Low concentration of diluent provided
higher corrosion protection when small alcohols were used. It was found that the use of
high concentration of large alcohol diluents found to decrease the corrosion resistance
of sol-gel coatings [96]. Hence, the appropriate selection of the solvent has a huge role
in determining the thickness and corrosion resistance of the sol-gel coatings.
Different metal alkoxides with similar alkoxy groups have different chemical reactivity
during sol-gel reaction. A general chemical reactivity series can be given as follows:
Si(OR); <<< Sn(OR)4 < Ti(OR)4 < Zr(OR)4 < Ce(OR)4 [97]. The sol-gel chemistry of
silicon precursor solution is different from that of other metal alkoxide precursor
solutions. The key difference in reactivity of alkoxides of transition metals such as Ti,
Zr from that of silicon alkoxide is their reaction with water. Silicon alkoxides or the
alkoxy silanes are very stable to hydrolysis by water in the absence of water. Hence, the

hydrolysis of alkoxy silanes are generally either base catalyzed or acid catalyzed. The
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hydrolysis of silicon alkoxide results in the formation of a reactive Si-OH group. The

scheme for the base catalyzed hydrolysis of silicon alkoxide is given in Figure 2.2.
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Figure 2.2: Mechanism of the base catalyzed hydrolysis of silicon alkoxide [103]

At first, a hydroxide anion attacked the positively charged Si atom. This results in the
formation of a highly reactive transition state with Si atom having a coordination
number of 5. In the second step, an alkoxide anion is released from transition state and
leads to the formation of a reactive Si-OH group. The released alkoxide ion reacts with
water and regenerate hydroxide anion.

The reaction pathway of acid catalyzed hydrolysis of alkoxy silane is presented in

Figure 2.3.
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Figure 2.3: Reaction pathway for acid catalyzed hydrolysis of silicon alkoxide
[103]

Initially, the addition of acid leads to the protonation of an oxygen atom of alkoxide
group and hence the formation of a reactive cationic species. This is the first and rate-
determining step of the reaction pathway. In the second step, a water molecule attacks
this cationic species and leads to the release of a molecule of alcohol and the formation

of a reactive Si-OH bond. This in turn regenerates the proton catalyst. Since the silicon

34



alkoxides are stronger Lewis bases than Lewis acids, acid catalyzed hydrolysis is much
quicker compared to that of base catalyzed one.

On the other hand, the sol-gel reaction chemistry of transition metal alkoxides is facile
and rapid even in the absence of any catalyst. The hydrolysis of Ti(OR),4 occurs within
milliseconds and the reaction time for the hydrolysis of Zr(OR), is in the order of
magnitude of microseconds. Compared to that of a semi metal like Si, metals in general
and main group and transition metals in particular form stable cationic complexes very
easily. Moreover, these metal alkoxides are very strong Lewis bases and hence they are
very easily undergoing proton assisted Syl reaction mechanism [93-101]. The high
reactivity of metal alkoxides towards water leads to rapid and uncontrolled hydrolysis
and eventually ends up in phase separation or precipitation. This limitation is
successfully overcome by chemically modifying the metal alkoxides prior to hydrolysis
and condensation and the addition of water to this modified precursor results in the
formation of a clear and homogeneous sol. A general reaction pathway for the synthesis

of sols of metal alkoxide is given in Figure 2.4.
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Figure 2.4: Reaction pathway for the sol-gel synthesis of metal alkoxide [103]

Compounds such as B-diketones, acetic acids, acetoacetates are generally used as
chelating agents to avoid uncontrolled precipitation [102]. The addition of chelating
agents does result in slowing down or even preventing gelation and uncontrolled
precipitation on the addition of water. According to Kessler et al. the whole sol-gel
chemistry of transition metal alkoxide precursor solution is largely controlled by the

mobility of chelating ligands and their self-assembly [103]. The modifying ligands
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interact with the alkoxide solution and work like a surfactant in stabilizing the sol and
help in the formation of clear and homogeneous sol [103].

The stability of the prepared sol is another factor significantly influencing the corrosion
