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gthsteact

In this recent research come in contact nano coating as nano structured material
which will give a lot of efforts and improve coating technologies mostly like
corrosion resistant because of greater surface activity with well dispersion of
nanoparticales, in the resin through containing cross linking agent with lot of
linkage group and gives three dimensional network rigid structures with desirable
properties. These molecular networks form a very high crosslink density coating
with remarkable physical properties including extreme scratch resistance, ultra
high gloss, very high water and chemical resistance, extreme UV resistance,
remarkable flexibility and cleaning properties. Such nanoparticles when
incorporated in coating, physical properties of the system get altered without
affecting the clarity. Tiny size of nanoparticles produces extra ordinary high
surface energy. From the last decade convectional and nano filler like ZnO, ZrO,,
clay, SiO, Fe;0Os3, MoS;, Zeolite, halloysite, TiO,, Al,Os3, SiO, and CaCOs; are
mostly studied in the paints industry. But our focus should be out of these, fumed
silica is is selected for nano filler which finely dispersed, amorphous form of silica.
It is produced through high-temperature hydrolysis of silicon tetrachloride in an
oxyhydrogen gas flame, give highly pure product. In the Aerosil (R972)
manufacturing process, the primary particles that are created are nearly spherical
and devoid of pores. This product exhibits a specific surface area (measured using
the BET method) of 110 £ 20 m?g', with a primary particle size (PPS) of 12 nm
and achieved by treating SiO, with dimethyl dichloro silane (DDS). Hydrophobic

fumed silica is employed to enhance and sustain the flow characteristics of

[1]



powders, thicken water-resistant systems, and develop anticorrosive coatings. It
offers rheology control for intricate liquid systems and displays water resistance,
facilitating hydrophobization of liquid systems. In coatings, it serves as an anti-
settling agent, aids in pigment stabilization. Different formed of silica is also
economically and environmentally eco friend which is easily available and
industrial affordable. Quartz silica used as conventional filler which is used for
comparative study of both composite coatings. The used of silica particles in
different polymers such as Epoxy, Polyurethane, Coal Tar Epoxy and Vinyl Ester
matrix, which leads to significant improvements in the Physico-Mechanical,
thermal properties and also corrosion behaviors of the developed nanocomposite
coatings. Conventional and nano filler based composite coating were developed
through solution blending route and cured by hardener and characterized by FTIR,
XRD, SEM and TGA-DTA analysis. The size of the nano particles was confirmed
by transmission electron microscopy (TEM). Physico-Mechanical and corrosion
studies of silica (micro and nano) based composites coatings were determined by
ASTM method. Extreme improvement of wear index data observed in every nano
composite coatings. Corrosion behaviors of the coated mild steel specimens were
evaluated by salt spray chamber (SSC) test, cathodic disbondment (CD) test, Ecorr
& lcorr i.6. (PD) and electro-chemical impedance spectroscopy (EIS) measurements
immersion in 3.5% NaCl solution. Optical images are taken both types of coatings
before and after corrosion test. SSC test was performed by 2200 hours of both
types of MS coated samples and cured film in 5% NaCl solution. Water absorption
and chemical resistance also studied of composite coatings for 65 days. Moreover,
all nanocomposite based coatings have showed excellent results all over

experiment than conventional based composite coating.

(2]
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1. Introduction

This chapter focuses on the progress of corrosion research across various industries
and applications. It discusses not only traditional corrosion studies but also

explores coating methods for polymer nanocomposites.

Metals and alloys are considered to be the most important materials in engineering
and thus can say that corrosion of metals is one of the most crucial problems faced
by different scientist and engineers over a long period of time. Over the past
century and a half, the field of corrosion control has developed into a significant
area of research. In addition to this, the prevention of metal corrosion through the
application of protective surface coatings has become an expansive subject. The
visual allure of these coatings further augments their appearance in various
applications, including structures, vehicles, aircraft, maritime vessels, household

and commercial devices.

The matter encompasses concerns related to public safety, substantial economic
repercussions, environmental consequences, and the preservation of materials.
Corrosion is frequently likened to rusting and pertains to the deterioration of a
metal due to exposure and interaction with its surroundings. The process of
"corrosion™ which is the interaction between a metal and its surrounding
environment that leads to alterations in the metal's characteristics. This interaction
can potentially harm the metal itself, the surrounding environment, or the larger
technical system of which the metal is a component [1, 2]. Corrosion is not limited
to just metals, it can indeed affect a wide range of materials, including nonmetallic
materials like polymers, ceramics, semiconductors, and more. This broader
definition of corrosion encompasses the degradation of various types of natural and

synthetic materials, including biomaterials etc. Corrosion is as an irreversible
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interfacial process involving a substance such as metal, ceramic or polymer and its
surroundings. This interaction leads to either the material being consumed or a
constituent from the surroundings dissolving into the material [3]. NACE defined
corrosion as the weakening or degradation of a metal/material, caused by its

interaction with the surrounding environment [4].

Corrosion has far-reaching consequences across economic, health, safety,
technological, and cultural domains in society. The economic aspect is particularly
pivotal, driving a significant amount of research in the field. Its impact on a
nation's economy is substantial, with industries annually incurring substantial
expenses due to corrosion, a figure that continues to rise. Numerous publications
have addressed the financial toll of corrosion, with the initial notable report by
Uhlig in 1949 estimating the United States' yearly corrosion cost at 5.5 billion
dollars, equivalent to 2.1% of the total Gross National Product (GNP) for that year
[5]. In the sixties, the significance of corrosion became more apparent as it became
clear that it was inflicting economic harm on industrialized nations. This was
evident through the wastage of resources due to anti-metallurgical processes and
the reduction in the lifespan of manufactured goods [6]. Subsequently, in the late
seventies, a significant and all-encompassing study regarding the economic
impacts of corrosion was revealed in the USA [7]. The study's findings revealed
that in 1975, the collective financial impact of corrosion amounted to $70 billion,
equivalent to around 5% of the Gross National Product (GNP) for that year. The
study categorized corrosion costs into two groups: avoidable costs and unavoidable
costs. The avoidable costs, which could have been minimized by employing
existing corrosion control methods, were notably high at $10 billion, constituting
approximately 15% of the overall corrosion expenses. Subsequently, in 2002, the
U.S. Federal Highway Administration (FHWA) published a groundbreaking study
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that calculated the direct expenses linked to metallic corrosion within the U.S.
industrial sector. This study, initiated by NACE International and mandated by the
U.S. Congress as part of the Transportation Equity Act for the 21st century (TEA-
21), not only offered contemporary cost assessments but also outlined strategies on
a national scale to mitigate the repercussions of corrosion [8]. The study published
an annual direct corrosion cost of $276 billion, roughly 3.1% of the US GDP. This
prompted other countries like the UK, Japan, Australia, Kuwait, Germany, Finland,
Sweden, India, and China to study corrosion costs. They found that corrosion
expenses range from about 1% to 5% of each nation's GNP. A recent publication
by NACE International in 2016 estimated global corrosion-related economic losses
at an astonishing $2.5 trillion [9]. While the precise numerical values might be
subject to debate, the significance of corrosion-related challenges is undeniable in
contemporary societies. In India, for instance, a direct corrosion cost assessment
conducted for the year 1984-85 amounted to Rs. 4076 Crores, with Rs. 1804
Crores of this cost being deemed avoidable [10]. Another study focusing on India's
corrosion expenses indicated yearly losses of Rs. 25,000 crores, equivalent to 4%
of the Gross National Product (GNP) [11]. According to NACE International's
recent global study, the corrosion-related impact on India's economy is currently
estimated at 4.2% of the Gross Domestic Product (GDP).

The surface coatings are used to protect iron and steel and the main areas on
behind this is its huge volume of production. Majority of the steel products are
varnished with polymeric coatings. Polymer coating are basically filled polymer
system which are based on three principal components. The basic components are

as follows:-

1) Polymeric binder which monitors in the drying characteristics physical

and chemical properties of the coatings.
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2) Pigments are basically insoluble fillers mixed with binding media.
3) Solvents which provide the desirable properties for applying the coating

on metal as well as control the viscosity.

Nowadays, nanoparticles play a significant role in polymeric systems as a
promising filler. The reason is that nanoparticles can impart very low
concentrations of physical, chemical, and biological properties. When polymers are
modified with nano fillers it becomes polymer nanocomposites. The two most
active areas of research in corrosion-resistant coating technology are as follows: (i)
Conductive polymeric coatings (ii) Polymeric nanocomposite coatings. However,
conductive polymeric coatings alone may not be an effective barrier due to their
potentially brittle nature [12,13].

The surface modification of metallic substrates through the application of polymer
nanocomposite coatings is a crucial method aimed at improving various surface
properties, including wear resistance, oxidation resistance, and corrosion
resistance. A range of traditional techniques are employed to deposit the desired
materials onto the metallic substrate. These techniques are used to achieve surface
modifications that provide enhanced protection for the substrate. Polymer
nanocomposite coatings applied to metallic substrates serve as efficient barriers
between the metal and oxidative environments. As a result, they effectively hinder
the occurrence of corrosion. As a result, current research efforts have been directed
towards the creation of innovative polymer nanocomposite materials that
incorporate potent anticorrosive agents. This focus aims to address the need for
effective corrosion protection.

Polymer nanocomposites offer a novel alternative to traditionally filled polymers.

By integrating nanoparticles at the nanometer scale and ensuring proper filler
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dispersion, polymer nanocomposites demonstrate significantly enhanced properties
compared to pure polymers or conventional composites.

Although these protection systems are effective and in current use, a significant
challenge is their susceptibility to being compromised due to easy application. If
the protective shield becomes dislodged or the coating gets damaged, the
underlying substrate becomes vulnerable to harm. Thus, integrating a protective
coating into the polymer nanocomposite could present a more advantageous

approach.
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2.1. Literature Survey

Corrosion and physico-mechanical properties of mild steel protection by organic
coating has been widely studied. The corrosion inhibition efficiency of organic
compounds is related to their extender properties of coating. Studies reported that
the organic coating mainly depends on some physicochemical properties of the
molecule such as functional groups of main extender that is filler. Show high
surface area can absorb more resin, hydrophobic in nature, anti-settling agent,

pigment stabilization, leading to the formation of a corrosion protecting film.

The effectiveness of nanocomposite coatings in protecting mild steel substrates
was attributed to their superior barrier properties when compared to pure epoxy
coatings. The key factor influencing these barrier properties and corrosion
protection in nanocomposite coatings is the quality of graphene oxide (GO)
dispersion within the polymer coating investigated by Pourhashem et al [1].
Frigione et all showed organic-inorganic hybrid nanostructured epoxies have been
introduced, and their significant potential in various applications has been
emphasized. [2]. A solvent-free method creates functionalized graphene platelets
and epoxy nanocomposites without the requirement for graphene surface
modification. This is achieved by transforming a graphene precursor into
functionalized graphene platelets within the epoxy at around 200°C studied by
Losic et al [3]. Zeng et al investigated that gelatin, an economical protein, serves as
an effective and environmentally friendly bio-surfactant for functionalizing carbon
nanomaterials. This enables the development of advanced multifunctional
polymeric nanocomposites [4]. The composite coatings exhibited exceptional
barrier properties against water molecules when compared to the pure epoxy
coating. By corrosion studies confirmed that the corrosion rate in the composite

coatings containing 0.5 wt% graphene was significantly lower, by an order of
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magnitude, than that observed in the pure epoxy coating studied by Shaun et al [5].
Xiong et al studied The corrosion resistance of the epoxy (EP) coating can be
greatly enhanced by incorporating a novel inorganic nanofiller called OMSEP. The
EP coating exhibits the highest level of corrosion resistance when it contains 3
wt% OMSEP [6]. Tomic et al studied at a volume fraction of 4.1%, the rheological
properties exhibited a notable improvement of epoxy/clay nanocomposite. This
enhancement was attributed to the formation of a continuous network comprising
tactoids, each consisting of 45-layer-thick tactoids [7]. The enhanced abrasion-
resistant coating, achieved by adding bentonite clay nanoparticles, is versatile and
can be used to protect various surfaces such as floors, pipes, automotive
components and more investigated by Madhup et al [8]. Milena et al studied the
release of DOC from the TNTs is sensitive to both time and pH conditions.
Furthermore, the nanocomposite coatings exhibited better anticorrosion properties
at pH 2 compared to pH 5 [9]. The mechanical properties of the composite are
significantly affected by the particular interface conditions between silica
nanoparticles and polyimide, especially when dealing with nanoparticle radii less
than 1,000 A reported by Odegard et al [10]. The incorporating of PANI/OMMT
nanocomposite into epoxy paint leads to enhanced anticorrosion properties,
surpassing those of PANI/MMT and pure PANI coatings demonstrated by
Navarchian et al [11]. The inclusion of the PAni.DBSA/SIO; hybrid in the epoxy
system especially when prepared with CTAB leads to a substantial one-order
increase in coating resistance, validating its strong anticorrosion performance
studied by Caldas et al [12]. Abd El-Fattah et al reported the DMA analysis in this
study reveals that chitosan can enhance the viscoelastic properties of epoxy
coatings. Additionally, both mechanical and chemical resistance are improved, and
this improvement becomes more pronounced as the chitosan loading increases, up

to and including 15% chitosan [13]. The coating’s thermal and abrasion resistances

9|Page



improved with increasing SNPs content. The coatings with 5% SNP content
exhibited the highest mechanical, thermal, and abrasion properties studied by Alam
et al [14]. Alam et al investigated the coatings displayed the highest corrosion
resistance when they contained 5% SiO, nanoparticles, especially when the
immersion time was extended to 30 days [15]. Ray et al investigated the
preparation of nanocomposites using layered silicates has been extensively
explored in various polymers, with a specific focus on biodegradable polymers.
These resulting PLS nanocomposites offer several advantages [16]. Tsaneva et al
investigated the nano-hybrid coatings exhibited strong mechanical properties and
effective corrosion protection, both with and without the use of an industrial
topcoat system [17]. Li et al investigated based on the analysis of non-volatile
matter and the impact strength of the coating film, it was determined that 12% of
3601 serves as the most suitable amount of reactive diluents [18]. The 430SS
coated with intermetallic compound coating exhibits superior corrosion resistance
compared to that coated with base coat studied by Hong Bin et al [19]. Dhoke et al
investigated at a lower concentration by 0.1% weight, the addition of nano-ZnO
particles to the coatings improved corrosion resistance, UV resistance and
mechanical properties without affecting the optical transparency of the coating.
[20]. Shen et al studied nanosilica was effectively dispersed in both polyester and
polyurethane materials at the nanoscale, resulting in enhanced hardness, abrasion
resistance and tensile properties when a small amount of nanosilica was added to
the polymer films [21]. The uniform dispersion of modified ZnO nanoparticles
within the WPU coating prevents the movement of corrosive substances to the
substrate, thus effectively averting corrosion reported by Christopher et al [22].
Tamboura et al suggested that silicone-PU based paint systems have low water
absorption and the newly developed multilayer silicone-urethane-based paint

systems are suitable as anticorrosion primers [23]. Immersion tests showed that the
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fouling behavior of the PTU/t-ZnO composite with 1 wt% t-ZnO filler decreased
compared to pure PTU. Moreover, the composite with 5 wt% t-ZnO filler exhibited
nearly no biofouling studied by Holken et al [24]. Jia-Hu et al investigated the
adhesive's performance reached its optimum when the concentration of nano-SiO,
was within the range of 2.0% to 2.5%. [25]. Explored the properties of
polyurethane/clay composites specifically focusing on strength, swelling behavior
and morphology reported by Arifin et al [26]. Adapala et al investigated to
polyurethane anti-graffiti coatings were created by adding different quantities of
OH-functional Silicone modified polyacrylate [27]. Garcia et al suggested that
when applied to carbon steel, polyurethane coatings exhibit superior adhesion and
improved anticorrosion protection compared to when applied to galvanized steel.
[28]. Thomas et al reported the studies of the electrochemical performance of anti
corrosion behaviors of polyaniline-polyurethane (PANi-PU) antifouling coating
when exposed to a 3.5 wt% Nacl solution using electrochemical impedance
spectroscopy (EIS). [29].

Valentini et al investigated the study assessed the effectiveness of epoxy coatings
in protecting mild steel when exposed to a 3.5% Nacl solution. This evaluation was
conducted using electrochemical noise analysis and EIS [30]. How erosion affects
the corrosion behavior of coal tar epoxy coatings. It utilizes EIS measurements to
evaluate this impact studied by Atapour et al [31]. Diogenes et al suggested using
Kraft lignin, a bio-polyphenol that is both safe and sourced as waste from the pulp
and paper industry, as an alternative to create an epoxy coating without coal tar
[32]. To replace coal tar, various alternative approaches have been suggested,
including bitumen (BIT), hydrocarbon resin (HR), flexibilizer (FL), and curing
agents like polyamide (PAD) or polyamine (PAM). The study formulated four
distinct coal tar-free coatings using these different approaches investigated by

Jagtap et al [33]. Zhang et al reported the study analyzed and discussed the
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electrochemical impedance spectra, breakpoint frequency (fb) and electrical
resistance of the coating in relation to both titanium content and immersion time.
This analysis also involved calculating the permittivity of the coating [34]. The
study focused on developing a light-colored epoxy coating system that uses
modified amine curing. This system provides excellent long-term protection
without the use of coal tar making it a safer and more environmentally friendly
option studied by Bum Sung et al [35]. Babic et al reported the steel panels coated
with a coal tar epoxy composition. It examined their impedance spectroscopy
characteristics both in a dry condition and while exposed to synthetic seawater and
a 10% NaOH solution [36]. The enamel coating exhibited the lowest corrosion
resistance because of its interconnected pore structure. Additionally prior damage
significantly reduced the corrosion resistance of both pure and double enamel-
coated rebar.studied by Tang et al [37]. Tang et al investigated that pure and
double enamel coatings offer superior protection to steel rebar compared to mixed
enamel coatings. This enhanced protection is attributed to their denser
microstructures with isolated pores [38]. Chaudhary reported a diglycidyl aniline
epoxy resin (DGA) was modified by treating it with crotonic acid to create a vinyl
ester resin (VER) [39]. The study explored how nano TiO; and nano SiO, impact
the bonding performance and structural characteristics of PVAc investigated by
Bardak et al [40]. Ghadami et al evaluated the comparative study between the
effect of micro and nano glass flake on anticorrosion performance of epoxy vinyl
ester coatings [41]. Nanoscale analysis of vinyl ester anti-corrosion coatings
containing glass flakes on mild steel studied by Barbhuiya et al [42]. Various
concentrations of prepared nanocomposites were mixed with poly(vinyl acetate) as
the primary matrix and then applied as a coating on carbon steel investigated by
Khademian et al [43]. This study centered on the synthesis of vinyl ester resins by

reacting epoxy resin, specifically 2,6-dimethylol-4-bromonaphthol with methyl
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acrylate and ethyl acrylate in the presence of triethylamine and hydrogquinone
reported by Chaudhary et al [44]. Kang et al demonstrated how well polymer
coatings dissolved or mixed with vinyl ester resin indicating that better solubility
and miscibility resulted in a higher Interfacial Shear Strength (IFSS). [45]. This
study presented both near-infrared (NIR) and rheological analyses of
interpenetrating polymer networks composed of epoxy and vinyl ester.reported by
Dean et al [46]. Epoxy resin of the diglycidyl ether of bisphenol-A type, when
cured with diamino diphenyl sulfone was employed as a matrix in the production
of fiber-reinforced composites to enhance their mechanical and thermal properties
studied by Hameed et al [47]. Ray et al investigated in the composites, both
flexural strength and breaking energy decreased compared to the unfilled resin.
However, the flexural modulus value increased by 13%. [48]. The study
systematically investigated how different isothermal temperatures affect the curing
extent, gel time, dynamic rheological properties, and mechanical characteristics of

vinyl ester resins (VERS)reported by Zhang et al [49].

2.2. Scope of the Investigation

Now a day, nanoparticle plays a very important role in polymeric systems as a
promising filler. The reason behind it is they can provide very low concentration of
physical, chemical and biological properties when polymers are modified with
nano fillers then it becomes polymer nanocomposites. The two most active areas of

rearch in corrosion resistant coating technology as follows
(a) Conductive polymeric coating

(b) Polymeric nano composite coating
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But conductive polymeric coating alone is not an effective barrier due to perhaps
brittle in nature. After investigation, of this study is to concentrate on the
incorporation of nano filler into polymers to create nano filler based polymer
nanocomposites. These enhance the corrosion resistance of the polymers and are
regarded as one of the most effective materials for polymeric coatings. In many

cases, the addition of pigments is unnecessary [50,51].

2.2.1. Chemistry of Corrosion and Its Mechanism

Generally shaped metals possessed from their ores which are naturally occurring
compounds by the consumption of large amounts of energy. Hence, these structural
metals can considered as being in a metastable from. And it will attend to loss their
energy by regress to compounds more or less similar to their initial state. Whereas
most of the metallic compounds particularly corrosion product have low wear as
well as mechanical strength and severely corroded portion of metal substrate is

entirely useless for its actual purpose.

Actually, all type of corrosion reactions are consider electrochemical in nature. In
anodic reaction on the surface of iron undertake in solution formed as ferrous ions
at anodic site. By oxidation iron atoms under go to ions releases electrons and
metal build up charged negatively quickly and get into prevention of further anodic

reaction or “corrosion”.

Involvements of dissolution of iron as corresponding iron ions with the salvation of
free electrons and the cathodic reaction eat up these electrons with either
progression of hydrogen and absorbed oxygen, it also depend upon essence of
corrosive environment of electrolyte. According to Fraday’s Law, the rates of
anodic and cathodic reaction must be equivalent resolved by the total flow of

electrons from anode to cathode which is named by “corrosion current” (Icorr). By
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ionic conduction the corrosion current pass through the electrolyte and its
conductivity affected by course of action in which corrosion cell operate. The
corroding iron piece is expressed as a “mixed electrode” hence anodic and cathodic
reactions are proceeding on metal surface. Simultaneously mixed electrode system

goes a complete electrochemical cell reaction on one surface of metal.
At anodic reaction (Corrosion)
Fe — Fe** + 2¢~ (i)
At cathodic reaction (Simplified)
2H* +2e” — H; (i)
H,O +% O, + 2e- — 20H™ (iii)

Reaction of (ii) is generally in acidic the range of PH is (6.5 to 8.5) and reaction
(iii) represents oxygen reduction. Commonly corrosion is associated by the
composition of solid corrosion scrap from the between anodic and cathodic

reaction products.
Fe?* + 20H™ — Fe(OH);, Iron (11) hydroxide (iv)

Pure iron (I1) hydroxide shows white but the material initially formed by corrosion

Is generally in air partial oxidation greenish colour formed.
2Fe(OH); + H,0 + % O, — 2Fe(OH)s, Iron (111) hydroxide — (v)

Moreover by hydration and oxidation reactions take place and the redish rust forms
lastly which is mixture of complex formation will depend on other trace elements
which are existent. As a result of secondary reaction the rust is precipitated and
attends to act as a sort of harmful layer which promotes further corrosion. At first,
during anodic oxidation solid corrosion product is formed which is act as a highly
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protective film and retards further corrosion, then the surface of metal said to be
“passive”.

2Fe + 3H,0 — Fe,03 + 6H* + 66~

At elevated temperature and oxidizing conditions, the production of an oxide film
formed on iron in water.

Where water Rust is the weakening of iron due to oxidation of its
collects, there atoms, otherwise known as electrochemical corrosion
is less oxygen 0,

Electrolyte Rust
H 20 FEQOiXHzo

Cathode (iron near the anode)
O, + 2H,0 + 46 — 40H"

+2 -
Fe , Fet+2e Anode

o !Electron fl_ow within the metal and
ion flow with the electrolyte.

Fig.2.1: Rust formation

Fig.2.2: Water pipeline Corrosion
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Fig.2.3: (A) Gas pipeline corrosion (B) Inner view of corroded pipeline (C)

Microbial corrosion in pipeline (D) Corrosion in boilers
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Fig.2.4: Map describing corrosion patterns in India
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2.2.2. Consequences of Corrosion

The consequences of corrosion are diverse and wide-ranging, and their impact on
the secure, dependable, and effective functioning of equipment or structures is
frequently more significant than mere metal loss. Different types of failures and the
requirement for costly substitutions can arise, even when the quantity of corroded
metal is relatively minor. A few of the key adverse consequences of corrosion can

be succinctly stated as follows:

» Decreased metal thickness can result in the deterioration of mechanical
strength, leading to structural failure or breakdown. When metal loss occurs
in specific localized regions, creating a structure resembling cracks, even a
small amount of metal erosion can cause substantial weakening.

» Dangers or physical harm to individuals resulting from structural failures or
collapses, for instance in cases involving bridges, automobiles, and aircraft.

» Downtime due to the unavailability of industrial equipment used for profile
manufacturing.

» Diminished value of products resulting from the deterioration of their
appearance.

» Contamination of fluids within containers and pipelines (for example, beer
becoming cloudy due to the release of small amounts of heavy metals caused
by corrosion).

> Penetration of vessels and pipes leading to the leakage of their contents and
potential harm to the environment. For instance, a leaking household
radiator can result in costly damage to carpets and decorations, and corrosive
seawater might enter power station boilers if the condenser tubes become

perforated.

18| Page



» Depletion of crucial surface characteristics of a metal component. These
attributes might encompass properties like friction and bearing capabilities,
the smoothness of fluid flow across pipe surfaces, electrical conductivity in
contacts, surface reflectivity, or the ability to conduct heat across a surface.

» Mechanical damage to valves, pumps, and similar equipment, or the
obstruction of pipelines due to the presence of solid corrosion byproducts.

> Increased intricacy and costs associated with designing equipment that must
withstand a certain level of corrosion and facilitate the convenient

replacement of corroded components.

2.2.3. Corrosion and its Control

The control of corrosion can be dependent on economics, well being assertion and
a number of technical remuneration. The experimental methods available for the
conservation of metal against corrosion are assorted. These are commonly based

on

Protective/ Organic/ Polymeric coating

Metallic coating

Electrochemical Control

» Cathodic protection
» Anodic protection

Use of inhibitors

These are procedures can be used discretely or in meld to control the corrosion.
Among the various techniques available for controlling corrosion, protective
coatings are considered the optimal choice in terms of both efficiency and cost-

effectiveness in the industrial scale.
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2.2.4. Corrosion Monitoring Technique

The area of corrosion measurement, control, and prevention encompasses a wide
range of technical tasks. In the domain of preventing and controlling corrosion,
there exist technical choices like cathodic and anodic protection, selecting
materials, using chemicals, and applying coatings. Corrosion measurement
employs diverse methods to gauge environmental corrosiveness and the speed of
metal loss. It's the quantitative way to assess the efficiency of corrosion control and

prevention techniques, offering feedback to optimize these methods.

¢ Physico-Chemical method
» Weight loss method

» Gasometric method

¢+ Electrochemical method
% AC Method:

» Tafel extrapolation method

» Linear polarization method

» DC Method:

> EIS (Electro Impedance Spectroscopy)
>

>

D)

L)

Faradic Rectification method

2.2.5. Mild Steel/Carbon Steel

Carbon steel stands out as the most extensively utilized form of steel. Its attributes
are chiefly influenced by the quantity of carbon it holds. Generally, carbon steel
contains less than 1% carbon. This type of steel finds application across a diverse
array of products, spanning from structural beams and car bodies to Kitchen
appliances and containers. Essentially, three categories of plain carbon steel exist:

low carbon steel, medium carbon steel, and high carbon steel. As implied by their
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names, these variants differ in their carbon content. To be precise, high plain
carbon steel contains a maximum carbon content of 1.5%, in addition to minor

proportions of silica, sulphur, phosphorus, and manganese.

2.2.6. Chemistry of Organic Coating

Polymeric coatings play a vital role in corrosion prevention by using pigmented
solutions bound by polymers. The coating's physical and chemical traits are
determined by the polymer, which is influenced by pigment type and proportion.
The volatile component regulates paint viscosity for manufacturing and
application. Formulating coatings for specific purposes remains a technological art,
as predicting their combined properties is challenging. Common polymers like
alkyds, epoxies, and polyurethanes are favored for their corrosion resistance,

adhesion, and low shrinkage, making them prominent in coating applications.

+» Constitution of paint
Paint is a liquid substance that, when applied thinly onto a surface, transforms into
a strong, clinging, and unified layer. This fluid paint consists of three key
elements: a binder or film-forming agent, pigment, and solvent. The ratios of these
components can be adjusted to create films with specific physical and application

properties according to need.

» Binders
The binder needs to transform into a compact, solid film that adheres well to all
surfaces. It imparts consistency and unity to any coating structure. The capacity of
the binder to create a dense, closely packed film is directly linked to its molecular

dimensions and intricacy [52].
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¢ Epoxy resin
Epoxy resin falls within the category of thermosetting polymers and is
distinguished by several exceptional attributes. These encompass impressive
mechanical robustness and rigidity, resistance to chemicals and corrosion, long-
lasting nature, resilience when facing diverse environmental situations, minimal
contraction upon solidification, and superb bonding to various substances [53].
Glycidyl ether epoxy resin is the most commonly employed variant, produced
through the condensation reaction involving two molecules of epichlorohydrin and
one molecule of either bisphenol-A or diglycidyl ether of bisphenol-A (DGEBA).
These resins are transparent and devoid of color, and easily common in various
grades with varying viscosities. The properties of the resin are contingent on the
degree of the reaction. Typically, these resins are employed in solution format for
coating purposes. The epoxy functionality increases the cross-linking density also

increases, resulting in the creation of a more rigid polymer [54].

CH, CH
OH 3
A | | | N
CH,-CH-CH,{O- c|: -0-CH,-CH-CH,{O- ¢ -0-CH,-CH-CH,
CH, CH,

n
Fig.2.5: Structures of DGEBA (YD128)

= Curing agents/crosslinkers for epoxy resin
Aliphatic amines act as curing agents that can solidify epoxy resin at room
temperature. The active hydrogen within primary amines reacts with an epoxy
group to produce a secondary amine. This secondary amine then engages with
another epoxy group, resulting in a tertiary amine. This tertiary amine is effective

In initiating the polymerization of epoxy groups. The nature of the amine cured
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epoxy be based on the curing speed, amount of hardener added and the grade of
epoxy resin Aromatic amines, owing to the hinderance posed by their aromatic
rings, cure slowly at room temperature. Epoxy cured with aliphatic amines exhibits
strong adhesive characteristics and exceptional resilience against water and
solvents. Anhydrides, known for their extended pot life, are commonly used as
curing agents.

Phenalkamine is derived from the reaction of cardanol with formaldehyde and
alkylamines through the Mannich reaction. The aromatic structure of phenalkamine
imparts stiffness to the epoxy resin network, while the aliphatic side chain provides
flexibility when employed as a curing agent for epoxy resin. The phenolic
hydroxyl group renders it highly reactive even at low temperatures, while the

alkylamine side chain contributes to the high up cross-linked density [56].

OH

Phenalkamines
n=0,1,23...

Fig.2.6: Structures of phenalkamine
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¢ Polyol Resin (Polyurethane)

Polyurethanes (PUs) are polymers with a urethane linkage [NH-C(O)-0], formed
by reacting components with hydroxyl (—OH) groups, like polyols and isocyanates
(—N=C=0). For the PU polymerization process, the isocyanate component must
possess a minimum of two isocyanate groups [57]. The typical representation of
castor oil's structure is triricinolein shown in Fig.7. However, it primarily consists
of about 90% ricinoleic acid and the remaining portion comprises majorly oleic
and linoleic acids. Ricinoleic acid has a hydroxyl group on the 12th carbon and a
double bond between the 9th and 10th carbons. Castor oil is liquid at room
temperature due to its double bonds, with a viscosity of approximately 700 mPa.s
at 25°C and around 1000-1500 mPa.s at 20°C. Hydrogenated castor oil is solid and
has a melting point of 86°C. Castor oil is a mixture of triols (approximately 70%),
diols (around 21%), and monols (about 7%). When castor oil polyol crosslinked
with methylene diphenyl diisocyanate (MDI), it forms a hard elastomeric polymer
[58-60].

0 P
0 OH
OWW
0 0 OH
5 OH

Fig.2.7: Structures of castor oil ricinoleic based polyol
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= Curing agents/crosslinkers for polyol resin
Isocyanates play a crucial role in producing polyurethane (PU). They consist of the
chemical group R—N=C=0. The positions of the isocyanate groups determine their
reactivity. In 4,4'-MDI, the two isocyanate groups are equivalent. However, in 2,4'-
MDI, the two groups exhibit significantly different reactivities. The isocyanate
group at the 4-position is approximately four times more reactive than the one at

the 2-position due to steric hindrance [61].

o%%

N N

Fig.2.8: Structures of 4,4’- Methyl Diphenyl Diisocyanate (MDI)

¢ Coal Tar Epoxy Resin
Coal tar-based coatings have been widely employed for over a century to safeguard
steel structures and underground pipes. Coal tar has been utilized to enhance the
anticorrosive properties of various polymeric resin binders, including epoxy,
chlorinated rubber, vinyl, and polyurethane. Coaltar epoxy paint coating has found
extensive application in marine environments, particularly in underwater areas, due
to its exceptional qualities such as extremely low permeability, high electrolytic
resistance, and strong adhesion even on surfaces with limited preparation [62].
Fractional distillation is used for the distillation of coal tar. It involves separating
components in a chemical mixture based on their differing boiling points. In the
context of tar, fractional distillation is used to separate its components by utilizing
their varying boiling points. The residual substance after distillation is known as

coal tar pitch. This material undergoes additional processing to achieve the desired
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chemical and physical characteristics of coal tar pitch. The primary goal of the coal
tar distillation process is to generate various tar acid products from the crude tar.
Coal tar epoxy coatings play a crucial role in providing effective protection for
steel structures, even when exposed to challenging atmospheric conditions and
submerged environments. Our research involved developing a light-colored epoxy
coating system cured with revised amines. This system demonstrates excellent
protective performance over an extended service period, without the need for tar
[63].

CHx
CH; _CHCH @-C—@ Q- CHCHCH @—C—@O CH: (,H——CH
CH;

2

Fig.2.9: Structures of high build epoxy of DGEBA (Epotech, 1000F)

= Curing agents/crosslinkers for coal tar epoxy resin
Diethylene Triamine (DETA) is a linear ethylene amine compound that contains
two primary and one secondary nitrogen atom. It is clear and colorless appearance,
along with an odor reminiscent of ammonia. DETA exhibits high solubility in both
water and organic solvents. Its agueous solution possesses alkaline properties due
to its nature as a weak base. Notably, DETA is produced as a byproduct during the
manufacturing process of ethylene diamine from ethylene dichloride. Diethylene
triamine used curing agent in epoxy resins for applications such as epoxy
adhesives and other thermosets. When it reacts with epoxide groups, it undergoes

N-alkylation, resulting in the formation of crosslinks within the material [64,65].
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Fig.2.10: Structures of Diethylene Triamine (DETA)

** Vinyl Ester Resin
Vinyl Ester (VE) matrix systems are quite similar to conventional unsaturated
polyester (UP) systems. They both use a base oligomer and reactive monomer that
undergo a free-radical cross-linking cure mechanism to produce the final thermoset
polymer network. Similar to UP systems, both vinyl ester (VE) oligomers and
reactive monomers possess unsaturation sites that facilitate the formation of
covalent bonds. Vinyl ester oligomers are created by reacting an unsaturated
carboxylic acid (such as methacrylic or acrylic acid) with a foundational epoxide
compound. The commonly employed epoxide in commercial vinyl ester (VE)
systems is the diglycidyl ether of bisphenol A (DGEBA) epoxy. Nevertheless,
alternative epoxy chemistries like novolacs are utilized for specialized VE
formulations. DGEBA epoxy contains only terminal epoxy functional groups,
which undergo a reaction with the carboxylic acid, resulting in a molecule
featuring terminal unsaturation, as depicted in Figure 11. This differs significantly
from typical unsaturated polyester (UP) oligomers, where unsaturation is present at
multiple locations within the molecule. The lower ester content and reduced
unsaturation in vinyl ester (VE) oligomers contribute to enhanced chemical and

hydrolysis resistance, distinguishing them from UP systems [66].
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Fig.2.11: Structures of vinyl ester resin

= Curing agents/crosslinkers for vinyl sster resin

Vinyl ester resins undergo a curing process through a copolymerization reaction
initiated by free radicals. The curing procedure begins with the introduction of a
chemical initiator into the resin solution. This initiator decomposes under heat or
radiation, generating the necessary free radicals for the curing process. The free
radicals initiate the polymerization reaction by breaking the unsaturation (double
carbon) bonds found in the end groups of the oligomer and the reactive monomer.
Subsequently, these sites connect and form a three-dimensional crosslinked
thermoset network. Because of their inherent instability, the organic peroxides
utilized in curing vinyl ester (VE) resins are combined products that include a
portion of the particular peroxide within a carrier medium. At room temperature,
the decomposition rate of most peroxide initiators is insufficient for practical
composite production. Therefore, an accelerator is employed to enhance the
decomposition rate. The accelerator is introduced into the resin solution at
relatively low concentrations (usually between 0.1 to 0.8%) before the peroxide
initiator is added. Upon the addition of the initiator to the resin, the accelerator
prompts the peroxide to decompose significantly faster. It's important to note that
accelerators must never be directly mixed with peroxide initiators, as this could
lead to a hazardous and explosive decomposition reaction. However, when
combined correctly, accelerators can be employed to enhance the decomposition of

peroxide to a suitable rate for fabricating materials at room temperature. Methyl
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Ethyl Ketone Peroxides (MEKP) are likely the most extensively employed organic
peroxide initiators for curing at room temperature. MEKP solutions manifest as
transparent, colorless liquids and are typically utilized alongside metal salt cobalt

octoate as accelerators [67].

» Pigments
Pigments can be described as solid particles that are mostly insoluble in the paint
binder and solvents, capable of being dispersed within paint components to achieve
desired paint properties. Within this broad pigment definition, two categories exist:
true pigments and extender pigments. True pigments are utilized for color and
opacity, while extenders are added to modify gloss and enhance economic aspects
of paints. Pigments are further classified as inorganic and organic. Inorganic
pigments encompass whites, extenders, and a variety of colors, both naturally
occurring and synthetic. On the other hand, organic pigments are primarily

synthetic in nature [68].

e Rutile TiO2 powder

Titanium dioxide stands out as the most commonly used white pigment due to its
exceptional brightness and remarkably high refractive index, surpassed by only a
few other substances. Ideally, the crystal size of titanium dioxide should be around
220 nm (measured using an electron microscope) to achieve optimal reflection of
visible light. However, abnormal grain growth often occurs in titanium dioxide,
particularly in its rutile phase. This abnormal grain growth results in a few
crystallites deviating from the average crystal size and altering the physical
properties of TiO,. The purity of the pigment greatly influences its optical
properties in the final product [69].
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Fig.2.12: Structures of rutile TiO,

» Additives
Aside from the major components, paint can include small amounts of various
additives such as driers, plasticizers, flexibilizers, anti-skinning agents, wetting
agents (e.g., BYK-204), air-releasing agents (e.g., BYK-530), slip agents (e.g.,
BYK-333), anti-settling agents, anti-fouling agents, and fungicides. These
additives serve vital roles in paint formulations, each added for specific purposes.
Typically, they are present in low concentrations, around 1-2% of the entire
formulation. These additives contribute to package stability, ease of application,

appearance, and corrosion resistance in the final coating [70].

» Extenders
H.Mgs;01,Si4, commonly known as talc or soapstone, is an odorless mineral
composed of a mixture of clay minerals and hydrated magnesium silicate. It stands
out as an ordinary silicate mineral due to its exceptional softness, setting it apart

30|Page



from nearly all other minerals. Talc is a natural mineral that forms soft sheets
comprised of a layer of hydroxyl octahedral/magnesium-oxygen wedged between
two layers of tetrahedral silica. The top surface of this sheet is referred to as the
basal plane. Talc mineral lacks active ions and hydroxyl groups, rendering it inert
and hydrophobic. It remains insoluble in weak acids, alkalis, and water. Possessing
minimal chemical reactivity, it is non-flammable and displays amorphous
properties along with bulk density. Upon reaching 900°C, talc loses its hydroxyl
groups significantly, and at temperatures exceeding 1050°C, it undergoes re-
crystallization into various forms. In the paint industry, talc is employed as a

polishing and slipping agent [71].
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Fig.2.13: Structure of talc/soapstone

e Quartz Silica

Quartz is chemically composed of silicon dioxide (SiO;), comprising 46.74%
silicon and 53.26% oxygen by weight. It holds the distinction of being the most
abundant mineral on Earth. Quartz adopts a three-dimensional structure consisting
of silica tetrahedra. While predominantly crystalline in its arrangement, the degree
of crystallization may vary. The macro-crystalline type is characterized by
individual crystals visible to the naked eye. In contrast, the micro-crystalline or

cryptocrystalline variety displays aggregates of crystals that are only observable
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under high magnification. Transparent quartz tends to be macro-crystalline, while

the cryptocrystalline variations appear translucent or mostly opaque [72].
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Fig.2.14: Structure of qurtz silica

e Glass Flake

An effective technique to enhance the performance of organic coatings in harsh
environments involves reinforcing the polymer matrix with fillers. This
reinforcement can yield improved corrosion protection through mechanisms like
mechanical barrier formation due to inert salt precipitation or electrochemical
protection through galvanic or passivation processes. Glass flake is a specific type
of filler that has been employed in the coating industry for years to enhance the
performance of epoxy coatings in highly corrosive settings. Previous researches
have demonstrated that the incorporation of glass flakes into organic coatings
enhances resistance against chemical ions, moisture, and gas diffusion. Glass flake

particles with a high aspect ratio, signifying a large surface area and low thickness,
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can align themselves within the polymer matrix parallel to the substrate. This
arrangement creates a convoluted pathway for aggressive substances attempting to
permeate the coatings, thereby extending the coating's lifespan.Apart from
reducing coating permeability, glass flakes offer additional benefits compared to
other fillers. These benefits encompass abrasion resistance, mechanical hardness,
chemical inertness, and the absence of color transfer to the coating. These
attributes often make glass flake a favored filler choice for developing coatings

intended for extreme environments [73].

> Solvent/Thinner

The significance of the volatile component in a coating has often been overlooked,
but it certainly has an influential role. This component actively dissolves the resin,
decreasing the viscosity of the polymer to an appropriate consistency for
application. It aids in effectively wetting the substrate and regulates the drying or
setting rate of the coating film after application. Consequently, it profoundly
impacts the durability of the coating. It's rare to employ a solitary solvent for a
resin system. Typically, a combination of solvents, known as a solvent blend, is
utilized [74].

2.2.7. Fillers (modifiers) for Improving the Corrosion Resistance of
Polymeric Coatings

Solid particles, known as fillers, are incorporated into polymeric coatings to
enhance properties and potentially reduce expenses. When choosing fillers for
coatings, several factors need consideration, such as:

1. Purpose: Determine the intended function of the filler, whether it's for improved
properties or cost reduction.

2. Compatibility: Ensure the chosen filler can blend well with the polymer matrix.
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3. Particle Size and Distribution: Evaluate the size and uniformity of filler
particles.

4. Aspect Ratio: Consider the length-to-width ratio for fillers like fibers or
platelets.

5. Chemical Compatibility: Check for potential reactions between the filler and
other components.

6. Surface Treatment: Assess if surface modifications are beneficial.

7. Reactivity: Evaluate potential interactions with other additives.

8. Thermal Stability: Consider the filler's resistance to high temperatures.

9. Characteristics of the coating

10. Easement of production and application of the coating to the substrate
2.2.8. Fillers (modifiers) which Influence Barrier Properties

Permeability of a coating refers to the ability of small molecules to diffuse through
the coating. In coatings used to enhance corrosion resistance, it's essential that they
restrict the passage of liquid or gaseous molecules. As most filler particles are solid
and non-porous, small molecules are hindered from passing through and are
compelled to take alternate paths around these particles. A coating with low
permeability for small molecules tends to exhibit robust barrier properties. The
shape of filler particles also plays a significant role in regulating permeability, as
particle shape influences their alignment during film formation. For instance,
platelet-shaped fillers like talc or mica tend to decrease permeability. Fillers
capable of reducing permeability can enhance corrosion resistance by creating a
barrier that impedes the diffusion of molecules responsible for corrosion, such as
oxygen, water, salt, and acids. Furthermore, fillers with a high pH can also mitigate

corrosion due to the accelerated corrosion rate in acidic environments.
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2.2.9. Nanotechnology/Nanoparticle

Nanotechnology has become a rapidly growing field in the present era. In the
global market, nanoparticle-based coating/paints are being extensively utilized.
The incorporation of nanoparticles brings about notable changes in the attributes of
protective coatings. Nanoparticles exhibit distinct properties compared to the same
materials at macroscopic scales. These enhanced characteristics are closely linked
to various physical factors like size, distribution, morphology, phase, and more.
These unique nanoparticle properties are primarily a result of confinement within
guantized nano-aggregates, a high surface-to-volume ratio, and a significant

abundance of surface-reactive atoms/molecules.
2.2.10. Functionalized Nanoparticle

Nanoparticles (NPs), sized between 1-100 nm, possess unique chemical and
physical properties, making them versatile materials. Advances in NP synthesis
have led to diverse applications in fields like nanomedicine, biomedical science,
and marine engineering. Despite their benefits, NPs exhibit drawbacks such as
surface property limitations and interactions with host media and other species.
Functionalization, achieved by adding specific chemical groups, can address these
issues. This process enhances NPs properties and compatibility, preventing
agglomeration and improving physical, chemical, and mechanical attributes. This
functionalization expands possibilities for developing multifunctional tools in areas

like anticorrosion and nanotechnology applications.
e Application of Nanoparticles in Corrosion Mitigation

The improvement in the properties of the nanocomposites coatingsfor

anticorrosion applications are described below:
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» The inorganic constituents (nanoparticles) play a role in enhancing the
scratch resistance and adhesion of metallic substrates.

» The organic component (nanoparticles) or active site enhances coating
density and flexibility, while also promoting better compatibility with
organic paint systems.

» To enhance UV-blocking capabilities and provide outstanding photo and
thermal stability.

> To create coatings with anti-scratch and anti-abrasion properties.

> In a self-healing system, the coating's functionality is further restored by
releasing self-healing agents after the initial repair, thereby forming a
protective barrier coating within the defect.

» To create super-hydrophobic coatings.

» To formulate smart nanocapsules containing corrosion inhibitors for

enhanced corrosion protection.
2.2.11. Nano Fillers

Incorporating a nano filler into an epoxy coating can prove advantageous for
enhancing the coating's scratch resistance. This improvement leads to increased
durability and overall performance of the coating. Nanofillers come in various
types, including metals (such as gold, silver, platinum, zinc), semi-metals (like
silica nanoparticles, layered silicates), and non-metals (organic) (including carbon
nanotubes, nanofibers, and graphene). Fillers with at least one dimension equal to
or smaller than 100 nm are categorized as nanoparticles. Nanofillers are commonly
classified as: OD nanoparticles: All dimensions are below 100 nm (e.g., spherical
silica).1D nanoparticles: One dimension exceeds 100 nm while others remain
below (e.g., Carbon nanotube, Halloysite nanotube). 2D nanoparticles: Two
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dimensions exceed 100 nm, one remains below (e.g., graphene sheets).
Nanomaterials represent a fascinating advancement in modern times. Among their
key applications is the utilization of nanofillers to enhance polymer performance.
Nanofillers can have a profound impact on the properties of incorporated
polymers, including optical, electrical, mechanical, thermal, and fire retardant
attributes, even when used in minimal quantities. The nanoparticles’ minute size
allows them to penetrate exceedingly small pores within the polymer matrix,
ultimately bolstering the strength and longevity of coatings [75-78]. The
incorporation of nanofillers into coatings remains a highly active and dynamic area
of research. A diverse array of nanoparticles is utilized, including ZnO [79], Ag.O
[80], ZrO, [81], clay [82], SiO, [83], Fe O3 [84], MoS; [85], Zeolite [86],
halloysite [87], CNT [88], and graphene [89,90]. A wide range of nanoparticles
greatly enhances the barrier properties of coatings, effectively preventing the

infiltration of corrosive agents such as water, oxygen, and chloride ions [91,92].
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Fig.2.15: Different dimension of nano particles
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2.2.12. Nano Organosilane Particles as Nano Ffiller (Selected

Materials)

Fumed silica is a finely dispersed, amorphous form of silica. It is produced through
high-temperature hydrolysis of silicon tetrachloride in an oxyhydrogen gas flame,
give highly pure product. In the Aerosil (R972) manufacturing process, the primary
particles that are created are nearly spherical and devoid of pores. This product
exhibits a specific surface area (measured using the BET method) of 110 + 20
m2g!, with a primary particle size (PPS) of 12 nm and achieved by treating SiO;
with dimethyl dichloro silane (DDS). Hydrophobic fumed silica is employed to
enhance and sustain the flow characteristics of powders, thicken water-resistant
systems, and develop anticorrosive coatings. The schematic chemical structures of
these aforementioned organosilane-modified silica nanoparticles are depicted in
Fig.2.16. It offers rheology control for intricate liquid systems and displays water
resistance, facilitating hydrophobization of liquid systems. In coatings, it serves as
an anti-settling agent, aids in pigment stabilization, and contributes to enhancing

corrosion protection [93].
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2.2.13. Polymer Nanocomposite Coatings

Composites are widely recognized materials in the field of engineering. There are
untold natural (e.g., wood, bone) and commercial (e.g., concrete) composites.
Polymer composites are crucial materials used in various applications.
Conventional (micrometer scale) composites have inherent property limitations.
Nanocomposites emerged in response to stringent requirements for modern
advanced materials. Nanoscale fillers have significantly higher aspect ratios than
micrometric fillers, resulting in much greater surface area-to-volume ratios in
nanocomposite coatings compared to polymer microcomposites made from the

same materials [94].

Nanocoatings typically contain at least one component in the nanoscale. Because
of the extremely small particle sizes, they are highly effective at filling ultra-small
spaces and preventing corrosive elements from diffusing into the substrate's
surface. Furthermore, the high density of nanocoating grain boundaries improves
adhesion properties, extending the coating's lifespan [95]. Nanocoatings also offer
enhanced mechanical and electronic properties, making them stronger and harder
[96]. Nanocoatings also exhibit self-healing properties [97], self-cleaning

capabilities [98], and high scratch and wear resistance [99].
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Fig.2.17: Distribution of nanoparticle in polymer matrix

A polymer nanocomposite is a solid material comprising at least two distinct
phases. The primary or continuous phase is a polymer, while the secondary or

dispersed phase is a nanofiller.

The morphology of the nanocomposite varies depending on the degree of
interaction between the polymer and the nanofiller, and a well-exfoliated system

yields the most favorable results, as shown in Fig.2.17.

Nanocomposites can be created through both complex and straightforward
processes. Because nanocomposites consist of nanosized particles with substantial
surface area, the interface between these particles plays a crucial role in
determining the ultimate properties of the nanocomposites. Nanocomposites can be
produced using processes similar to those employed for conventional polymer
composites. The size, shape, and volume fraction of the nanoparticles are key

factors that determine the properties of the nanocomposite.
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Polymer nanocomposite coatings are created by adding nanoparticles to the
polymer coating, leading to a substantial enhancement in the coating's mechanical
properties [100,101]. Epoxy coatings modified with silicon dioxide nanoparticles
exhibit notable improvements in impact strength, possibly attributed to two

mechanisms.

1) The nanoparticles fill in pinholes and voids within the thin film coating,
reinforcing the matrix by reducing the overall free volume and increasing crosslink
density. Consequently, the cured nanocomposite coating exhibits reduced chain

segmental motions and enhanced stiffness.

1) Nanoparticles can help prevent the disaggregation of epoxy. In epoxy coating,

the inclusion of nano SiO; increased Young's modulus by up to 20 times [102].

Incorporating nanofillers into polymer coatings can improve thermal stability by
serving as excellent insulators and barriers to the mass transport of volatile
products generated during decomposition [103]. The addition of nanofillers to the
polymer coating alters its glass transition temperature (Tg), and in numerous

instances, an increase in Tg has been documented [104-106].

In epoxy-based coatings, the incorporation of metal oxide nanoparticles

significantly enhanced the corrosion resistance of coated steel [107].

Halloysite clay plays a significant role in this context. The addition of nanosilica
into epoxy coatings reduced friction and wear at low concentrations. The
dispersion of layered silicates as a reinforcing phase in polymer coatings is one of

the most important types of nanocomposites [108-110].
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2.2.13.1 Synthesis of Polymernanocomposite Coating

Developing successful polymer nanocomposite coatings presents two challenges.

a) The first challenge is ensuring chemical compatibility between the polymer

matrix and the nanofiller at the nanoscale.
b) Uniform distribution of the nanofiller within the polymer matrix.

The quality of the polymer/nanofiller composite is significantly influenced by the
interfacial interaction between the nanofiller and the polymer matrix, as well as the
degree of nanofiller dispersion. These two critical features govern both the
morphology of the polymer/nanofiller composite and its bulk properties, including
strength, modulus, thermal stability, and more [111]. Enhancing the compatibility
between the nanofiller and the polymer matrix can facilitate achieving a
homogeneous dispersion of nanoparticles within the polymer matrix. In many
cases, the van der Waals attraction between nanoparticles tends to promote the
formation of clusters and agglomerates. Furthermore, when hydrophilic
nanoparticles are combined with hydrophobic polymers, their lack of compatibility
can lead to weak interfacial adhesion, ultimately resulting in inadequate dispersion
and subpar material properties. To address these interfacial challenges, various
synthesis methods have been developed to control the chemistry and morphology
of polymer/nanofiller composites. There are three primary synthesis procedures for
creating these composites: melt blending, solution blending, and in situ
polymerization [112]. The solution blending technique typically results in superior
dispersion of nanofillers within the polymer matrix when compared to melt
blending, primarily because of its lower viscosity and intense agitation. However,
it's worth noting that melt blending is a more cost-effective and environmentally
friendly option, as mentioned in reference [113]. On the other hand, the in situ
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polymerization method is highly versatile and is also likely to yield uniform

dispersion, as suggested in reference [114].
a) Solution blending

Solution blending involves using a solvent to suspend the nanofiller, and in the
case of layered nanofillers, this can lead to swelling of the layers, facilitating the
exfoliation of the filler [115]. When this mixture is combined with the polymer, the
polymer chains can intercalate and displace the solvent within the interlayers of the
filler [116]. After the solvent is removed, typically by vaporization, the intercalated
sheets reassemble to form a polymer/nanofiller composite. Achieving proper
dispersion of the nanofiller usually requires strong agitation. In recent times,
emulsifier stirring and ultrasonication are employed to enhance nanofiller
dispersion. Despite the advantage of producing relatively uniform nanofiller
dispersion, one drawback of the solution blending method is the use of large
amounts of organic solvents. As a result, on an industrial scale, melt blending is

often preferred for its economic and environmental advantages.
b) Melt blending

In the melt blending method, the desired quantity of nanofiller is combined with
the polymer at a temperature above the polymer's softening point. One significant
advantage of this approach is that it doesn't involve the use of solvents, making it a
more cost-effective and environmentally friendly process. For thermoplastics,
blending can be integrated into processing methods like extrusion and injection
molding. Melt mixing can be executed as a batch process, for instance, in an
internal mixer, or as a continuous process, such as in an extruder [117]. Key
mixing parameters include residence time, shear, temperature, and pressure. While

layered nanofillers can be effectively exfoliated and dispersed within the polymer
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matrix using melt blending, it's worth noting that this method may sometimes lead
to inadequate filler dispersion, particularly at high filler concentrations, resulting in
aggregation [118]. As an alternative, in situ polymerization is often considered

more effective in achieving uniform dispersion in such cases.
¢) In situ polymerization
In situ polymerization can be done in different ways.

v" In situ polymerization with nanoparticles or in situ nanoparticle synthesis
with the polymer present.

v Nanoparticles and polymer are concurrently synthesized in situ.

The in situ polymerization technique is capable of producing intercalated and/or
exfoliated structures, leading to enhanced thermal stability and mechanical
properties, especially when using layered fillers, as noted in reference [119]. To
further enhance the quality of the nanocomposite, ultrasonication can be employed

In conjunction with in situ polymerization, as suggested in reference [120].
d) Ultrasonication

Ultrasonication is a commonly employed technique for achieving effective
dispersion of nanofillers. It delivers a substantial amount of energy, disrupting both
physical and chemical interactions. Consequently, ultrasonication finds widespread
use in dispersing, emulsifying, crushing, and activating particles [121]. Moreover,
ultrasound energy has the capability to break C—C bonds, resulting in the
formation of radicals. These radicals can then bond to the surface of nanofillers in
nanocomposite systems, thereby enhancing the interaction between the polymer
and the filler [122]. Numerous studies have investigated the efficacy of

ultrasonication in the preparation of nanocomposites [123-126] providing a body
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of research in this area. In specific applications, high-power ultrasound has been
successfully employed to disperse silica agglomerates in ethylene propylene diene
monomer rubber (EPDM) [127].

2.2.14. Depositing Polymer Nanocomposite Coatings over Metal

Substrates.

Nanocomposite coatings can be applied to metal substrates using mechanical,
physical, or chemical methods [128]. Mechanical deposition includes spray, paint,
spin coating, or dip coating. Physical methods involve bonding, condensation, or
sputtering. Chemical deposition includes plating, sol-gel, etc. These techniques for
thin film deposition on the substrate surface influence properties like uniformity,

strength, fracture toughness, and ductility [129].
2.2.14.1. Corrosion Resistance

The primary factors contributing to the high corrosion resistance of epoxy
nanocomposite coatings are the crosslink density of the matrix and its barrier
properties. However, with prolonged exposure to a corrosive environment, these
coatings can develop holes and defects, which can allow corrosive substances to
easily penetrate and compromise the coating's effectiveness [130]. The
incorporation of layered nanofillers can introduce tortuous pathways for the
movement of corrosive agents, unlike neat epoxy coatings, thereby enhancing
corrosion resistance [131]. Epoxy coatings exhibit outstanding chemical resistance
and strong adhesion to substrates. Nonetheless, they possess inherent brittleness
and limited resistance to the initiation and propagation of cracks [132]. The
incorporation of nanofillers can mitigate the brittle nature of epoxy, thereby

preventing or delaying the formation of cracks. Polymer nanocomposite coatings
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offer multiple avenues for reducing corrosion. They create a more effective
protective barrier compared to neat polymers, enhance the electrical conductivity
of the film, and promote oxygen reduction on the polymer's surface, reducing
corrosion reactions on the metal surface, as illustrated in Fig.2.18.
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Fig.2.18: Corrosion prevention by creating an oxygen deficiency on the metal

surface

Electrochemical impedance spectroscopy (EIS) is a commonly employed
technique for studying corrosion resistance. It is an electrochemical method that
involves the use of three electrodes: a working electrode, a reference electrode, and
a counter electrode. EIS measures the electrical impedance of a system over a
range of frequencies to analyze its electrochemical behavior and provide insights
into corrosion processes and resistance. The instrument used for electrochemical
Impedance spectroscopy (EIS) can measure impedance across a wide range of
frequencies by applying an alternating current (AC) voltage with specific
amplitude to the circuit. These measurements are then recorded as a function of
immersion time, allowing researchers to track how impedance changes over time
and gain insights into the corrosion behavior of the system. In corrosion studies
using electrochemical impedance spectroscopy (EIS), resistance directly reflects

the corrosion resistance of the coating, while capacitance indicates the water
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uptake of the coating. Interestingly, the results demonstrate that there exists an
optimal concentration of nanoclay that yields the highest corrosion resistance.
Beyond this optimal concentration, corrosion resistance starts to decline, possibly
because of increased agglomeration of the clay particles, as discussed in reference
[133].

2.2.14.2. Barrier Properties

The corrosion resistance of a coating is influenced by its barrier properties, and the

permeability of moisture or oxygen through polymers depends on factors such as:

a) The structural characteristics and polarity of the polymer chains are key factors

influencing the permeability of moisture or oxygen through polymers.

b) Intermolecular interactions, such as hydrogen bonding, also play a significant

role in determining the permeability of moisture or oxygen through polymers.

¢) Molecular weight and polydispersity, which refers to the distribution of
molecular weights within a polymer sample, are additional factors that can affect

the permeability of moisture or oxygen through polymers.

d) The degree of crosslinking or branching in the polymer structure is another
crucial factor that can influence the permeability of moisture or oxygen through

polymers.

e) The method of synthesis used to create the polymer can also impact its barrier
properties and, consequently, its resistance to the permeation of moisture or

oxygen.
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f) The crystallinity of a polymer, which refers to the degree of molecular order and
packing in its structure, can significantly affect its barrier properties and resistance

to the permeation of moisture or oxygen.

Polymer nanocomposites are known for their excellent barrier properties [134].
These nanocomposites, which incorporate nanofillers like clays, graphene, carbon
nanotubes, chitosan, etc [135-137], exhibit enhanced barrier properties. The
dispersion of nanofillers in the polymer matrix impacts the coating's barrier

properties in two main ways.
2.2.14.3. Mechanisms of Corrosion Protection by Coating

The application of organic coatings on metals is one of the oldest methods of
corrosion control, dating back to ancient times. While surface coatings can only
provide temporary protection against corrosion, choosing the right paint can
significantly slow down the corrosion process. This can extend the structural
integrity and lifespan of steel structures over time, making them durable and
reliable. The three main methods for controlling corrosion on ferrous substrates
using coatings are barrier protection, cathodic protection, and inhibitive protection.
Barrier protection offers strong resistance to the penetration of water, ions, and
oxygen through the paint film to reach the substrate. Barrier coatings have the
additional capability of serving as ionic filters [138]. While water may seem to
pass through most paint films relatively easily, the same cannot be said for ions,
which face greater resistance and limitations in permeating these coatings. Water
that manages to penetrate the coating is typically relatively ion-free, resulting in
high electrical resistance. This high resistance hinders the corrosion process at the
interface between the paint and the substrate. Consequently, when formulating

barrier coatings, it's essential to design them in a way that resists the transmission
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of ionic species, in addition to preventing oxygen permeation. Whether providing
protection through resistance inhibition or oxygen deprivation as shown in Fig.2.19
the fundamental requirements of a barrier system are as follows: the coating should
be impermeable to ionic substances and, if feasible, to oxygen. Furthermore, it
should retain adhesion to the metal even under wet service conditions.
Impermeability to ionic solutions and oxygen is considered more practical and
crucial in preventing corrosion beneath barrier films. These factors are believed to
be rate-determining for corrosion under such films. In contrast, the permeability of
the film to water is generally thought to have a more direct impact on the loss of
adhesion, ultimately leading to corrosion. It's worth noting that corrosion under a
barrier film typically initiates only after adhesion has been compromised.
Therefore, if adhesion can be maintained under wet service conditions, it ensures

effective protection, as discussed in reference [139].
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2.2.15. Enhance Mechanical as well as Wear Properties of Coating

Nanocomposites exhibit significantly improved mechanical properties, including
stiffness and strength, when compared to microcomposites [140,141]. Proper
dispersion and alignment of nanoparticles can notably enhance the stiffness of the
polymer matrix. Figure 11 illustrates a comparison of the modulus of an injection-
molded composite based on nylon 6 filled with nano organoclay (MMT platelets)
and micro glass fibers. In the comparison, the modulus of the nanocomposite is
twice that of the microcomposite, despite the fact that the microcomposite contains
more than three times the mass of glass fibers compared to MMT platelets.
Additionally, when the platelets are aligned within the plane of the sample, this
reinforcement effect is observed uniformly in all directions within the plane. In
contrast, fibers reinforce only along a single axis in the direction of their

alignment, as indicated in references [142-143].

Moreover, the nanocomposite exhibits a significantly superior surface finish
compared to the microcomposite, attributed to the nanometer size of the clay
platelets. Various properties of nanocomposites are influenced by the size and
geometry of nanoparticles, including Young's and shear moduli, thermal expansion
coefficient, as indicated in references [144-150,152]. The interface between
nanoparticles and the matrix is of utmost importance, and the development of
mechanical properties relies on proper interfacial adhesion [144, 145, 147, and
151].
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3.1. Research Objectives

The objective of this study is to focus on the combination of polymers with nano
fillers in the form of composite polymer based nanofiller which enhances the
corrosion resistance of polymer and this is considered to be one of the most
efficient polymeric coating materials and majority of the cases these fillers addition
of unnecessary of pigments.
» Life of conventional organic coating and lining used for pipeline and
structure is 5 to 15 years because of low physical & chemical property
» To develop and characterized nanocomposite organic coating of much

higher physical and chemical resistance properties and thereby increasing

life of pipeline structures substantially
There is need to develop better coating material by using nano fillers.
Nanotechnology applications in coatings have shown remarkable growth in recent
years. This is the result of two main factors:
1) Increased availability of nano-scale materials, such as various types of
nanoparticles, and
2) Advancements in processes that can control coating structure at the nanoscale.
Our focus should be out of this organo silane (silica) is selected for nano filler
which will give a lot of efforts and improve coating technologies mostly like
corrosion resistant because of greater surface activity with well dispersion of
nanoparticales, in the resin through containing cross linking agent with lot of
linkage group and gives three dimensional network rigid structures with desirable
properties. It has remarkable physical properties including extreme scratch
resistance, ultra high gloss, very high water and chemical resistance, extreme UV
resistance, remarkable flexibility and cleaning properties. Different formed of

silica is also economically and environmentally eco friend which is easily available
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and industrial affordable. Quartz silica used as conventional filler which is used for

comparative study of both composite coatings.

3.2. Plan of the Work

3.2.1. Development of Epoxy based Composite Coatings through
Solution Blending Route and their Characterizations

(i) Quartz silica conventional filler based epoxy composite coating
(i1) Organo silane nano filler based composite coating

(iii) Quartz silica conventional filler and 160A glass flake based epoxy composite
coating

(iv) Organo silane nano filler and 160A glass flake based epoxy composite coating

(v) Quartz silica conventional filler and 160N glass flake and based epoxy
composite coating

(vi) Organo silane nano filler and 160N glass flake based epoxy composite coating.

3.2.2. Development of Polyurethane based Composite Coatings
through Solution Blending Route and their Characterizations

(i) Quartz silica conventional filler based polyurethane composite coating

(if) Organo silane nano filler based polyurethane composite coating

3.2.3. Development of Coal Tar Epoxy based Composite Coatings

through Solution Blending Route and their Characterizations

(i) Quartz silica conventional filler based coal tar epoxy composite coating

(if) Organo silane nano filler based coal tar epoxy composite coating
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3.2.4. Development of Coal Tar Epoxy based Composite Coatings
through Solution Blending Route and their Characterizations

(i) Quartz silica conventional filler and 160A glass flake based vinyl ester
composite coating

(if) Organo silane nano filler and 160A glass flake based vinyl ester composite
coating

(iti) Quartz silica conventional filler and 160N glass flake and based vinyl ester
composite coating

(vi) Organo silane nano filler and 160N glass flake based vinyl ester composite
coating.

3.3. Characterizations

3.3.1. Techniques of Characterization
So, following characterizations technique to be carried out:

» FTIR of each film analysis to be carried out before and after salt spray of
each film

» XRD of cured each composite film

» Particle size determination by Transmissioin Electron Microscope (TEM) of
each nanocomposite film

» Morphology study by Scanning Electron Microscope (SEM) of each
composite film

» Thermal (TGA-DTA) study of each composite film

3.3.2. Physico-Mechanical Testing
Following test to be carried out as per ASTM method:
» To determinate DFT (Dry Film Thickness) of each coated MS panel
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>

Coating holiday test of all coated MS substrate
Determination of cross linking density of all composite films
Adhesion test
= Pull off (Before and after of salt spray of each coated panel)
Flexibility test of each coated tin panel
Hardness test
= Scratch Hardness of each coated MS panel
= Pencil Hardness of each coated MS panel
Falling ball impact test of each coated MS panel
Abrasion resistance of each coated MS panel
Gloss meter to measure the specular reflection angle of a coated surface of
MS panel
Water permeability test of each composite film

Chemical resistance test of each composite film

3.3.3. Corrosion Studies

Corrosion Studies of all composite coatings to be carried out following method:

>

>

Potentiodynamic Polarization (PD) study of uncoated and coated MS rod
To evaluate corrosion inhibition efficiency after PD studies

To calculate porosity of each composite coating after PD studies

Electro Impedance Spectroscopy (EIS) study uncoated and coated MS rod

To determinate charge transfer resistance (Rct) after EIS studies

Salt Spray Chamber (SSC) test will be carry out 2200 hours for each sample
of cured panel and film

Cathodic disbondment (CD) study of each coated panel

Optical images analysis before and after corrosion studies of all composite
coated MS rod
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Flow Chat of Plan of the Work

Plan of the work |E> Development of composite coatings through solution blending route

Characterization

Development of composite coatings through solution blending route & their characterization

~~ ~z

~~ <z

Epoxy Composite Polyurethane
Coatings Composite Coatings

Coal Tar Epoxy Vinyl Ester
Composite Coatings Composite Coatings

2 (1) Quartz Silica based

epoxy composite coating X
coating

2 (2) Organo Silane nano filler

> (3) Quartz Silica and 160A glass
flake based composite coating

3> (4) Organo Silane nano filler and
160A glass flake based epoxy
composite coating

2 (5) Quratz Silica and 160N glass
flake based epoxy composite coating

2 (6) Organo Silane nano filler and
160N glass flake based epoxy
composite coating

Techniques Characterization:

»FTIR of each film analysis to be carried out
before and after salt spray of each film

»XRD of cured composite film

=2 (1)Quartz Silica based [~ (1) Quartz Silica based coaltar
polyurethane composite

based epoxy composite coating # (2) Organo Silane nano
filler based polyurethane coating
composite coating

(1) Quartz Silica and 160A glass flake based vinyl
ester composite coating

(2) Organo Silane nano filler and 160A glass flake b
vinyl ester based composite coating

(3) Quartz Silica and 160N glass flake based vinyl €
ester composite coating

(4) Organo Silane nano filler and 160N glass flake ]
based vinyl ester composite coating

€poxy composite coating

3 (2) Organo Silane nano filler
based coal tar epoxy composite

#Particle size determination by

Transmissioin Electron Microscope (TEM) of || Characterization

each nanocomposite film

»Morphology study by Scanning Electron
Microscope (SEM) of each composite film
»Thermal study (TGA-DTA) study of each

composite film

Corrosion Studies:

Potentiodynamic Polarization (PD) study of uncoated and
coated MS rod

» Electro Impedance Spectroscopy (EIS) study uncoated
and coated MSrod

» Salt Spray Chamber (SSC) test will be carry out 2200
hours for each sample of cured panel and film

» Cathodicdisbondment (CD) study of each coated panel
#» Opticalimages analysis before and after corrosion

studies of all composite coated MS rod

Physico-Mechanical Testing:

Following test to be carried as per ASTM method:

» Coating holiday test of all coated MS substrate

»To determinate DFT (Dry Film Thickness) of each
coated MS panel

»Determination of cross linking density of all
composite films

» Adhesion test

O Pull off (Before and after of salt spray of each
coated panel)

» Flexibility test of each coated tin panel

» Hardness test

U Scratch Hardness of each coated MS panel

O Pencil Hardnessof each coated MS panel

» Falling ball impact test of each coated MS panel

#» Abrasion resistanceofeach coated MS panel

» Gloss meter to measure the specular reflection
angle of a coated surface of MS panel

» Water permeability test of each composite film

» Chemical resistance test of each composite film
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4.1. Materials

Epoxy resin trade name YD-128 (Aditya Birla, India), castor oil polyol resin trade
name Jagropol-115 (k2P Chem, India) for polyurethane (PU), coal tar free (Vijoy
Solvent and Thinner, India), vinyl ester resin (Ruia Chemical, India) are used as
resin in the study, phenalkamine (Cardolite, India), methylene diphenyl diisocyante
(MDI) (Labdhi Chem, India), diethelene tri amine (DETA) (Meru Chem, India) and
MEK peroxide as catalyst (Sigma Aldrich, Netherlands), as accelerator (Sigma
Aldrich, Germany), Co octate as promoter (Sigma Aldrich, Germany) are used for
the curing of epoxy, castor polyol, cal tar free epoxy and vinyl ester resin. BYK-
204, (Anti-Terra, South Korea) is used as wetting agent, BYK-530 is used as air
releasing deformer and BYK-333 is used as slip agent. Resin based cured
composite coatings were formulated by using different formed of SiO, used as main
filler, rutile TiO, (Sigma Aldrich, Germany) powder used as main pigment and soap
stone powder (P.S. Chemical, India) as extender. The size of soap stone particles
formulation was within 40-70 micron. Conventional silica named as qurtz silica
(Galaxy Global India) powder is used for study. Aerosil972 (EVONIK, Germany)
is organo silane used as SiO;, nano particles. Glass flakes (NSG Group, Japan) of
RCF-160N and RCF-160N where surface treated by amino group and acryloyl
group respectively. And thickness of the both glass flake particle is 3.0 to 7.0
micron. Xylene (Moksha Chem, India), methyl isobutyl ketone (MIBK) (Sigma
Aldrich, Germany) and Styrene (Sigma Aldrich, Netherlands) act as solvent.

4.2. Samples Preparation

(1) Conventional filler based epoxy composite coating (EP1)
Materials: 0.20gm of BYK-204, 0.10gm of BYK-333, 0.10gm of BYK-530, 3gm
of rutile TiO,, 25gm of soap stone/talc, 5gm of xylene, 5gm of methyl isobutyl
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ketone (MIBK) 10gm of quartz silica conventional filler was slowly introduce into
the 40gm of epoxy resin.
Corresponding hardener mixed by 3:1 vol/vol of base, 27.36 gm of phenalkamine

added in to grinding mixture and mixed well together for curing.

(2) Nano filler based epoxy composite coating (EP2)

Materials: Additives are 0.20gm of BYK-204, 0.10gm of BYK-333, 0.10gm of
BYK-530, 3gm of rutile TiO,, 25gm of soap stone/talc extender, 10gm of xylene,
10gm of MIBK and 6gm of organo silane (EVONIK, Germany) nano filler was
slowly introduce into the 40gm of epoxy resin.

Corresponding hardener mixed by 3:1 vol/vol of base, 27.36gm of phenalkamine

added in to grinding mixture and mixed well together for curing.

(3) Conventional filler with 160A glass flake based epoxy composite coating
(EP3)

Materials: 0.50gm of BYK-204, 0.10gm of BYK-333, 0.10gm of BYK-530, 5gm
of rutile TiO,, 17gm of soap stone/talc powder, 10gm of 160A glass flake, 10gm of
xylene, 10gm of MIBK and quartz silica was 10gm slowly introduce into the 50gm
of epoxy resin.

Corresponding hardener mixed by 3:1 vol/vol of base, 34.21gm of phenalkamine

added in to grinding mixture and mixed well together for curing.

(4) Nano filler with 160A glass flake based epoxy composite coating (EP4)

Materials:0.50gm of BYK-204, 0.10gm of BYK-333, 0.10gm of BYK-530, 5gm of
rutile TiO,, 17gm of soap stone/talc powder, 10gm of 160A glass flake, 15gm of
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xylene, 15gm of MIBK and nano organo silane was 7gm slowly introduce into the
50gm of epoxy resin.
Corresponding hardener mixed by 3:1 vol/vol of base, 34.21 gm of phenalkamine

added in to grinding mixture and mixed well together for curing.

(5) Conventional filler with 160N glass flake based epoxy composite coating
(EP5)

Materials: 0.50gm of BYK-204, 0.10gm of BYK-333, 0.10gm of BYK-530, 5gm
of rutile TiO,, 17gm of soap stone/talc powder, 10gm of 160N glass flake, 10gm of
xylene, 10gm of MIBK and quartz silica was 10gm slowly introduce into the 50gm
of epoxy resin.

Corresponding hardener mixed by 3:1 vol/vol of base, 34.21gm of phenalkamine

added in to grinding mixture and mixed well together for curing.

(6) Nano filler with 160N glass flake based epoxy composite coating (EP6)

Materials: 0.50gm of BYK-204, 0.10gm of BYK-333, 0.10gm of BYK-530, 5gm
of rutile TiO,, 17gm of soap stone/talc powder, 10gm of 160N glass flake, 15gm of
xylene, 15gm of MIBK and nano organo silane was 7gm slowly introduce into the
50gm of epoxy resin.

Corresponding hardener mixed by 3:1 vol/vol of base, 34.21 gm of phenalkamine

added in to grinding mixture and mixed well together for curing.

(7) Conventional filler based polyurethane composite coating (PU1)

Materials: 0.30gm of BYK-333, 0.40gm of BYK-530, 5gm of rutile TiO,, 17gm of
soap stone/talc powder, 10gm of xylene, quartz silica was 10gm slowly introduce
into the 50gm of castor oil polyol resin.
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Corresponding hardener mixed by 3:1 vol/vol of base, 22gm of MDI added in to

grinding mixture and mixed well together for curing.

(8) Nano filler based polyurethane composite coating (PU2)
Materials: 0.30gm of BYK-333, 0.40gm of BYK-530, 5gm of rutile TiO,, 17gm of

soap stone/talc powder, 10gm of xylene, nano organo silane was 10gm slowly
introduce into the 50gm of castor oil polyol resin.
Corresponding hardener mixed by 3:1 vol/vol of base, 22gm of MDI added in to

grinding mixture and mixed well together for curing.

(9) Conventional filler based coal tar epoxy composite coating (CTEP1)

Materials: 15gm of soap stone/talc powder, 18.35gm of high build epoxy, 10gm of
xylene and quartz silica was 6.5gm slowly introduce into the 60gm of dehydrated

coal tar.

Corresponding hardener mixed by 4:1 vol/vol of base, 2gm of DETA added in to

grinding mixture and mixed well together for curing.

(10) Nano filler based coal tar epoxy composite coating (CTEP2)

Materials: 15gm of soap stone/talc powder, 18.35gm of high build epoxy, 10gm of
xylene and nano organo silane was 6.5gm slowly introduce into the 60gm of

dehydrated coal tar.

Corresponding hardener mixed by 4:1 vol/vol of base, 2gm of DETA added in to

grinding mixture and mixed well together for curing.

6l|Page



(11) Conventional filler with 160A glass flake based vinyl ester composite
coating (VE1)

Materials: 10gm of rutile TiO,, 10gm of 160A glass flake, 10gm of styrene and
quartz silica was 10gm slowly introduce into the 40gm of vinyl ester resin.
1.6gm of MEK peroxide as catalyst and 0.1gm of Co Octate as promoter added

slowly into grinding mixture and mixed well together for curing.

(12) Nano filler with 160A glass flake based vinyl ester composite coating
(VE2)

Materials: 10gm of rutile TiO,, 10gm of 160A glass flake, 5gm of styrene and nano
organo silane was 5gm slowly introduce into the 40gm of vinyl ester resin.

1.6gm of MEK peroxide as catalyst and 0.1gm of Co Octate as promoter added

slowly into grinding mixture and mixed well together for curing.

(13) Conventional filler with 160N glass flake based vinyl ester composite
coating (VE3)

Materials: 10gm of rutile TiO,, 10gm of 160N glass flake, 10gm of styrene and
guartz silica was 10gm slowly introduce into the 40gm of vinyl ester resin.
1.6gm of MEK peroxide as catalyst and 0.1gm of Co Octate as promoter added

slowly into grinding mixture and mixed well together for curing.

(14) Nano filler with 160N glass flake based vinyl ester composite coating
(VE4)

Materials: 10gm of rutile TiO,, 10gm of 160N glass flake, 5gm of styrene and nano
organo silane was 5gm slowly introduce into the 40gm of vinyl ester resin.
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1.6gm of MEK peroxide as catalyst and 0.1gm of Co Octate as promoter added

slowly into grinding mixture and mixed well together for curing.
4.2.1. Experimental procedure of Polymer Nanocomposite Coatings

Developing successful polymer nanocomposite coatings presents two challenges.

1) One of the challenges in developing successful polymer nanocomposite coatings
Is ensuring chemical compatibility between the polymer matrix and the organo

silane nano filler at the nano scale.

1) Another challenge is achieving a homogeneous dispersion of the nano filler

within the polymer matrix.

Solution blending involves suspending the nano filler in a solvent. When mixed
with the polymer, the polymer chains can intercalate and displace the solvent
within the interlayer of the filler. Upon solvent removal through vaporization, the
intercalated particles reassemble resulting in polymer nano filler composite.
Achieving a uniform dispersion of the nano filler necessitates strong agitation. The
interfacial interaction between the nano filler and polymer matrix as well as the
quality of nano filler dispersion, will profoundly impact the quality of the

polymer/nano filler composite.

Method of all samples preparation was solution blending technique. Mixtures of
resins are very viscous and high volume solid so mixing processes have to be
carried out quickly. Solution blending method followed for developing of
composite materials. There is no need of heating the mass. The mixture will be
subjected to high speed mixer 4000-6000 RPM for 2.5 to 3 hours at 40-50°C.
Good dispersion will be achieved by mechanical stirring with high speed
continuously. Composite based all samples are prepared with different code names.
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After optimization of nano filler in resin, weight percentage of resin, extenders,
additives, solvents and both type of fillers were varied. The Pigment Volume

Concentration (PVC) of the formulation was 100%.

Share mixing Mix with
Nano filler 4000-6000RPM, & Hardener
000 Pigment 40-50°C, 3 hours Filler Polymer
+ Extender Blend solution
Polymer+ Solvent \J
Solution
blending-’ — Voe ¢ —
oo ene  Viss (3980
09099 disperse 666
e —— k e ———
Solvent
Nano filler evaporation

Polymer

*+Solvent /\\ evaporation
: 9\ Polymer
.00 anocomposite
.0 Coating
Polymer
Nanocomposite film MS substrate

Fig.4.1: Flow chart of solution blending procedure
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Table.4.1. Formulation of different chemical compositions of epoxy, polyurethane

and coal tar epoxy composite coatings

Pigment Volume Concentration (PVC) %

B B B
Y Y Y M
Samples K- | K- K- |Rutile | Soap | Glass | Qurtz | Nano | Xylene | |
code | Resin| 2 5 3 TiO, | stone flake silica | organo | (%) | B
name | (%) | 0 | 3 3 | (%) | %) | (W) (%) | silane K
41 0 3 (%) (%0)
(%) | (%) | (%)
(1))EP1 | 5136 | 0.2 | 0.1 0.1 6.14 32 X 10 X 5 5
(2)EP2 | 51.36 | 0.2 | 0.1 0.1 6.14 32 X X 6 10 10
(3)EP3 |56.14 | 0.5 | 0.1 0.1 55 17 11,(160A) 10 X 10 10
(4)EP4 |56.14 | 05 | 0.1 0.1 55 17 11,(160A) X 7 15 15
(5)EP5 |56.14 | 0.5 | 0.1 0.1 55 17 11,(160N) 10 X 10 10
(6)EP6 | 56.14 | 05 | 01 | 01 | 55 | 17 |11,(160N)| x 7 15 | 15
(YPUL | 60 | x | 01 | 01 | 55 | 18 5 10 » 10 | x
@PU2| 60 | x | 01 | 01 | 55 | 18 5 5 10 15 | x
9) 75 X X X X 15 X 10 X 10 X
CTEP1
(10) 75 X X X X 15 X X 10 15 X
CTEP2
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Table.4.2. Formulation of different chemical compositions of vinyl ester
composite coatings

Pigment Volume Concentration (PVC) %

Samples | Vinyl | Rutile | Glass flake Qurtz Nano Styrene
code Ester | TiO, | (160A/160N) silica organo (%)
name | Resin (%) (%) (%) silane

partcle
(%)

(11) VE1| 65 10 15,(160A) 10 % 10

(12) VE2| 65 10 15,(160A) % 5 10

(13) VE3| 65 10 15,(160N) 10 % 10

(14) VE4| 65 10 15,(160N) % 5 10

4.3. Preparation of the Mild Steel (MS) coated panels and rods

MS panels (6" x 27), (6" x 47), (5" x 2%") and MS rods of size (8§ mm x 6”) were
de-greased, sand blasted and cleaned, prior to coating. Both conventional silica and
nano silica containing grinding mixture base with hardener mixed well together for
5 mints. The mixture was sprayed using spray painting gun onto the MS panels and
rod substrates to develop uniformly coated samples achieve uniform coating

thickness is 200£10 micron on MS specimen as per ASTM standard.
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4.4. Prepation of composite film

The preparation of both conventional and nano silica based grinding mixture base
films were prepared by using spray painting gun on the hard plastics substrate and
then cured films were kept for 24 hrs at room temperature in order to achieve
uniform film thickness of 200+10 micron according to ASTM standard. Again
after putting over from the substrate films and coated panel were post cured at
60°C for 2 hrs over hot oven. Then both the composite films and different size of
coated panels were allowed to stabilize for 15 days at 28+5°C within desiccators

and 50% relative humidity, before any experiment was carried out.

0 Coating Particle ©Nanoparticle mummmmmmm \[il] Steel . Polymer Chain

Fig.4.2: Schematic image of nanocomposite coating on MS substrate
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Fig.4.3: Image of different size of coated panels and rod
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4.5. Characterization Technique (Instruments Details) of Composite

Films

(i) Fourier Transform Infrared Spectroscopy (FTIR) studies recorded by IR
Prestige in the range between 400 and 4500 cm™. This experiment was done in the

School of Material Science, Jadavpur University, Kolkata.

(if) The powder, X-ray diffraction (XRD) patterns in conventional composite films,
organo silane particles and also nano particles embedded composite coating were
noted using Panaytical Netherland (X’pert Pro). This study is conducted in the

Metallurgical & Material Enggineering Department, Jadavpur University, Kolkata.

(iii) Thermal analysis of TGA-DTA studies done by PerkinElmer (x86) in nitrogen
atmosphere at 10.00°C/min. Thermal analysis done in the Metallurgical & Material

Enggineering Department, Jadavpur University, Kolkata.
4.6. Morphology Study

(i) Transmission electron microscopy (TEM) images were taken by JEM-2100,
200KV, jeol. This study done in the NEHU, SAIF, Shilong.

(if) Scanning Electron Microscope (SEM)images taken by FEI Quanta 200 F SEM,
Netherland, Analysis of this experiment done in the Chemistry Department, IIT
Delhi.

(iif) Scanning Electron Microscope (SEM)(INSPECT F50, GERMANY) images
taken by Department of Physics, Jadavpur University, Kolkata.

(iv) Optical images were taken before and after corrosion of coating surface on rod
by Leica (Model name/no: DM4 B) optical microscope in the Department of
Metallurgical & Material Enggineering, Jadavpur University, Kolkata.
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4.7. Physico-Mechanical Testing

(i) Holiday test (Model name/no: HD-830, Caltech Engineering) was carried out
cured panels and rods with an approved high voltage holiday detector, preferably
equipped with an audio visual signaling device to indicate any faults, holes,

damaged or conductive particles in the protective coating as per ASTM D-5162.

(if) As per ASTM D-1400 standard a dry film thickness gauge (Model name/no:
Elecoat M) used to measure the dry film thickness (DFT).

(iii) As per ASTM-D6824 method percentage of cross link density of both types of

composite coatings has evaluated.

The crosslink density (%) of water was calculated by universal technique. where W,
Is before absorption film weight and W; is the film weight after solvent absorption
for 72hours:

Wy — W
% Crosslink density :% x 100
2

(iv) Adhesion behaviors test was evaluated on coated MS panels as per ASTM D-
4541 and ASTM D-3359. Here “Pull off” and “Cross-cut” methods are used for
adhesion testing. “Pull off” test was studied before and after Salt Spray Chamber
(SSC) test of 2200 hrs of MS coated panel. In this study, the test dolly was bonded
to the coating using an appropriate adhesive. The test is done by Caltech Pull Off

tester machine.

(v) The flexibility of the coatings was carried out with regard to the ‘crack
resistance’ and these experiments were performed on coated MS panel by standard
Conical Mandrel tester as per ASTM D-4145.
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(vi) The pencil hardness test was studied on coated MS panels using pencils 6B to
6H range, as per ASTM D-3363.

(vii) Scratch hardness (Model name/no-SHT-01) of the coated MS panels was
carried out as per ASTM D-3363 method.

(viii) Falling ball impact (Model name/no: Globe Tex) test was performed by
impact tester dropping a 0.9 kg weight from a maximum height of 50.8 cm and
from 6.35 cm on MS coated panels. When fallings the ball was dropped onto a MS
coated surface of panel i.e. ‘intrusion’ and on the back side of uncoated panel with

reference to the coated surface i.e. ‘extrusion’ as per ASTM D-2794.

(ix) Using Taber Abraser (Model name/no: 5153) for 1000 Cycles as per ASTM D-

4060 for resistance of abrasion was studied.

(x) The measurements was covering the specular illustration of the specimens of
paint for gloss meter (Model name/no: Gloss-11) geometry of 60° on a flat,

homogeneous and clean surface as per ASTM D-523.

Above all Physico-Mechanical testings was done in the Aglow lab (NABL
Certified), Kolkata.

4.8. Studies of Corrosion (PD and EIS) on Coatings

AC impedance measurements are evaluated on epoxy-nano and conventional SiO;
composite coatings over the steel surface along with the corrosion resistance.
Potentiodynamic polarization (PD) and electro impedance spectroscopy (EIS)
experiments were done by Autolab electrochemical workstation. The PD test is
performed in 3.5% Nacl solution using a standard three-electrode system. For this
study, Pt and 3.5M Ag/AgCl were used as counter electrode and reference
electrode respectively and nano/micro silica based epoxy composite coated rod
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was used as a working electrode. PD was done at scan rate of ImV in the potential
range 1.0 V to —1.0 V vs Ag/AgCl. EIS has been measured in a frequency range of
0.01 Hz to 100 kHz at 10mV amplitude. Nova 2.1 (FRA software) was used to
analyze the impedance spectrum. All potentials are measured with respect to
Ag/AQCI electrode. This experiment done in the SSS National Institute of Bio
Energy, Punjab, India.

Corrosion of uncoated MS rod, anti corrosion properties of both nano and micro
silica composites were compared by using the above mentioned technique. PD and
Impedance measurements were conducted at different phases like (initial 1, 7, 15
and 30) days of time interval. This test was conducted based on ASTM standard B
117.4.

(a) Corrosion Inhibition Efficiency (%)

The linear segments of the anodic and cathodic curves were extrapolated to
determine the corrosion current densities (lcorr) and corrosion potential (Ecor). The
corrosion inhibition efficiency was calculated from the measured I values using

the following equation:

17— 1
% Corrosion Inhibition Efficiency = ————— X 100

corr

Where, 1°, is the corrosion current density of the uncoated sample and lcor IS the
corrosion current density of the coated sample
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(b) Charge transfer resistance (Rct in %)

A 10 mV AC perturbation was applied to a metal/coating system in the frequency
range of 102 to 10° Hz during EIS measurements with the open-circuit potential.
The protection efficiency was calculated using the charge transfer resistance (Rct)

values:

Rct — Rct©
% Rct=% x 100

Where, Rctand Rct® are the charge transfer resistance of coated and uncoated
samples.

(c) Porosity Measurement

Porosity in polymer coatings on mild steel was determined from potentiodynamic
polarization measurements using a specific relationship, which assesses the

coating's suitability to protect the underlying metal against corrosion:

(AEcorr)
P — RP(Uncoated) ><10_ T

RP(Coated)

Where, P is the total porosity, Rp (uncoaed)y @Nd Rp (coaeqy are the polarization
resistance of uncoated and coated MS, AEc IS the difference between corrosion

potential and b, is the anodic Tafel slope for uncoated MS.
4.9. Salt Spray Chamber (SSC) Experiments

In the salt spray chamber (SSC) test, both panels with coating were scratched in the
centre and they were exposed to fog where 5% sodium chloride solution at P 7.2
was atomized by use of compressed air in order to create a continuous fog for 2200
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hours. This test was conducted based on ASTM standard B 117.1. This corrosion
studies done in the Aglow lab (NABL Certified), Kolkata.

4.10. Cathodic Disbondment (CD) Experiments

As per ASTM standard B 117.1, MS Coated panels were subjected to CD (Model
name: CD-405S) test at —1.5V and at 30£20°C for 28 days. The two individual
cells are made having electrolyte with a concentration 3.5% Nacl solution for CD
test. At the centre of each cell a hole of 6 mm diameter was drilled to remove the
coating material up to the base metal substrate acting as a cathode. To measure the
continuous potential for 28 days, platinum electrode used as anode and reference
calomel electrode is immersed in each cell for testing. This corrosion studies
conducted in the Aglow lab (NABL Certified), Kolkata.

4.11. Water and Chemical Resistance Behaviors

The degree of water absorption i.e. water swell evaluated by preserving of film with
in water. The swell (%) of water was calculated by universal technique. where W, is
before absorption film weight and W, is the film weight after water absorption for
30 days:

Wg—W
% Swell =—%—=2 x 100
b

By using in acids (5% HCI and 5% H,SO,) and alkali (5% NaOH) immersion test
for 65 days the chemical resistance prominency of the cured composite coatings

were studied.
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5.(A). Characterization
5(A). 1. FTIR spectroscopy

First, qurartz silica and organo silane nano particle have studied on IR beam. The
glass flake based epoxy composite coating system proffers a very compact and
rigid structure than epoxy composite coating. As result, the different intensities of
the band of the different functional group are not irradiated to the IR beam during
its channel or the structure is so rigid that the vibration of normal stretching and
bending are too much repressed. The free volume porosity of such composite

coating is very less.
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Fig.5(A).1: FTIR spectroscopy of quartz silica particles
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Fig.5(A).2: FTIR spectroscopy of organo silane nano particles
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Fig.5(A).3: FTIR spectroscopy of composite of EP1land EP2
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Fig.5(A).4: FTIR spectroscopy of composite of EP3and EP4
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Fig.5(A).5: FTIR spectroscopy of composite of EP5and EP6
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Table. 5(A).1: Characteristic bands obtained from FTIR spectra of quartz silica,
nano organo silane and developed epoxy composite coating

Wavenumber (cm—?) Assignments

3743 Free SiOH

3090—3600 OH of H—OH, Et—OH and Si—

OH/N—H of primary and secondary
amines
2855—2995 C—H of CH;, CH3/CH aromatic and
aliphatic

2849 Symmetrical stretching of CH
2360 Steric effect of higher amine
1722 C=0
1662 N—H of primary amines
1617 H—O—H bending
1585 —C=C— aliphatic linkage

1510 —1615 For benzene ring
1460 —C=C—for aromatic backbone
1278 Aliphatic —C—N— stretching
1240 —C—0O—C— epoxide group
1185 Si—0—Si of =Si—0—Si=/C—C—

0—C
1103 Asym. Si—O—Si Stretching
1038 C—O—C of ethers
968 —C—O— stretching vibration of
Si—OH bond

803 SiO, tetrahedron ring
695 Si—O—Si Stretching
466 O0—Si—O

FTIR studies were carried out to find out to what prolong these free OH group has
interacted with the modification of nano organosiliane composite. Fig.5(A).1 and

Fig.5(A).2 show the FTIR spectra of transmittance quartz silica, nano organo
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silane particle. Fig.5(A).3 to Fig.5(A).5 display various type of developed
composite coatings respectively. The band assignments of attribute peaks which
have also given in Table.5(A).1 From Fig. the actual characteristics peaks are
observed in the region 2855—3000cm™ [1,4,5] where CH— stretching band are
noticeable. Observed bands make sure alkyl group from the organo siliane particle
in the surface of nano composite coating. Moreover, the intensity of the peaks
Increases from nano composite compare conventional composite ones when the
number of methyl groups surrounding a Si atom increases more instance. It has
seen that at band 3745cm™! maximum level of free SiOH belongs in nano

organosiliane powder and nano composite coating [2,3].

The comparative FTIR studies are recorded from IR spectra data for each cured
film after 2200hrs salt spray test and evaluated the degradation pattern of different

composite coating system.
100

40 - After Salt Spray(EP2)
Before Salt Spray(EP2)

i After Salt Spray(EP1)
30 4 Before Salt Spray(EP1)

—

S(l)O 10'00 ' 15'00 ' 20'00 ' 25'00 ' 30'00 i35'00 . 40'00 ' 4500
Wavenumber (cm™")
Fig.5(A).6: FTIR spectroscopy of composite of EP1 and EP2 before and after

2200hrs salt spray test
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Fig.5(A).7: FTIR spectroscopy of EP3 and EP4 before and after 2200hrs salt spray
test
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Fig.5(A).8: FTIR spectroscopy of EP5 and EP6 before and after 2200hrs salt spray
test
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In the salt spray chamber presence of saline water (5% Nacl solution) composite
coating may be degrade mainly the functional group like ester, alkyl, amides and
ethers etc are split and also new functional groups are generated. After 2200hrs of
salt spray studied FTIR spectra recorded in Fig.5(A).6 to Fig.5(A).8 the relative
transmittance of salt sprayed composite coatings are very closer to unprocessed one
in case of epoxy nanocomposite coatings. Additional very weak bands are (i) 1058
to 1470 cm™! for EP2 (ii) 1018 to 1145 cm™! for EP4 and (iii) 1005 to 1138 cm™!
for EP6 observed respectively in resin degradation of epoxy nanocomposite
coatings. So, it can be concluded that there is no significant interaction between the
glass flake epoxy nanocomposite coating and the salt spray, indicating limited resin
degradation and offering a high level of resistance against corrosion. But in case of
epoxy conventional coatings additional vibrational bond observed at (i) 3775 to
3963cm™ (ii) 1667 to 2336cm™ (iii) 543 to 750cm~ for EP1 coating, (i) 3554 to
4110cm™? (ii) 1801 to 2283 cm™ (iii) 509 to 810cm™ for EP3 coating and (i) 3568
to 4030cm™ (ii) 1580 to 2391cm™ (iii) 550 to 750cm~ for EP5 coating of resin
degradation occurs from less instance band observed C—C and C—H stretching for
alkynes in this region [6]. These generated peaks suggested that corrosion occurs in

salt spray medium.

5.(A).2. XRD Patterns Analysis

The XRD peaks of quartz silica and organo silane nano particles are presented in
Fig.5(A).9 and Fig.5(A).10. A broad pattern obtained at 26=22.21 (JCPDS No: 84-
1286 and COD ID: 1010921) compared to the presence of SiO, crystalline particle
it correlate that particles are amorphous in nature [5] different form of silica. In
composites quarta silica, pigment of rutile TiO, and and extender of talc peaks are
observed at different angles of 26 values at ( h k 1) planes (Card No: 21-1276) and
(COD ID: 10-00036) respectively values observed in Fig.5(A).11 to Fig.5(A).13.
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Fig.5(A).9: XRD pattern quartz silica particle
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Fig.5(A).10: XRD pattern of organo silane nano particle

84 |Page



3500 — (EP1)
028
(120)( ) —— (EP2)
3000 -
2500 - (027)
2000 -
>
.i: -
£1500 -
g ]
<00 I (101)(111) (0211) (211)
_ u @0 220/ (333 (12)
0 (110)
! T ’ T ' T ! T ’ T Y
20 30 40 50 60 70 80
20(deg)

Fig.5(A).11: XRD pattern of epoxy composite coating of EP1 and EP2
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Fig.5(A).12: XRD pattern of epoxy composite coating of EP3 and EP4
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Fig.5(A).13: XRD pattern of epoxy composite coating of EP5 and E6

From Fig.5(A).11 to Fig.5(A).13, at different angles of 20 values at ( h k ') planes
observed 20.90 (11 1), 27.03 (1 2 0), 31.02 (2 1 1) 39.40 (130) and 68.32 (33 3)
for quartz silica, 27.76 (110),36.4(101),41.4(111),5425(211),56.6(
220)and 69.01 (112)forTiO, pigment, 29.06 (027),31.21(028),51.2(
0211)and 60.2 ( 33 0) for extender respectively. Now it is confirmed that all
composition are fully embedded in epoxy matix but glass flake based
nanocomposite developed more dense structure at curing time so, X ray beam

cannot passed properly.

5.(A).3. Morphology Study
5.(A).3. 1. Scanning Electron Microscope (SEM)

For better corrosion performance of resultant nano coating it is very important to

good wetting necessary of particles in nano sized in composite. All micrograophs
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are depicted in Fig.5(A).14, at two different magnifications SEM images of
conventional composite in (a) and (b) for EP1, (e) and (f) for EP3, (m) and (n) for
EP5 where some particles are observed at micro level on the surface of coating and
also micrographs also show heterogeneous dispersion of silica particles within the
polymer matrix. The size distributions from 1um to 10um range, the particles are
cluster form. From the SEM images of (c) and (d) for EP2, (g) and (h) for EP4, (0)
and (p) for EPG, it is evident that the silica particle is fully wetted by the epoxy
resin during composite formation. The micrographs also show uniform dispersion
of silica particles within the polymer matrix. However, in epoxy filled of nano SiO,,
there are larger agglomerates and aggregates observed. Here at two different

magnifications of images 1um to 10um used for both coatings observation.
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Fig.5(A).14: SEM images of conventional composite in (a) and (b) for EP1, (e) and
(f) for EP3, (m) and (n) for EP5 and SEM images of dispersed nano silica in (c) and
(d) for EP2, (g) and (h) for EP4, (0) and (p) for EP6 in the epoxy matrix.
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5.(A).3.2. Transmission Electron Microscope (TEM)

The micrographs in Fig. 5(A).15 clearly show that organo-silane treated silica
nanoparticles maintain their even distribution even at high concentrations of SiO,
nano filler, resulting in particle sizes of less than 20 nm. The surface treatment of
nanoparticles enhances steric hindrance between them, as schematically illustrated
in Fig. 2.16. This treatment also improves their wet ability and compatibility within

the polymeric matrix [8].

The improved dispersion and reduced aggregation observed in coatings containing
Si0O2 nanoparticles can be attributed to the higher concentration of methyl groups

on the surface of these SiO2 nanoparticles, making them more hydrophobic.

TEM analyses have confirmed that surface-modified SiO, nanoparticles exhibit
significantly improved dispersion within the epoxy matrix compared to untreated
Si0O2 nanoparticles. The purpose of TEM analysis is to assess the morphology and
the extent of dispersion of surface-treated SiO, nanoparticles, which plays a crucial
role in influencing the corrosion performance of the resulting nanocoatings. The use
of Image J software indicates that the detected organosilane particle size is less than
20 nm. The size of the silica particles depicted in Fig. 5(A).15 to Fig. 5(A).17 falls
within the range of 50 nm and exhibits a spherical shape, with even distribution

within the epoxy matrix.
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Fig.5(A).16: Transmission electron images of epoxy nano composite coating of
EP2
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Fig.5(A). 18: Transmission electron images of epoxy nano composite coating of
EP6
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5.(A).4. Thermal Analysis (TGA-DTA)

Thermal stability of all silica based epoxy composite film was studied by TGA-
DTA method in Fig.5(A).19 to Fig.5(A).21. From thermograms firstly it has
observed degrade long aliphatic chain in phenalkamine at lower temperature and

secondly degrade of crosslinked epoxy polymer at higher tempreature.
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Fig.5(A).19: TGA-DTA thermogram for EP1and EP2 epoxy composite film
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Fig.5(A).20: TGA-DTA thermogram for EP3 and EP4 epoxy composite film
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Fig.5(A).21: TGA-DTA thermogram for EP5 and EP6 epoxy composite film
At initial stage, when all samples are heated above 200-250°C epoxy-amine
linkges are broken and further heated at 300°C the reaction of Mannich Bridge
clevagee noticed. Above 450°C composite coating of conventional one
decomposes to amines, phenolic and benzene derivatives. Further degradation for

cured nano composite coating happened near at well above 750°C.

Glass transition temperature decreased to 310°C compared to quartz silica
particles. Weight loss observed up to 760°C. At 400°C organic part of epoxy
disintegrated with 26.7% weight loss for EP5 compared EP3 than EP1. At, 460°C
nano particle SiO; in composite remained with 38.4% residue for EP6 compared
EP4 than EP. DTA diagram predicted endothermic reaction occurred at 400 to
600°C for solvent evaporation. Exothermic reaction occurred 350 to 800 °C due to

binder disintegration in composite coating.
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Moreover, less thermal stability of conventional cured composite coating than that
of nano composite coating and it perhaps attribute to exsistance of more long
lenghted hydrophobic units in composition which influence interactions at the

polymer and nano filler interfaces in the matrix.
5 (A). 5. Physico-Mechanical Properties

After holiday (electrical insulation) test, no audio visual sound, any spark pinhole
break and presence of conductive particles observed from any coated panel. Here,
with regard to the mixing ability of the formation viscosity play significant role, it is
observed that with the addition of nano organo silane resulted increases viscosity as
compared to addition of conventional qurtz silica due to the silica nano particles
have interfacial interaction with high surface area for contact with the polymer
chains in composite matrix. The others mechanical behaviors like DFT (Dry Film
Thickness), flexibility in Fig.5(A).19, scratch hardness, pencil hardness, adhesion,
and fallings ball impact in Fig.5(A).20 and abrasion resistance of composite coatings
were studied and evaluated and the results are provide below. DFT of every
composite coating is 200+£10 micron. It is seen by flexible nature follows EP2 >
EP6 > EP4 > EP3 > EP5 > EP1. Nano composite coating shows better results of
scratch and pencil hardness than conventional silica due to hardness and cross
linking density are proportional of the coating of composite. Falling ball impact test
shows good because dispersion of nano fillers are uniformed which give more cross
link elastomeric rigid structure. The cross-linking density of composite thermosets
was studied by % swelling method in xylene. EP2 has better crosslink than others
because of longer lengthed hydrophobic chains on the surface of nano filler,

extremely enhances the interactions at the polymer interfacial segments [6-8].
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Fig.5 (A).22: Images of flexibility test of coated epoxy composite coating on MS
panel
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Table. 5(A).2: Result of scratch hardnes and pencil hardness of coated epoxy

composite coating on MS panel

Coating code | 500 gm Weight | 1000 gm Weight | 1500 gm Weight | Hardness

Narme (6B to 6H)
EP1 Passed Passed Failed Failed at 2H
EP2 Passed Passed Passed Passed
EP3 Passed Passed Failed Passed
EP4 Passed Passed Passed Passed
EP5 Passed Passed Passed Passed
EP6 Passed Passed Passed Passed

In the epoxy composite coating incorporated nano silica remarkably improve

abrasion resistance with the minor weight loss than dispersion of silica micro

particles in polymer matrix. It is calculated of all composite coatings, weight loss

from wear index data 7.8 mg/1000cycles for conventional composite coating. Since

in nano silica composite coating, it is observed 2.1 mg/1000cycles which indicate

uniform distribution of nano particles in polymer chains give more tough three

dimensional network structure.

The adhesion properties of before and after salt spary test nanocomposite coatings

shows excellent than conventional coatings due to distribution of nano particle

increases more crosslink density in polymer matrix.
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Fig. 5 (A). 23: Images of falling ball impact test of epoxy composite coating on MS panel

Table. 5(A).3: Result of Physico-Mechanical testing of epoxy composite coating

Coatin | Cross | Adhesion Property Impact Test (KG.M) Abrasion | Gloss

gcode | link (N/mm?) Test
name | Density | Before | After 2200 | Instrusion | Extrusion | (mg/cycles) | At 60°
(%) | Salt hrs Salt angle

Spray Spray Test

90

EP1 85 23.5 7.8 >1.3 >1.5 7.8
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123
EP2 97 43.7 29.8 >0.7 >0.9 3.8

111
EP3 87 33.8 23.6 >0.9 >0.7 6.2

147
EP4 95.8 45.3 32.3 >0.3 >0.4 2.1

105
EP5 83.65 32.5 16.2 >0.6 >0.8 4.7

152
EP6 96.20 44.2 36.1 >0.2 >0.2 2.3

5.(A).6. Corrosion Studies

5(A).6.1. Tafel curves analysis of the uncoated rod and various

composite epoxy coatings

Uncoated MS rod and various epoxy composite coatings were immersed in 3.5
wt% Nacl solution. Polarization curves were studied at periodic time (initial, 1, 7,
15, and 30 days). Electrochemical parameters measured included corrosion
potential (Ecor), cathode Tafel slope (Bc), anode Tafel slope (Ba), corrosion current
(Ieorr), polarization resistance (Rp), and corrosion current density (Jeorr). Fig.5(A).24
for uncoated MS rod and Fig.5(A).25 to Fig.5(A).30 depicted for Tafel curves of

developed epoxy composite coatings.
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Fig.5(A).24: Tafel curves for uncoated MS rod after (1, 7, 15, and 30) days of immersion
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Fig.5(A).25: Tafel curves for epoxy composite coating EP1 after (1, 7, 15, and 30) days
of immersion in 3.5 wt% Nacl aqueous solution
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Fig.5(A).26: Tafel curves for epoxy composite coating EP2 after (1, 7, 15, and 30)
days of immersion in 3.5 wt% Nacl aqueous solution
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Fig.5(A).27: Tafel curves for epoxy composite coating EP3 after (1, 7, 15, and 30)
days of immersion in a 3.5 wt% Nacl aqueous solution
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Fig.5(A).28: Tafel curves for epoxy composite coating EP4 after (1, 7, 15, and 30)
days of immersion in a 3.5 wt% Nacl aqueous solution
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Fig.5(A).29: Tafel curves of epoxy composite coating of EP5 after (1, 2, 15 and

30) days immersions in 3.5 wt% Nacl agueous solution

(1 Day)

( 7 Days)
(15 Days)
(30 Days)

1.0

=
0
1

(Pofential Vs Ag/AgCl)
= =
p £

-
=)
1

1E-13 1E-12 1E-11 1E-10 2 1E-9
[Log Current Density (Area/Cm”™)]

Fig.5(A).30:Tafel curves of epoxy nano composite coating of EP6 after (1, 7, 15
and 30) days immersions in 3.5 wt% Nacl aqueous solution
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Table.5(A).4: Electrochemical parameters after soaking for periodic time intervals

(1, 7, 15 and 30) days of polarization measurements of uncoated MS rod

Samples | Day( | —Ecorr (V Jeorr lcorr (MA | Corrosion Rp(Q Ba Be

Name s) | vsSCE) | (Alcm?) cm?) rate cm?) | (mV | (mV

(mm/year) dec?) | dec?)

Uncoated 1 —0.805 | 7.38E-05 | 2.00E-05 0.85773 617.1 | 0.053 | 0.62
MS rod

7 —0.910 | 4.63E-05 | 1.25E-05 0.8721 177.66 | 0.400 | 0.005

15 X X X X X X X

30 X X X X X X X

Table.5(A).5: Electrochemical parameters after soaking for periodic time intervals

(1, 7, 15 and 30) days of polarization measurements of EP1 and EP2

Samples | Day | —Ecorr Jeorr lcorr (MA | Corrosion Rp(Q Ba Bc
code (S) (Vvs | (Alcm?) cm?) rate cm?) (mV | (mV
name SCE) (mm/year) dec?) | dec?)

EP1 1 —0.403 | 3.16E-12 | 6.57E-11 3.67E-08 | 9.07E+08 | 0.268 | 0.281
7 —0.310 | 6.87E-11 | 1.42E-09 7.98E-07 | 4.59E+07 | 0.264 | 0.352
15 | —0.580 | 6.42E-08 | 5.03E-07 0.00028 1.10E+05 | 0.262 | 0.247
30 | —0.594 | 8.16E-08 | 1.69E-06 0.00094 30446 0.294 | 0.290
EP2 1 —0.517 | 2.3E-10 | 1.19E-08 2.17E-06 | 4.27E+06 | 0.178 | 0.181
7 —0.568 | 1.82E-08 | 4.07E-07 0.00021 3.88E+05 | 0.263 | 0.227
15 | —0.590 | 1.27E-08 | 2.76E-07 0.00014 3.98E+05 | 0.257 | 0.203
30 | —0.590 | 2.01E-08 | 4.73E-07 0.00024 108392 | 0.235 | 0.196
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Table.5(A).6. Electrochemical parameters after soaking for periodic time intervals

(1, 7, 15 and 30) days of polarization measurements of EP3 and EP4

SampleS Day _Ecorr Jcorr Icorr (mA CorrOSion Rp(ﬂ Ba BC
code (S) (Vvs | (Alcm?) cm?) rate cm?) (mVv | (mV
name SCE) (mm/year) dec?) | dec?)
EP3 1 —0.194 | 1.40E-11 | 2.94E-10 | 1.62E-07 | 2.11E+08 | 0.283 | 0.288

7 —0.664 | 7.56E-10 | 1.58E-08 | 8.78E-06 | 2.33E+06 | 0.189 | 0.155
15 | —0.584 | 8.04E-09 | 1.68E-07 | 9.34E-05 | 2.17E+05| 0.174 | 0.163
30 | —0.677 | 8.03E-09 | 4.24E-07 | 0.0002349 | 1.04E+04 | 0.215 | 0.192
EP4 1 —0.134 | 5.83E-13 | 1.01E-10 | 6.43E-09 | 3.14E+08 | 0.124 | 1334
7 —0.205 | 1.32E-11 | 2.44E-10 | 1.54E-07 |1.73E+08 | 0.181 | 0.211
15 | —0.605 | 1.89E-08 | 3.49E-07 | 0.0002203 78315 | 0.132 | 0.120
30 | —0.539 | 2.02E-08 | 3.49E-08 | 9.34E-05 |1.62E+05 | 0.110 | 0.111
Table.5(A).7. Electrochemical parameters after soaking for periodic time intervals
(1, 7, 15 and 30) days of polarization measurements of EP5 and EP6

Samples | Day(| —Ecorr Jeorr lcorr (MA | Corrosion Rp(Q Ba Bc
code s) (Vvs | (Alcm?) cm?) rate cm?) (mV | (mV
Name SCE) (mm/year) dec?) | dec?)

1 —0.269 | 1.19E-11 | 2.44E-10 | 1.39E-07 | 2.63E+08 | 0.268 | 0.332
EP5
7 —0.201 | 7.00E-11 | 1.43E-09 | 8.13E-07 | 6.68E+07 | 0.415 | 0.468
15 | —0.159 | 6.52E-11 | 1.33E-09 | 7.58E-07 | 5.90E+07 | 0.318 | 0.422
30 —0.699 1.01E-08 | 2.06E-07 | 0.00011748 | 2.09E+05 | 0.235 | 0.173
EP6 1 —0.166 | 1.18E-11 | 2.80E-10 | 1.37E-07 | 2.33E+08 | 0.328 | 0.277
7 —0.134 | 5.08E-11 | 1.20E-09 | 5.90E-07 | 7.58E+07 | 0.486 | 0.369
15 | —0.115 | 5.62E-11 | 1.32E-09 | 6.53E-07 | 6.17E+07 | 0.408 | 0.352
30 | —0.416 | 1.02E-10 | 1.51E-09 | 1.18E-06 | 4.62E+07 | 0.403 | 0.403
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From the table, electrochemical parameters of various composite coatings are put
forward. The higher Ecor, lower I, and higher Rp values revealed better
corrosion resistive properties. Thus we can say that corrosion potential (Ecorr) Of
EP6 is higher than that of others composite. Meanwhile, the corrosion current (Jcorr)
of EP6 > EP4 > EP2 coatings is the lowest. Interestingly, the corrosion potential
first increased and then decreased in EP6 coating and also corrosion current to be
inversely related. Moreover, EP6 coating has the largest Econ(—0.4169) than EP4
and EP2, the smallest Jeor(1.0231E-10 A/cm?) for 30 days compared to EP5. In
term of polarization resistance, EP6 is 4.6214E+07Qcm? which is about
2.2032x10%? more than that of EP5, EP4 is 1.6257E+05Qcm?i.e about 15.63 times
more than EP3 and EP2 is 108392Qcm? which is about 3.56 more than that of EP1
Nano composite coating possesses the superior corrosion resistance properties over

conventional composite coating.

5(A).6.2. Analysis of EIS results of uncoated MS rod and various

composite epoxy coatings

Corrosion prevention performance EIS experiment was done by immersion in
3.5% Nacl aqueous solution for (initial 1, 7, 15 and 30) days with a stable OCP, to
investigate the corrosion resistance properties of the composite epoxy coatings
[9,10]. In the Nyquist diagram, the arc radius of the capacitor impedance is directly
proportional to the corrosion resistance of the coating. This means that as the

impedance arc's value increases, the corrosion resistance also improves [11].

Compared with Fig.5(A).31 for uncoated, it can be seen from Fig.5(A).32, 34 and
36, that after immersion of initial period after 1 day the EP1 other than EP3 and
EP5 composite coatings reveal initial behavior is dominated by the coating

capacitance at higher frequency immersion and coating resistance at lower
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frequency with a resistive component greater than 6x10” MQcm?. After 30 days of
Immersion, the arc radius of the semicircle in the EIS spectrum which was initially
immersed at the end of the 15 day curve decreases. This reduction in arc radius is
attributed to a decrease in the resistance of the coating. This decrease occurs
because water and ions are able to penetrate the small pores and channels within
the coating matrix, ultimately reaching the outer edges of the metal substrate (MS).
In the impedance spectrums the presences of semi circle frequencies reduce which
indicate that electrochemical reaction occurred between composite coating and MS

surface was progressing [12-13].

It can be seen from Fig.5(A). 33, 35 and 37, Nyquist plot of organo silane
composite coating has different result than conventional coating. Initial 1 day of
immersion time of EP6 the resistance values reached 4x10” MQcm? and after 30
days immersion values exceeded 9x10° MQcm? which is illustrated by
semicircles. It has different curve consisting of different semicircles for EP6 after
30 days immersion compared to EP4 and EP2. After 30 days immersion of EP6
exposure to the electrolyte solution shows good corrosion behavior as compared to
conventional one due to agglomeration behaviors of nanoparticles in composite

epoxy coating [14-16].

It can be clearly seen that after soaking for 30 days to the electrolyte solution, in
case of conventional epoxy composite coatings the arc radius of the coating
initially increases and there after it decreases indicating that it has the worse
corrosion resistance capacitor. Interestingly, EP6 composite coating shows highest
impedance arc radius. Nyquist diagram reveals that well dispersion of nano silica

truly increases the performance of corrosion protection on metal substrate.
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From the Nqquist diagram Ru (solution resistance), Rp (coating resistance), Rct
(charge transfer resistance) C.P.E (constant phase element), Y, (admittance nature
of coating) and N (capacitive nature of coating) are derived and tabulated in
table.8. These are used to evaluate the equivalent circuit. We use one time constant
from electrochemical behavior and another for corrosion mechanism for the given
coating shown in Fig.5(A).44. Our studies show that the metal corrosion rate with
the coating are inversely related to Rct or charge transfer resistance and barrier
properties for the coating. Therefore in order to improve the corrosion resistance
we have to have higher Rp and Rct value for the given coating [18-20]. From
values in Table.4(A).8 to Table.4(A).11 we can see that EP6 has the much better
corrosion resistance properties than EP5 for immersion for a time interval, in 3.5

weight % Nacl aqueous solution.
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Fig.5(A).31: Nyquist plot of uncoated MS rod after soaking for 3.5 weight% Nacl
aqueous solution for (1, 7, 15 and 30) days
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Fig.5(A).32: Nyquist plot of EP1 after immersion in a 3.5% weight Nacl aqueous

solution for (1, 7, 15, and 30) days
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Fig.5(A).33. Nyquist plot of EP2 after immersion in a 3.5% weight Nacl aqueous

solution for (1, 7, 15, and 30) days
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Fig.5.(A).34: Nyquist plot of EP3 after immersion in a 3.5% weight Nacl aqueous
solution for (1, 7, 15, and 30) days
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Fig.5(A).35: Nyquist plot of EP4 after immersion in a 3.5% weight Nacl aqueous
solution for (1, 7, 15, and 30) days
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Fig.5(A).36: Nyquist plot of EP5 after immersion in a 3.5% weight Nacl aqueous

solution for (1, 7, 15, and 30) days
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Fig.5(A).37: Nyquist plot of EP6 after immersion in a 3.5% weight Nacl aqueous
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Fig.5(A).38: Bode plot of uncoated MS rod after soaking for 3.5 weight% Nacl
aqueous solution for (1, 7, 15 and 30) days
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Fig.5(A).39: Bode plot of EP1 after soaking in a 3.5% weight Nacl aqueous
solution for (1, 7, 15, and 30) days
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Fig.5(A).40: Bode plot of EP2 after soaking in a 3.5% weight Nacl aqueous
solution for (1, 7, 15, and 30) days
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Fig.5(A).41: Bode plot of EP3 after soaking in a 3.5% weight Nacl aqueous
solution for (1, 7, 15, and 30) days
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Fig.5(A).42: Bode plot of EP4 after soaking in a 3.5% weight Nacl aqueous
solution for (1, 7, 15, and 30) days
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Fig.5(A).43: Bode plot of EP5 after soaking in a 3.5% weight Nacl aqueous
solution for (1, 7, 15, and 30) days
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Fig.5(A).43: Bode plot of EP5 after soaking in a 3.5% weight Nacl aqueous
solution for (1, 7, 15, and 30) days

Bode plot suggests that impedance modulus increased at lower frequency for better
corrosion resistance. Bode plots of conventional and nano composite coatings with
altered time immersion intervals (initial 1, 7, 15, and 30 days) are shown in
Fig.5(A).38 to Fig.5(A).44 compared with Fig.5(A).39 for uncoated MS rod. We
use impedance modulus at frequencies which are lowest (|Z|s = 0.01Hz) and
analyze the corrosion resistance properties of composite coatings. The impedance
modulus value (|Z|s = 0.01Hz) decreases in the order 1day > 7 days > 15 days > 30
days, for conventional coating, which indicates less corrosion protection.
Meanwhile, compared with conventional coationg, nano coating composite shows
better corrosion protection ability after 15 days. This suggests that the corrosive
environment has affected the MS substrate due to the excessive mobilization of

nanoparticles in the composite coating matrix. However, in the case of coatings
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with organo silane nanocomposites, mobilization is observed only after 30 days of
immersion. This observation indicates that the corrosion mediums are unable to
penetrate these coatings effectively. It reveals that the nanoparticles are well-
dispersed within the nanocomposite, effectively enhancing the epoxy matrix and
thus improving the corrosion barrier properties of the coatings through a "labyrinth

effect,” which restricts the permeation of corrosive ions [14].

Table.5(A).8: Fitting results of uncoated MS rod

Sample Day C.P.E (Yo) Rp.(Q) C.P.E
name (N)
Uncoated 1 0.00035 0.517 0.503

MS rod
7 0.00065 0.821 0.521
15 X X X
30 X X X
Table.5(A).9: Fitting results of EP1 and EP2
Samples Day (s) | C.P.E (Yo) Rp.(Q) C.P.E(N)
code name
EP1 1 2.67TE—11F 4.38E+08 0.917
7 1.27E—10F 3.07E+07 0.835
15 1.01E—10F 650022 0.872
30 1.27E—10F 22751 0.853
EP2 1 1.67E—10F 4.24E+05 0.895
7 1.83E—10F 68746 0.879
15 1.69E—10F 90590 0.864
30 1.97E—10F 60783 0.910
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Table.5(A).10: Fitting results of EP3 and EP4

Samples code | Day (s) | C.P.E (Yo) Rp.(Q) C.P.E(N)
name
EP3 1 1.02E-10F 9.80E+07 0.870
7 2.63E-10F 3.20E+05 0.854
15 1.99E-10F 83069 0.903
30 2.46-10F 41587 0.882
EP4 1 6.71E-10F 1.51E+07 1.106
7 1.54E-10F 3.90E+07 0.778
15 9.17E-11F 33039 0.776
30 1.32E-10F 44921 0.707
Table.5(A).11: Fitting results of EP5 and EP6
Samples code | Day C.P.E (Yo) Rp.(Q) C.P.E(N)
name (s)
EP5 1 9.70E-10F 1.29E+08 0.947
7 5.40E-10F 3.98E+07 0.913
15 4.85E-10F 2.98E+07 0.926
30 2.60E-10F 38853 0.887
EP6 1 6.68E-11F 1.03E+08 1.05
7 3.81E-10F 4.58E+07 0.793
15 1.23E-10F 3.21E+07 0.922
30 1.99E-10F 2.53E+07 1.024

115|Page



Solution Mild Steel (MS)

CPE

(@)

Solution Mild Steel (MS)

R, CPE 1 CPE 2

Rro

JWW

Coating substrate interface

(b)

Fig.5(A).44: The equivalent electrical circuit models used to simulate EIS
measurements of coatings at various immersion stages: (a) for one time constant

and (b) for two time constant
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Table.5(B).12: Inhibition efficiency of developed epoxy composite coating from
electrochemical parameter after corrosion studies

Coating | % Corrosion Inhibition % Rct = p = Rewncoated x10‘mb672m

code Efficiency= Igorro_lcorr « 100 | Ret=Ret’, 100 Rp(Coated)

Name Ieorr Rct
EP1 98.70 98.83 P=45.78x107"
EP2 99.61 99.20 P=38.69x10 10
EP3 99.18 99.30 P=20.23x10""
EP4 99.92 99.78 P=10.26x10 %2
EP5 99.84 99.86 P=26.59x107°
EP6 99.90 99.96 P=23.48x10

From electrochemical parameter it has been seen, EP6>EP4>EP2>EP5>EP3>EP1
increasing order for corrosion inhibition efficiency, EP6>EP5>EP4>EP3>EP2>EP1
increasing order for charge transfer resistance and EP6>EP4>EP2>EP5>EP3>EP1
increasing order for porosity measurement of different type of composite coatingsre
respectively. It has suggested that nano filler embedded coating best results in
corrosion inhibition efficiency and charge transfer resistance due to dense structure

formed when cured with hydrophobic nano silica particle.

5(A).7. Surface Analysis of Coatings (Optical Images)

Optical images with different magnifications are taken before and after corrosion

test of coatings on MS rod of electrochemical experiments. Fig.5(A).45 to
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Fig.5(A).50 in the below depicted before and after corrosion of conventional and
nano silica based composite coatings. After corrosion study it has been seen that
most pits are observed over the surface of coating EP1. Some pin holes are
noticeable glass flakes (160A and 160N) with conventional silica based epoxy
composite coatings of EP3 and EP5 respectively. It revealed that swelling has
occurred in Nacl medium of conventional epoxy coatings. Damages observed at
the metal-coating interface uptake electrolyte that implies the weak resistance
nature of conventional composite coatings. There are no such pits and damages
observed after corrosion study of nano epoxy composite coatings in EP2, EP4 and
EP6 respectively. Presence of nano organosiliane at metal/coating interface

prevented the penetration of corrosion ions on MS substrate.

Fig.5(A).45: Image shows studies at different magnifications (a) and (b) before
corrosion and after corrosion (c) and (d) of EP1
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Fig.5(A).46: Image shows studies at different magnifications (e) and (f) before
corrosion and after corrosion (g) and (h) of EP2

10pum

Fig.5(A).47: Image shows studies at different magnifications (i) and (j) before
corrosion and after corrosion (k) and (I) of EP3
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Fig.5(A).48: Image shows studies at different magnifications (m) and (n) before
corrosion and after corrosion (0) and (p) of EP4

Fig.5(A).49: Image shows studies at different magnifications (q) and (r) before
corrosion and after corrosion (s) and (t) of EP5
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Fig.5(A).50: Image shows studies at different magnifications (u) and (v) before
corrosion and after corrosion (w) and (x) of EP6

5(A).8. Salt Spray Chamber (SSC) Study

In salt spray chamber test is carried out to completion for 2200 hours of continuous
fog on coated panels. From Fig.5(A).51 results indicate corrosion and blister
formation occurred only in micron silica based epoxy and not in nano silica epoxy
composite coating. But in case of micro silica with 160N and 160A glass flake
based epoxy composite coatings (EP5 and EP3) showed less corrosion and blister
formation compared to EP1 coating and also nano silica with 160N and 160A glass
flake based epoxy composite coatings (EP4 and EP6) showed very less corrosion
and blister observed compared to EP2 coating  This indicates nano silica
embedded epoxy is having much better corrosion resistant properties than

conventional silica based epoxy coating.
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Fig.5(A).51: Images of the epoxy coated panel after 2200 hours expose in 5% Nacl
solution salt spray

5(A).9. Cathodic Disbondment Study

After completion of experiment phenopthalein indicator was poured in drilled hole
at the centre of each cell. There was change of violet colour observed which
indicates violet colour zone has been corroded shown and shown in Fig.5(A).52.
Here temperature plays major role in disbonding of coating. Here temperature
plays important role, which is directly proportional to disbondment (mm/day).
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Moreover, following an increase of the current, greater expansion will be observed
at higher temperatures. At high vapour pressure porosity of coating increases as a
result there will be increase in the permeation of electrolyte through the coating.
This results in the chemical attack and thermal expansion of the metal substrate.
Moreover, at elevated temperatures dissolution of interface oxides will be
accelerated. Result shows epoxy nano composite sample has much lesser cathodic
disbondment area than conventional one which indicates that nano embedded nano

composite sample has better corrosion resistant properties.

B <

EP1 EP2

-

EPS i EP6

Fig5(A).52: Images of MS Coated panels after cathodic disbond test for 3.5% Nacl
solution 28 days
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Table.5(A). 13. Cathodic disbondment results on epoxy based composite coatings

Samples | Voltage | Current Temp Duration Disbondment area
code (V) (mA) (°C) (Days) (mm)/Remarks
name

EP1 —1.5 40—95 30-45 28 6—13.2

EP2 —1.5 40—95 30-45 28 6—9.5

EP3 —1.5 40—95 30-45 28 Partially delamination and

1/3 th area of coating

comes out

EP4 —1.5 40—95 30-45 28 6—8.7

EP5 —1.5 40—95 30-45 28 6—9.3

EP6 —1.5 40—95 30-45 28 6—7.3

5.(A).10. Water and Chemical Resistance Study

The degree of water absorption has been evaluated by using formula of % swell
test for 65 days. The nano filler based cured film (EP6>EP4>EP2) showed
excellent water resistant than conventional cured film (EP5>EP3>EP1).

As result, absorption of water EP5, EP3 and EP1 are 15.14%, 20.8% and 34.2%
respectively and where as EP6, EP4 and EP2 are 2.53%, 5.4% and 9.3%
respectively.

The resistance behaviors of chemicals of the cured films were studied by in
solution of acids (5% HCI and 5% H,SO,) and alkali (5% NaOH) immersed
continue for 65 days.

These studies exposed that the films, acid and alkali immersion test showed
damages and weight loss in acid medium is 15-25% and loss of gloss in alkali of
conventional cured film. On the other hand small damages and weight loss in acid

(3-8%) and little loss of gloss in alkali of nano filler based cured film observed.
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Nano composite coatings show better water and chemical resistance than
conventional composite coating due to nano particles completely wetted by epoxy
and adduct of aliphatic chain from phenalkamine give cured highly crosslink
density rigid molecule structure presence of hydrophobic groups of nano
organosiliane, etc.

5.(A).11. Conclusions

In summary, we have tested the organo silane epoxy nanocomposite material by
simple method and successfully showed excellent result in all experiments. Nano
composite material’s superior corrosion properties than conventional coating have
been confirmed by TEM, XRD, SEM and TGA-DTA studies. The most noticeable
thing is that the organo silane nano filler with glass flkae embedded polymeric
coating exhibits the lowest lowest corrosion current density, resistance to corrosion
as well as more positive corrosion potential and excellent polarization resistance
when compared to conventional silica based epoxy coating. Even salt spray
chamber test shows better corrosion resistance for nano composite epoxy
compared to conventional epoxy. Nano composite coating shows much lower
cathodic disbondment properties and hence much better corrosion resistance

properties. Also, it has been observed that resin can consume 6.5 to 7 wt% of
nanoparticles by optimization. With view above epoxy nanocomposite coating

should be used for corrosion mitigation in the practical applications.
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5(B)

POLYURETHANE
BASED COMPOSITE
COATINGS



5(B).1. FTIR spectroscopy

The PU composite coating system proffers a rigid structure. As result, the different
Intensities of the band of the different functional group are not properly irradiated
to the IR beam during its channel or the structure is so rigid that the vibration of
normal stretching and bending are too much repressed. The free volume porosity of

such composite coating is very less.
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Fig.5(B).1: FTIR spectroscopy of composite coatings for PU1 and PU2

The comparative FTIR studies are recorded from IR spectra data for each cured
film and evaluated the band pattern of different composite coatings system in
Fig.5(A).2 compared with organo siliane nano particles. The assignments for
characteristics peaks are given Table.5(B).1. Most observable region are main
distinguishable peaks of C—H stretching band (2800—4000cm ) appear. These
peaks are mainly associated to urethane linkage (NHCOOQ) in a polyurethane film
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Is hydrogen bonded to each other with distinguished functional groups and the nano
organo siliane doped on the surface of composite coating. Moreover, the intensity
of the peak nanocomposite coating (PU2) increasesess than conventional composite
coating (PU1) for embedded organo siliane nanoparticle due to number of methyl
groups surrounding Si atom increases intensifies more [21,22].

Table.5(B).1: Characteristics peaks from FTIR spectra for PU composite coatings

Wavenumber (cm—?) Assignments
3800—4400 OH of H—OH, Et—OH and Si—
OH/N—H of primary and secondary
amines

3742-3748 Free SiOH

2935 C—H of CH;, CH3/CH aromatic and
aliphatic
2920 Asym.CH stretching
2845 Symmetrical stretching of CH
2312 Isocynate
1726 C=0
1656 N—H of primary amines
1620 H—O—H bending
1560 Polymerized urethanes
1450 CH3;— stretching
1386 CH,— stretching
1242 —C—0—C—group
1180 Si—0O—Si of =Si—0—Si=/C—C—
O0—C
1105 Asym. Si—O—Si Stretching
1045 C—0O—C of ethers
965 —C—0O— stretching vibration of
Si—OH bond

807 SiOy tetrahedron ring
470 O0—Si—O0

Polyurethane coating is formed by reacting isocyanates with hydroxyl-containing

compounds such as polyethers, polyesters, castor oils, polyhydric alcohols, and so
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on. Polymerization of polyurethane takes place when di or poly functional
iIsocyanates react with hydroxyl-terminated compounds. Fig.5(B).1 displays the

FTIR spectra of the polyurethane coating in its as prepared state.
80

- After Salt Spray(PU2)
40 4 Before Salt Spray(PU2)
a= | ——— After Salt Spray(PU1)
frm Before SaltISpray(PlU 1)

!

\—

—_ |
|
|

) b ] L4 ) L) ) v ) 2 ] 4 ) L ) b
500 1000 1500 2000 2500 3000 13500 4000 4500
Wavenumber (cm™")
Fig.5(B).2: FTIR spectroscopy of polyurethane composite coatings of PUl and

PU2 after 2200hrs salt spary test

After 2200 hours of salt spray exposure, the FTIR spectra of composite coatings
recorded in Fig.5(B).2 showed that the relative transmittance of the salt-sprayed
nano-composite coating closely resembles that of the unprocessed one. Additional
very weak bands (i) 1078 to 1191cm and (ii) 649 to 870cm™ are observed in resin
degradation of nanocomposite coating of PU2. The presence of such a peak
indicates an interaction between the polyurethane coating and the salt spray,
suggesting slow corrosion resistance against salt spray. But in case of conventional
composite coating of PU1, additional bands (i) 3554 to 4056cm™ (ii) 1560 to
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1761cm™t (iii) 1111 to 1332cm™ and (iv) 583 to 844cm™ are observed in resin

degradation which signify corrosion occurred in between polyurethane and salt

spray [6].

5(B).2. XRD Patterns Analysis

The XRD peaks of organo siliane particles and composite coating of cured film
seen in Fig.5 (B).3. A broad pattern obtained at 20 = 22.21 compared to the
presence of SiO, crystalline particle it correlate that particles are amorphous in
nature [17]. In composite, pigments broad peaks are observed at angles of 26 values
and (hkl) planes are 20.90 (1 1 1), 27.03 (1 2 0), 31.02 (2 1 1) 39.40 (130) and
68.32 ( 3 3 3) for quartz silica (Card No: 1010921), 27.7 (110), 36.2 (101), 41.4
(111), 44.5 (210) 54.3 (211) and 56.6 (200) for rtile TiO; respectively (Card No:
21-1276) and additives of soap stone powder observed at angles of 20 values and
(hkl) planes are 29.4 (027), 31.29 (028), 51.2 (0211) and 60.2 (330) respectively
(Card No: 10-0036). Now it can say that all composition are fully embedded in PU
matrix but PU2 nanocomposite showed more intense peak due to more amorphous

nature of organo silane nano filler.
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Fig.5 (B).3: XRD pattern of organo silane nano particles embedded PU composite
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5(B). 3. Morphology Study
5(B). 3.1. Scanning Electron Microscope (SEM)

For better corrosion performance of resultant nano coating it is very important to
good wetting necessary of particles in nano sized in composite. Fig.5(B).4 shows at
two different magnifications SEM images of PU1 in (a) where some particles are
observed at micro level and SEM micrographs of dispersed nano silica of PU2 in
(b). SEM images displays the silica nano particles are homogeneously dispersed in
the polymer matrix and agglomeration occurred during the formation of composite
coating. Here at two different magnifications of images 3um and 10 pm used for

both coating observation.

Fig.5(B).4: SEM images of (a) & (b) for PUL and (c) & (d) for PU2 composite
film
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5(B). 3.1. Transmission Electron Microscope (TEM)

TEM studies determine degree of dispersion tread SiO, nono filler in the
morphology which will truly get into better corrosion performance of the nano
composite coating. Used of Image J software organo silane particle size is less than
20nm detected. Fig.5(B).5 shows TEM images of nano organo silane embedded PU

composite coating.

Fig. 5 (B).5: Transmission electron image of organo silane nano PU composite

5(B).4. Thermal Analysis (TGA-DTA)

The thermal stabilities of the PU composite films were assessed using TGA-DTA
analysis, as depicted in the Fig. 5(A).6. The TGA-DTA curves displayed two
distinct stages of mass loss. These stages were attributed to the decomposition of
MDI present in the pre-polymer and the ester groups found in the polyol. The first
stage involved the decomposition of MDI with the breakage of urethane bonds,
resulting in an 8% mass loss occurring between 200 and 350°C for PUL. The
second stage entailed ester decomposition, leading to an 11% mass loss between
350 and 535°C for PU2. Notably, for the nano PU2 sample, the film fully degraded
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at a higher temperature range of 750-760°C, indicating a significant difference in
mass loss compared to the NCO/OH ratios [23-25].
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Fig. 5(A).6: TGA-DTA thermogram for PU1 and PU2 composite film

DTA diagram predicted endothermic reaction occurred at 250 to 350°C for solvent
evaporation. Exothermic reaction occurred 450 to 780°C due to binder

disintegration in composite coating.
5(B).5. Physico-Mechanical Properties

In the regard of mixing ability and formation viscosity, the addition of nano organo
silane increases viscosity more than conventional quartz silica. This is because
silica nanoparticles have a higher surface area for interaction with polymer chains
in the composite matrix. After holiday (electrical insulation) test, no audio visual
sound, any spark pinhole break and presence of conductive particles observed.

Various mechanical properties such as DFT, flexibility, scratch hardness, pencil
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hardness, adhesion, falling ball impact, and abrasion resistance were evaluated for

composite coatings. Both types of coatings have a DFT of 200£10 microns. PU2 is

more flexible than PU1, and PU2 also exhibits better scratch and pencil hardness

due to higher hardness and cross-linking density. There were no cracks observed

after the falling ball impact test, indicating a uniform dispersion of nano fillers and

a strong cross-linked elastomeric structure. PU2 has a superior cross-link density

compared to PUL, attributed to longer hydrophobic chains on the surface of

nanoparticles, enhancing interactions within the polymer segments.

o

PU1
Fig. 5(B).7: Images of flexibility coated PU composite on MS panel

PU2

Table. 5(B).2: Result of scratch hardnes and pencil hardness of PU composite
coating on MS panel

Sample code | 500 gm Weight | 1000 gm Weight | 1500 gm Weight | Hardness
N (6B to 6H)
ame
PU1 Passed Passed Failed Failed at 3H
PU2 Passed Passed Passed Passed

In PU composite coatings, incorporating nano silica significantly improves

abrasion resistance with minimal weight loss compared to silica micro particles.
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Nano silica coatings exhibit 2.1 mg/1000 cycles weight loss, indicating uniform
distribution for a stronger network. Adhesion properties in nanocomposite coatings
are superior, thanks to increased crosslink density due to nano-particle distribution,
especially after a salt spray test. At 60° angel PU2 displays better gloss than PU1
I.e. PU2 of nano silica particles has high refractive index than conventional of PU1.

PU1

PU2
Fig.5 (B).8: Images of falling ball impact test of PU composite coating on MS panel

Table. 5(B).3: Result of Physico-Mechanical testing of PUcomposite coating

Coating | Cross | Adhesion Property | Impact Test (KG.M) | Abrasion | Gloss
code link (N/mm?) Test
name | Density | Before | After 2200 | Instrusion | Extrusion | (mg/cycles) | At 60°
(%) | Salt hrs Salt angle
Spray | Spray Test
PUl1 |87 29.5 18.8 >0.5 >0.7 7.8
PU2 92 43.7 34 >0.4 >0.3 3.8
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5.(B).6 Corrosion Studies

5 (B).6.1. Tafel curves analysis of the various composite PU coatings

Various composite PU coatings of PUland PU2, polarization curves were studied
for periodic time intervals (initial, 1, 7, 15 and 30 days) by immersion in 3.5 wt%
Nacl solution and have been depicted in Fig.5(B).9 and Fig.5(B).10 polarization
curves, corrosion potential (Ecor), cathode Tafel slope (Bc), anode Tafel slope (Ba),
corrosion current (lcor), polarization resistance (Rp) and corrosion current density

(Jcorr) are calculated.

= (1 Day)
1.0 - (7 Days)
(15 Days)
(30 Days)
0.5 -
@)
=T}
=
& 0.04
-
=
= -0.54
B
&
-1.0 4

A AL BN S ALl BN N Al DEENNE N an ALl BN BN S R A AL NN SN An R ALl NN NN
1E-9 1E-8 1E-7 1E-6 1E-5 1E-4

[Log Current Density (Area/cmz)]

Fig.5(B).9: Tafel curves of PUL1 after (1, 2, 15 and 30) days immersions in 3.5
wt% Nacl aqueous solution
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Fig.5 (B).10: Tafel curves of PU2 composite coating after (1, 2, 15 and 30) days
immersions in 3.5 wt% Nacl agueous solution

Table.5(B).4: Electrochemical parameters after soaking for different time (1, 7, 15

and 30) day intervals of polarization measurements for PU1 and PU2 composite

coating
Samples | Day(| —Ecorr Jeorr lcorr (MA | Corrosion Rp(Q pa Bc

code s) (Vvs | (Alcm?) cm?) rate cm?) (mV (mV
Name SCE) (mm/year) dec?) | dec?)
PU1 1 —0.594 | 2.28E-07 | 4.74E-06 0.00265 8153.90 | 0.158 | 0.204
7 —0.651 | 2.94E-06 | 6.16E-05 0.03426 748.26 0.224 | 0.200

15 | —0.632 | 6.90E-06 | 0.00014 0.08017 368.63 0.228 | 0.263

30 | —0.746 | 1.66E-05 | 0.00034 0.19345 119.71 0.235 | 0.161

PU2 1 (+)0.182 | 2.56E-11 | 6.12E-10 | 2.97E-07 | 1.10E+08 | 0.308 | 0.313
7 —0.612 | 8.43E-09 | 2.01E-07 | 9.79E-05 2.06E+05 | 0.190 | 0.236

15 —0.651 | 6.27E-09 | 1.50E-07 | 7.29E-05 2.63E+05 | 0.191 | 0.17/3

30 | —0.653 | 1.87E-08 | 4.48E-07 0.00021 93929 0.211 | 0.179
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In Table 5(B).4, electrochemical parameters of various composite coatings are
given. From the table it is found that PU2 sample given higher Ecorr, lower lor, and
higher Rp values as compared to PUL. This suggests that PU2 composite coating
gives better corrosion resistive properties as compare to PULl. Meanwhile, the
corrosion current (Jeorr) Of PU2 coating is also the lowest. Interestingly, the
corrosion potential first increased and then decreased in PU1 coating and also
corrosion current to be inversely related. Moreover, PU2 coating has the largest
Ecor(—0.65351) and the smallest Jeor(1.8767E-08A/cm?) for 30 days compared to
PU1. In term of polarization resistance of PU2 is 93929Qcm? whereas PU1 is
119.71Q cm?. From this study it is found that nano composite coating possesses
the superior corrosion resistance properties over the conventional composite

coating.
5 (B).6.2. Analysis of EIS results of various composite PU coating

Fig.5(B).11 and Fig.5(B).12 shows EIS, Bode and Nyquist plot of samples PU1
and PU2 after immersed in 3.5% Nacl aqueous solution for (initial 1, 7, 15 and 30)
day(s). After the initial 1 day, the Nyquist diagram PU2 shows large arc radius
than PUL. Fig.5(B).13 and Fig.5(B).14 While Bode diagrams in shows impedance
behavior of composite coating of PU2 is 2x103 times greater than PU1. This time
PU2 coating show better protective barrier with large impedance and matrix is
most shielding wall. After immersion of 7 days for PUL coating exhibit decreases
arc radius than 1 day as well as in Bode diagrams the impedance at low frequency
gradually decline with time interval. It could be say that the electrolyte solution
was penetrating through the composite coatings. Over the 15 days Nyquist diagram
exhibit two times constant. In Bode plot the diagonal, capacitive nature in the high
frequency region shifted to the low frequency direction. It has observed that the

nature of capacitance increased gradually and the protective nature decline of PU1
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coating. But in case of PU2 after 7days immersion arc radius of Nyquist plot same
as 1 day’s diagram and Bode diagram follows same impedance due to
agglomeration behaviors of nanoparticles in composite PU coating [20,21].
Interestingly, after 15 days PU2 composite coating shows highest impedance arc
radius as well as high frequency in Bode plot. Nyquist diagram reveals that well
dispersion of nano silica truly increases the performance of corrosion protection on

metal substrate.

With the immersion testing progress on, after 30 days in case of PU1l composite
coating the capacitance arc of Nyquist plot follows same as 15 days diagram with
two times constant. In Bode diagrams the impedance at low frequency be disposed
loss steadily, which introducing the penetration of electrolyte solution in the
composite coating has nearly reached at saturation. In Nyquist diagram arc radius
Is reduced indicating the corrosion could be started in PU2 coating. Now, two plot
forms are seen in the high and low frequency region which convey resistance and

delimination nature of coatings PU2 and PU1 respectively [26,27].
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Fig.5(B).11: Nyquist plot of PUL after soaking for 3.5 weight% Nacl aqueous

solution for (1, 7, 15 and 30) days
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Fig.5(B).12: Nyquist plot of PU2 after soaking for 3.5 weight% Nacl aqueous

solution for (1, 7, 15 and 30) days
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Fig.5(B).13: Bode plot of PUL after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days
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Fig.5(B).14: Bode plot of PU2 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days

From the Nquist diagram,solution resistance(Ru), polarization resistance
(Rp),charge transfer resistance(Rct),constant phase element(C.P.E),admittance
nature of coating(Y,)and capacitive nature of coating(N)are derived and tabulated
in table.8. These are used to evaluate the equivalent circuit. Nyquist plots shows
one time constant and two times constant from electrochemical behavior and the
equivalent circuit has been depicted in Fig.5(B).15. From this study it isfound that
the metal corrosion rate with the coating are inversely related to Rct or charge
transfer resistance and barrier properties for the coating. Therefore in order to
improve the corrosion resistance we have to have higher Rp and Rct value for the
given coating [20-22]. From values in table.8.we can see that PU2 has the much
better corrosion resistance properties than PUlfor immersion for a time interval, in

3.5 weight % Nacl aqueous solution.
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Table.5(B).5: Fitting results of PU1 and PU2

Samples | Day(s) | C.P.E (Yo) Rp.R(Q) C.P.E(N)

name

PUL 1 2.4029E-09F 166.63 1.1476
7 3.9278E-09F 119.77 1.126
15 2.321E-08F 83.13 0.813
30 1.764E-05 34.53 0.541

PU2 1 2.3489E-10F | 8.051E+07 0.89832
7 1.3589E-10F 57242 0.84937
15 1.3351E-10F 58380 0.83721
30 1.1831E-10F 32883 0.78725
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Fig.5(B).15: The equivalent electrical circuit models used to simulate EIS
measurements of coatings at various immersion stages: (a) for one time constant

and (b) for two time constant
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Table.5(B).6:

parameter after corrosion studies

Inhibition efficiency of developed PU from electrochemical

Coating | % Corrosion Inhibition % Rct = p = Rewncoated) 1 0= {AEcorr)
code Eff|C|enCy: M x 100 RCt—RCtox 100 Rp(coated)
Name orr Rct
PU1 69.70 75.62 P=23.74x1073
PU2 99.89 99.94 P=87.24x107%

From Table.5(B).6, electrochemical parameter, it has been seen, PU2>PU1>
increasing order for corrosion inhibition efficiency, PU2>PU1 increasing order for
charge transfer resistance and PU2>PU1 increasing order for porosity measurement
of different type of composite coatings respectively. It has suggested that nano filler
embedded PU coating best results in corrosion inhibition efficiency and charge
transfer resistance due to dense structure formed when cured with hydrophobic

nano silica particle compared to conventional one [27].

5.(B).7. Surface Analysis of Coatings (Optical Images)

Optical images with different magnifications are taken before and after corrosion
test of coatings on MS rod of electrochemical experiments. In Fig.5(B).14 (a) &
(b) show images before corrosion of PU1 coating with different magnification.
After corrosion study it has been seen that most pits with degradation are observed
over the surface of PU1 coating in Fig.5(B).14 (c) & (d). It revealed that swelling

has occurred in Nacl medium of conventional coating of PU1. Damages observed
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at the metal-coating interface uptake electrolyte that implies the weak resistance
nature of PUlcoating. Fig.5(B).15 (p) & (q) show images before corrosion of PU2
coating. There are no such holes and damages observed after corrosion study of
PU2 coating in Fig.5(B).15 (r) & (s). Presence of nano organosiliane at

metal/coating interface prevented the penetration of corrosion ions on MS
substrate.

Fig.5 (B).14. Image shows studies at different magnifications (m) before corrosion
and (n) after corrosion of PU1
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Fig.5(B.)15. Image shows studies at different magnifications (o) before corrosion

and (p) after corrosion of PU2

5.(B). 8. Salt Spray Study

Salt spray chamber test is carried out for 2200 hours incontinuous fog on coated
panels. From, Fig.5(B).16 it is indicated, that corrosion and blister formation
occurred only in micron silica based epoxy and not in nano silica composite epoxy
coating. This indicated nano silica embedded PU1 having much better corrosion

resistant properties than conventional silica based PU2 coating.
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Fig.5(B).16:1mages of the PU composite coated panel after 2200 hours expose in

5% Nacl solution salt spray
5(B).9. Cathodic Disbondment Study

After completion of experiment phenopthalein indicator was poured in drilled hole
at the centre of each cell. There was change of violet colour,which indicates violet
colour zone has been corroded shown and givenin Fig.5(B).17. Here temperature
plays major role in disbonding of coatingwhich is directly proportional to
disbondment (mm/day). Moreover, following an increase of the current, greater
expansion will be observed at higher temperatures [28,29]. At high vapour pressure
porosity of coating increases as a result there will be increase in the permeation of
electrolyte through the coating. This results in the chemical attack and thermal
expansion of the metal substrate. Moreover, at elevated temperatures dissolution of
interface oxides will be accelerated. Result shows epoxy composite PU2 sample
has much lesser cathodic disbondment area than PUlwhich again suggestedthat

nano embedded PU2 sample has better corrosion resistant properties than PU1.
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Fig.5 (B).17: Images of MS Coated panels after cathodic disbond test for 3.5%
Nacl solution 28 days

Table.5 (B).7: Cathodic disbondment result for PUcomposite coating

Sample | Voltage | Current | Temp | Duration | Disbondment
(V) (mA) | (°C) | (Days) area (mm)

PU1 —1.5 40—95 | 30-45 28 Less
delamination

PU2 —1.5 | 40—95 | 30-45 28 Fully
delamination

5.(B). 10. Water and Chemical Resistance Study

The degree of water absorption has been evaluated by using formula of % swell
test for 65 days. The nano filler based cured film PU2 showed excellent water
resistant than conventional cured film PUL. As result, absorption of water PU1 is
25.32% and where as PU2 is 6.23%. The resistance behaviors of chemicals of the
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cured films were studied by in solution of acids (5% HCI and 5% H,SO,) and
alkali (5% NaOH) immersed continue for 65 days. These studies exposed that the
films, acid and alkali immersion test showed damages and weight loss in acid
medium is 20-30% and loss of gloss in alkali of PULl. On the other hand small
damages and weight loss in acid (8-17%) and little loss of gloss in alkali of PU2
observed. PU2 shows better water and chemical resistance than PU1 due to nano
particles completely wetted by polyurethane and adduct of MDI give cured highly
crosslink density rigid molecule structure presence of hydrophobic groups of nano

organo silane, etc.
5.(B). 11. Conclusions

Developed composite materials have been confirmed by FTIR, XRD, TEM, XRD,
SEM, and TGA-DTA studies. The most noticeable thing is that the nano
organosilane embedded polymeric coating exhibits the lowest lowest corrosion
current density, resistance to corrosion as well as more positive corrosion potential
and excellent polarization resistance when compared to conventional silica based
PU coating. Even salt spray chamber test shows better corrosion resistance for nano
filler compared to conventional filler. Nano composite coating shows much lower
cathodic disbondment properties and hence much better corrosion resistance
properties. Importantly, the composite coating with nano composite material
displays excellent wear resistance and thermal behaviors than conventional one.
Nano base composite coating has low water absorption and high chemical
resistance than conventional one. Also, it has been observed that resin can consume
6.5-10wt% of nanoparticles by optimized. With view above nano composite PU

coating should be used for corrosion mitigation in the practical applications.
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COATINGS



5(C).1. FTIR Spectroscopy

Fig. 3. Shows C—H stretching bands are observable in regions (2850 to 3200 cm™).
These bands are very closely associated to alkyl groups of the organo silane particle

inthe nanocomposite surface.
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Fig.5(C).1: FTIR spectroscopy of composite coatings of CTEP1 and CTEP2

Two type coatings structure revel a peak at 1276cm~" which suggested aliphatic
—C—N— stretching. At 1510 to 1615cm™ for benzene ring and 1460cm™' for
aromatic backbone bands are confirmed. Transmission peaks are confirmed at 2855
to 2995cm~! make sure aliphatic and aromatic —CH— linkages respectively. Cured

films of coal tar epoxy composite undergo stretching vibration —C—O—C— oxirane
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ring at 1045 cm™!, —C—O— at 1175cm™" and also —N—H— of primary amine at
1655cm~'[30,31]. The IR spectrum DETA indicate characteristics peaks are at
2850cm! for alkyl group, 1460 cm™' for aromatic —C=C— and 1276cm™! for
aliphatic —C—N— stretch and 3745 cm™" confirmed that free SiOH group of organo
siliane based nanocomposite coating [30-32].

Fig.5(C).1: Characteristic bands obtained from FTIR spectra of developed coal tar
epoxy composite coating

Wavenumber (cm—?) Assignments

3743 Free SiOH

3090—3600 OH of H—OH, Et—OH and Si—

OH/N—H of primary and secondary
amines
2855—2995 C—H of CH;, CH3/CH aromatic and
aliphatic

2849 Symmetrical stretching of CH
1655 N—H of primary amines

1510 —1615 For benzene ring
1460 —C=C—for aromatic backbone
1276 Aliphatic —C—N— stretching
1175 Si—0—Si of =Si—0—Si=/C—C—

O0—C
1103 Asym. Si—O—Si Stretching
1045 C—0O—C of ethers
970 —C—O— stretching vibration of
Si—OH bond

810 SiO4 tetrahedron ring
472 O0—Si—O

Coal tar epoxy is a three-component system consisting of coal tar, epoxy resin, and
polyamide resin. After 2200 hours of continuous fog of salt spray chamber, the
FTIR spectra of composite coatings recorded in Fig.5(C).3, show that the relative
transmittance of the salt-sprayed nano-composite coating closely resembles that of

the unprocessed one.
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Fig.5(C).2: FTIR spectroscopy of composite coatings of CTEP1 and CTEP2 after

2200hrs salt spary test

Additional very weak band (i) 944 to 1085cm™ is observed in resin degradation of
nanocomposite coating of CTEP2. From the FTIR spectrum, it is evident that the
relative transmittances of samples before and after the salt spray test are very
similar. This suggests that in this case, the resin system is not degraded in the
presence of salt spray. In the case of the conventional composite coating of CTEP1,
additional bands are (i) 3528 to 8970cm™ (ii) 1018 to 1527cm™ (iii) 636 to
844cm™ observed. The changes observed in the transmittance spectra can be
attributed to the interaction between the conventional coating and salt spray,
resulting in the formation of new C-H bonding [6].
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5(C).2. XRD Patterns Analysis

The XRD peaks of organo siliane particles and composite coating of cured film
seen in Fig.5(C).3. A broad pattern obtained at 20 = 22.23 compared to the
presence of SiO, crystalline particle it correlate that particles are amorphous in
nature. At different angles of 20 values at ( h k I ) planes observed 20.90 (1 1 1),
27.03 (1 20),31.02 (21 1) 39.40 (130) and 68.32 ( 3 3 3) for quartz silica, 27.76 (
110),364(101),41.4(111),54.25(211),56.6(220)and 69.01 (112
) for TiO, pigment, 29.06 (02 7),31.21(028),51.2(0211)and60.2(330)
for extender respectively. Now it is confirmed that all composition are fully

embedded in cured coal tar epoxy matrix but nanocomposite film showed more

intense peaks than conventional one due to more amorphous in nature.
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Fig.5(C).3: XRD pattern of Coal Tar Epoxy nano composite of CTEP2 coating
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5(C).3. Morphology Study
5(C).3.1. Scanning Electron Microscope (SEM)

For better corrosion performance of resultant nano composite coating it is very
Important to good wetting necessary of particles in nano sized in composite. Fig. 5
shows at two different magnifications SEM images of CTEP1 in (a) & (b) where
some particles are observed at micro level with pore and dispersed nano silica of
CTEP2 in (c) & (d). SEM images displays the silica nano particles are dispersed
with agglomeration in the polymer matrix during the formation of composite
coating. Here at two different magnifications of images 5um to 10 um used for
CTEP1 coating and 1um to 300nm used for CTEPZ2 observation.

Fig.5(C).4: SEM images of (a) and (b) is CTEP1 and FESEM images of (c) and
(d) are CTEP2
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5(C).4. Thermal (TGA-DTA) Analysis

Thermal stability of all silica based coal tar epoxy composite film was studied by
TGA-DTA method in Fig.5(C).5. From the thermograms, two distinct degradation
processes can be observed. First, there is the degradation of the long aliphatic chain
in DETA, which occurs at lower temperatures. Second, there is the degradation of
the crosslinked epoxy polymer, which takes place at higher temperatures. During
the initial heating stage, when all samples are heated above 200-350°C, the epoxy-
amine linkages are broken. When heated further to around 500°C, the cleavage of
Mannich Bridge reactions is observed. Above 350°C, the conventional composite
coating decomposes into amines, phenolic compounds, and benzene derivatives.
For the cured nano composite coating, further degradation occurs at much higher

temperatures, typically well above 650°C.
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Fig.5(C).5: TGA-DTA thermogram curve of coal tar epoxy composite film
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The glass transition temperature decreased to 210°C when compared to quartz
silica particles. Weight loss was observed up to 700°C. At 400°C, the organic part
of epoxy disintegrated, resulting in a 6.8% weight loss for CTEP2 compared to
CTEPL. The DTA diagram indicated an endothermic reaction occurring at 350 to
450°C due to solvent evaporation and an exothermic reaction in the range of 500 to

650°C, attributed to binder disintegration in the composite coating.

The thermal stability of the conventional cured composite coating is lower than
that of the nano composite coating. This difference in thermal stability is likely
attributed to the presence of longer hydrophobic units in the composition, which
influence the interfacial interactions at the polymer-nano filler interfaces in the

matrix.
5(C).5. Physico-Mechanical Properties

In terms of mixing ability and formation viscosity, adding nano organo-silane
Increases viscosity more than conventional quartz silica due to the higher surface
area of silica nanoparticles for interaction with polymer chains in the composite
matrix. After an electrical insulation test, no issues such as audio visual
disturbances, sparks, pinhole breaks, or the presence of conductive particles were
observed. Various mechanical properties, including DFT, flexibility, scratch
hardness, pencil hardness, adhesion, falling ball impact, and abrasion resistance,
were evaluated for both types of coatings. Both coatings had a DFT of 200+10
microns. CTEP2 showed better flexibility and hardness compared to CTEP1, with
no cracks observed after the falling ball impact test. CTEP2 also exhibited superior
cross-link density, attributed to longer hydrophobic chains on nanoparticle

surfaces, enhancing interactions within the polymer segments.
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CTEP1

CTEP2

Fig.5(C).6: Images of flexibility coated coal tar epoxy composite on MS panel

Table.5(C).2: Result of scratch hardnes and pencil hardness of coal tar epoxy
composite coating on MS panel

Sample code 500 gm Weight | 1000 gm Weight | 1500 gm Weight | Hardness
(6B to 6H)
Name
CTEP1 Passed Passed Failed Failed at 1H
CTEP2 Passed Passed Passed Passed

.

CTEP1

CTEP2

Fig.5(C).7: Images of falling ball impact test of coal tar epoxy composite coating on MS

panel
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In coal tar epoxy composite coatings, adding nano silica greatly enhances abrasion
resistance with minimal weight loss compared to silica micro-particles. Nano silica
coatings show only a 3.2 mg/1000 cycles weight loss, signifying uniform
distribution for a stronger network. Adhesion properties in nanocomposite coatings
are superior due to increased crosslink density from nano-particle distribution,
particularly evident after a salt spray test. At a 60 degree angle, CTEP2 exhibits
better gloss than CTEP1, indicating that CTEP2 with nano silica particles has a

higher refractive index than the conventional CTEPL.

Table.5(B).3: Result of Physico-Mechanical testing of coal tar epoxy composite
coating

Coating | Cross | Adhesion Property | Impact Test (KG.M) Abrasion | Gloss
code link (N/mm?) Test
name | Density | Before | After 2200 | Instrusion | Extrusion | (mg/cycles) | At 60°
(%) | Salt hrs Salt angle
Spray | Spray Test
CTEP1 85 28.9 21.7 >0.8 >0.7 5.6 80
CTEP2 97 41.3 36.6 >0.4 >0.5 3.2 115

5 (C). 6.Corrosion Studies

5 (C). 6.1. Tafel curves analysis of the various composite epoxy

coatings

Various coal tar epoxy composite coatings, polarization curves studied for periodic
time intervals (initial, 1, 7, 15 and 30 days), by immersion in 3.5 wt% Nacl
solution depicted in Fig.5(C).8 and Fig.5(C).9. In the PD curve, corrosion potential
(Ecorr), cathode Tafel slope (Bc), anode Tafel slope (Ba), corrosion current (lcor),
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polarization resistance (Rp) and corrosion current density (Jeor) are used as

electrochemical parameters.
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Fig.5(C).8: Tafel curves of composite coating of CTEP1 after (1, 7, 15 and 30)
days immersions in 3.5 wt% Nacl aqueous solution
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Fig.5(C).9: Tafel curves of composite coating of CTEP2 after (1, 7, 15 and 30)

days immersions in 3.5 wt% Nacl aqueous solution
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Table.5(C).4. Electrochemical parameters after soaking for different time intervals

(1, 7, 15 and 30) day(s) of polarization measurements of CTEP1 and CTEP2

Samples —Ecorr Jeorr leorr (MA | Corrosion | Rp(Qcm?) Ba | pc (mV

code Day | (Vvs | (Alcm?) cm?) rate (mV | dec?)
Name (s) | SCE) (mm/year) dec?)

CTEP1 1 | —0.594 | 2.09E-10 | 4.26E-09 | 2.42E-06 1.07E+07 | 0.223 0.199

7 | —0.627 | 8.78E-09 | 1.78E-07 0.00010 2.25E+05 | 0.193 0.178

15 | —0.629 | 8.89E-09 | 1.81E-07 | 2.25E+05 2.19E+05 | 0.307 0.243

30 | —0.677 | 3.18E-08 | 6.49E-07 0.00037 70557 0.225 0.198

CTEP2 1 | —0.072 | 3.57E-11 | 8.18E-10 4.15-07 7.13E+07 | 0.264 0.272

7 | —0.202 | 9.47E-11 | 2.16E-09 | 1.10E-06 2.47E+07 | 0.237 0.225

15 | —0.188 | 8.20E-11 | 1.87E-08 | 9.53E-07 1.66E+07 | 0.139 0.147

30 | —0.201 | 3.08E-11 | 7.05E-6 3.58E-07 4.34E+07 | 0.142 0.139

In Table.5(C).5 electrochemical parameters of various composite coatings are put
forward. The higher Ecor, lower I, and higher Rp values show better corrosion
resistive properties. Thus we can say that corrosion potential (Ecorr) of CTEP2 is
higher than that of CTEP1. Meanwhile, the corrosion current (Jeorr) 0of CTEP2
coating is the lowest. Interestingly, the corrosion potential first increased and then
decreased in CTEP1 coating and also corrosion current to be inversely related.
Moreover, CTEP2 coating has the largest Ecor(—0.201) and the smallest
Jeorr(7.0584E-06 A/cm?) for 30 days compared to CTEP1. In term of polarization
resistance, CTEP2 is 4.3441E+07 Qcm? where as 70557 Qcm? for CTEP1. Say
that, CTEP2 coating possesses the superior corrosion resistance properties over
CTEP1.

5(C).6.2. Analysis of EIS results of various composite epoxy coatings

Nyquist and Bode plots of the coated MS rod after immersion (1,7,15 and 30)
day(s) periodically of the corrosion studies are display in Fig.5(C).10 to
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Fig.5(C).13. Nyquist plot revealed a huge semicircle and Bode plot indicate a
capacitance behavior suggested the high corrosion resistance of the coating. The
impedance |Z|oo; at low frequencies showed very large values 10° and phase angle
130 for CTEP2 coating. A time const could be noticed from the impedance spectra
exposed for the barrier characteristics of the coal tar epoxy coating [33,34]. After,

1 day to 30 days resulted data pronounced corrosion resistance behavior.

When an ionic path was generate in the coating a squeezed new semi circle appear
of CTEP1 after 15 days in the Nyquist plot. That can be constitute by an electrical
equivalent circuit including working electrode (W.E), charge transfer resistance
and constant phase element (CPE) in series with a parallel combination of the

coating. Whereas such phenomena does not occurred of CTEP2 coating.

From, Fig.5(C).11 of Nyquist and Bode plot in Fig.5(C).13 of nano composite
coating (CTEP2) exhibited the impedance modulus |Z|oo1 at low frequencies
increased with corrosion time than 15 and 30 days and behaves like good
protective barrier. But in case of conventional based composite coating (CTEP1)
suffer degradation after corrosion time. It has assumed that the electrolyte
penetration through the coating and constitute of a path to the MS coated surface
and get degradation[35,37].

After 7 days, an extension in the second time constant of the impedance plots is
observed, which is represented by the appearance of the second semi-circle in the
Nyquist plot at lower frequencies. During this stage, the barrier properties of the
conventional composite coating (CTEP1) gradually deteriorated, leading to
substrate exposure to the solution. In this context, the first semi-circle in the
impedance plot is associated with the barrier characteristics of the CTEP2 coating,

while the second semi-circle characterizes the corrosion process occurring at the
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interface between the substrate and the damaged area of the coating. This second
semi-circle represents the charge transfer process between the substrate and the
electrolyte solution. Under these conditions, the electrical equivalent circuit is
depicted in Fig.5(C).13[38-40].
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Fig.5(C).10: Nyquist plot of CTEP1 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days
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Fig.5(C).10: Nyquist plot of CTEP2 after soaking for 3.5 weight% Nacl aqueous

solution for (1, 7, 15 and 30) days
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Fig.5(C).11: Bode plot of CTEP1 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days
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Fig.5(C).12: Bode plot of CTEP2 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days

Table.5(C).5: Fitting result

Samples code
name Day(s) C.P.E (Yo) Rp(Q) C.P.E (N)
CTEP1 1 4.57E-10F 4.56E+06 0.717
7 0.00038 1.64E+05 1.120
15 6.42E-05F 15543 0.240
30 2.53E-10F 21905 0.760
CTEP2 1 1.03E-09F 4.67E+07 0.676
7 7.94E-10F 1.74E+07 0.683
15 4.17E-10F 1.17E+07 0.762
30 7.16E-11F 3.48+07 0.851
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Fig.5(C).13: The equivalent electrical circuit models used to simulate EIS
measurements of coatings at various immersion stages: (a) for one time constant

and (b) for two time constant
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Table.5(C).6: Inhibition efficiency of developed coal tar epoxy composite coating

from electrochemical parameter after corrosion studies

Coating | % Corrosion Inhibition % Rct = p = Rewncoated) . 1 0= {AFcorr)
code Efficiency= forteorr » 100 | ReE=Ret®s 100 Rp(Coated)

Name Ieorr Rct

CTEP1 84.30 97.54 P=78.96x107°
CTEP2 99.85 99.87 P=71.92x10710

From Table.5(C).6, electrochemical parameter, it has been seen, CTEP2>CTEP1>
increasing order for corrosion inhibition efficiency, CTEP2>CTEPL1 increasing
order for charge transfer resistance and CTEP2>CTEP1 increasing order for
porosity measurement of different type of composite coatings respectively. It has
suggested that nano filler embedded coal tar epoxy coating best results in corrosion
inhibition efficiency and charge transfer resistance due to dense structure formed
when cured with hydrophobic nano silica particle compared to conventional one
[27].

5(C).7. Surface Analysis of Coatings (Optical Images)

Optical images at different magnifications (10 & 20um) were captured before and
after the corrosion studies of coatings on an MS rod in electrochemical
experiments. After the corrosion study, it was observed that some pits with
degradation appeared on the surface of the CTEP1 coating in Fig.5(C).14 (c) and
(d). It was revealed that swelling occurred in the Nacl medium for the conventional
coal tar epoxy coating of CTEP1. The damages observed at the metal-coating

interface allowed the uptake of electrolyte, indicating the weak resistance nature of
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the CTEPL1 coating. Only three pits are observed after the corrosion study of the
CTEP2 coating in Fig.5(C).14 (o) and (p). The presence of nano organo silane at
the metal/coating interface effectively prevented the penetration of corrosion ions
onto the MS substrate.

Fig.5(C).14: Image shows studies at different magnifications (a) & (b) before
corrosion and (c) & (d) after corrosion of CTEP1

Fig.5(C).15: Image shows studies at different magnifications (m) & (n) before
corrosion and (0) & (p) after corrosion of PU1
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5 (C). 8. Salt Spray Study

In a salt spray chamber test, continuous fog exposure was conducted for 2200
hours on coated panels. The results, as depicted in Fig.5(C).16 indicate that
corrosion and blister formation occurred exclusively in the micron silica-based
coal tar epoxy coating, while no such observed in case of nano silica coal tar epoxy
composite coating. Indeed, the results suggest that the nano silica embedded coal
tar epoxy composite coating has significantly superior corrosion resistant
properties when compared to the conventional silica-based coal tar epoxy
composite coating. This demonstrates the potential benefits of using nano silica in

Improving corrosion resistance in coatings.

Fig.5(C).16: Images of coal tar epoxy coated MS panels of after 2200hrs salt spary

test

5 (C). 9. Cathodic Disbondment (CD) Study

Complete of experiment then poured phenopthalein indicator on drilled hole at the
centre of each cell. There was change of violet colour observed which indicate

violet colour zone has been corroted area shown in Fig.5(C).17. Here temperature is
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related to disbanding of coating. An increase of the current, a greater expansion of

disbonded area observed at higher temperature due to rate of disbonded area

(mm/day) and temperature are proportional to each other [28,29]. There are no such

experiments measured by temperature effect on the transport of water and ions. At

high vapor pressure of water increase vapor of water through surface of composite

coating and porosity of coating grows as a result of chemical attack with thermal

expansion.

Table.5(C).7: Cathodic disbondment result for coal tar epoxy composite coating

Samples | Voltage (V) Current | Temp (°C) Duration Disbondment area
code (mA) (Days) (mm)/Remarks
name

CTEP1 —1.5 90-110 30-45 28 Full area delaminated
and coating comes out
CTEP2 —1.5 90-110 30-45 28 Small area delaminated

and some blister formed

Fig.5(C).17: Images of coal tar epoxy coated MS panels after cathodic disbond test
for 3.5% Nacl solution 28 days

170 |Page




5(C).10. Water and Chemical Resistance Study

The degree of water absorption has been evaluated by using formula of % swell
test for 65 days. The nano filler based cured film (CTEP2) showed excellent water
resistant than conventional cured film (CTEP1). As result, absorption of water
CTEP1 is 26.53% and where as CTEP2 is 5.76%. The resistance behaviors of
chemicals of the cured films were studied by in solution of acids (5% H,SO, and
5% HCI) and alkali (5% NaOH) immersed for 65 days. The studies exposed that
the films, acid and alkali immersion test showed damages and weight loss in acid
medium is 30-40% and loss of gloss in alkali of CTEP1. On the other hand small
damages and weight loss in acid (8-19%) and little loss of gloss in alkali of CTEP2
observed. CTEP2 shows better water and chemical resistance than CTEP1 due to
nano particles completely wetted by tar epoxy and adduct of aliphatic chain from
DETA give cured highly crosslink density rigid molecule structure presence of

hydrophobic groups of nano organo silane, etc.
5(C).11. Conclusions

In summary, we have developed the organo silane epoxy nanocomposite material
by simple method and successfully showed excellent result in all experiments.
Nano composite material’s superior corrosion properties than conventional coating
have been confirmed by TEM, XRD, SEM and TGA-DTA studies. The most
noticeable thing is that the organo silane nano filler embedded polymeric coating
exhibits the lowest lowest corrosion current density, resistance to corrosion as well
as more positive corrosion potential and excellent polarization resistance when
compared to conventional silica based epoxy coating. Even salt spray chamber test
shows better corrosion resistance for nano composite coal tar epoxy compared to

conventional epoxy. Nano composite coating shows much lower cathodic
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disbondment properties and hence much better corrosion resistance properties.

Also, it has been observed that resin can consume 6.5-7 wt% of nanoparticles by
optimization. With view above coal tar epoxy nanocomposite coating should be

used for corrosion mitigation in the practical applications.
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o(D)
VINYL ESTER BASED
COMPOSITE COATINGS



5(D).1. FTIR spectroscopy

The glass flake-based vinyl ester composite coating system provides a highly
compact and rigid structure. As a result, the different intensities of the bands from
the different functional groups are not exposed to the IR beam during its path, likely
due to the rigid structure that suppresses the normal stretching and bending
vibrations. The free volume porosity of such composite coatings is very minimal.
The weak vibrational band at 915cm™ [40-42] is associated with the vibration of
oxirane ring. The vibrational band in between 1258 to 1460cm-1 can be attributed
to the C—O—C and C=C for aromatic symmetric stretching modes of vibration[43].
Two characteristics vibrational bond observed at 1627cm? for olefinic and 1726 to
1736cm™ for C=0 stretch in both composite coatings depicted in Fig.5(D).1 and
Fig.5(D).2.

Table. 5(D).1: Characteristic bands obtained from FTIR spectra of developed vinyl
ester composite coating

Wavenumber (cm—?) Assignments
3743 Free SiOH
3090—3600 OH of H—OH, Et—OH and Si—
OH/N—H of primary and secondary
amines
2855—2995 C—H of CH;, CH3/CH aromatic and
aliphatic
1726—1736 C=0
1627 Olefinic bond (C=C)
1510 —1615 For benzene ring
1460 —C=C—for aromatic backbone
1258—1287 —C—0O—C— ether group
1185 Si—0—Si of =Si—0—Si=/C—C—
o—C
1060 Asym. Si—O—Si Stretching
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Fig.5(D).1: FTIR spectroscopy of composite coatings of VE1 and VE2
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Fig.5(D).2: FTIR spectroscopy of composite coatings of VE3 and VE4

After 2200 hours of salt spray exposure, the FTIR spectra of the glass flake vinyl
ester composite coatings recorded in Fig.5(D).3 and Fig.5(D).4 indicate that the
relative transmittance of the salt-sprayed nano-composite coating closely
resembles that of the unprocessed one.

176 |Page



100

—— AfterSalt Spray(VE2)
[ Before Salt Spray(VE2)
: ——— After Salt Spray(VEI)
: BeforeSalt Spray(VE1)

I ¥ I L] I L I L4 I L I L) |}
500 1000 1500 2000 2500 3000, 3500 4000 4500
Wavenumber (cm™")

Fig.5(D).3: FTIR spectroscopy of VE1 and VE2 after 2200hrs salt spray chamber
test
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Fig.5(D).4: FTIR spectroscopy of VE3 and VE4 after 2200hrs salt spray chamber
test

Additional very weak bands (i) 954 to 1073cm™ (ii) 624 to 802cm™ for VE2 and (i)
2785 to 3146 cm™ (ii) 603 to 844 cm™* for VE4 are observed in resin degradation of
nanocomposite coatings. The presences of such peaks signify an interaction
between the glass flake nanocomposite coating and the salt spray, indicating a very
slow corrosion resistance against salt spray. But in case of glass flake conventional
vinyl ester composite coatings, additional bands (i) 3764 to 4061 cm™ (ii) 835 to
1067cm™t for VE1 and (i) 543 to 676cm™ (ii) 2075 to 2524cm™ (iii) 2788 to
3147cm™ for VE3 are observed. After the salt spray test of composite films, the
transmittance of conventional coatings changed considerably, leading to the
conclusion that the coatings have significantly degraded due to the salt spray

exposure.
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5.(D).2. XRD Patterns Analysis

The XRD peaks of organo siliane particles and composite coating of cured film
seen in Fig.5(D).5 and Fig.5(D).5. A broad pattern obtained at 20 = 22.21
compared to the presence of SiO; crystalline particle it correlate that particles are
amorphous in nature. In composite, pigments broad peaks are observed at angles of
260 values and (hKI) planes are 20.90 (1 1 1), 27.03 (1 2 0), 31.02 (2 1 1) 39.40
(130) and 68.32 ( 3 3 3) for quartz silica (Card No: 1010921), 27.7 (110), 36.2
(101), 41.4 (111), 44.5 (210) 54.3 (211) and 56.6 (200) for rtile TiO, respectively
(Card No: 21-1276) and additives of soap stone powder observed at angles of 20
values and (hkl) planes are 29.4 (027), 31.29 (028), 51.2 (0211) and 60.2 (330)
respectively (Card No: 10-0036). Now it can say that all composition are fully
embedded in vinyl ester matrix matix but nanocompositeS VE2 and VE4 showed

more intense peak due to more amorphous nature of organo silane nano filler.
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Fig.5(D).5: XRD pattern of 160A glass flake embedded vinyl ester composite

coatings VE1 and VE2
600

20 30 4

—— (VE3)

] (1) —— (VE4)

500

400 -

300

(027) (211)

Intensity
S
=]
|

(220) (333)

i

—

(=
|

=]
]

20 30 40 50 60 70 80

Fig.5(D).6: XRD pattern of 160N glass flake embedded vinyl ester composite
coatings VE3 and VE4
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5.(D).3. Morphology Study
5.(D).3.1. Scanning Electron Microscope (SEM)

To achieve improved corrosion performance in the nano coating, it is crucial to
ensure good wetting of nano-sized particles in the composite. In Fig.5(D).6 to
Fig.5(D).7, SEM images at two different magnifications reveal that silica
nanoparticles are uniformly distributed within the polymer matrix during the
formation of the composite coating. Whereas some micro particle and as well as
some pore are observed conventional filler based vinyl ester composite coating.
Both magnifications, ranging from 1 to 10 um, were used for observing the

coating, confirming the even dispersion of the silica nanoparticles.

Fig.5(D).6: SEM images of conventional composite in (a) and (b) for VELI,
dispersed silica nano filler in (c) and (d) for VE2
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Fig.5(D).7: SEM images of conventional composite in (m) and (n) for VES3,
dispersed silica nano filler in (0) and (p) for VE4

5.(D).3.2. Transmission Electron Microscope (TEM)

The degree of dispersion of SiO, nanoparticles and their morphology can be
analyzed using Transmission Electron Microscopy (TEM) on the surface. The
results obtained from TEM will provide valuable insights into the corrosion
resistant properties of the nano coatings. Additionally, the use of Image J software
can be employed to detect and measure the particle size of organo silane, which

has been found to be less than 50nm.
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Fig.5(D).8: Transmission electron images of 160A glass flkake based nano
composite coating of VE2

Fig.5(D).9: Transmission electron images of 160N glass flkake based nano

composite coating of VE4
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5(D).4. Thermal (TGA-DTA) Analysis

According to Fig.5(D).10 and Fig.5(D).11, the thermal decomposition process
exhibits three distinct steps. The first step occurs at 100-200°C, primarily
attributed to the evaporation of solvent from the matrix or fillers. The second step
takes place in the range of 250-400°C, involving the decomposition of quartz silica
fillers and TiO, the weight loss of from the composites. An additional third step is
observed in the temperature range of 400-600°C under nitrogen, which may be
attributed to the oxidation of partially decomposed fillers in a nitrogen atmosphere.
Similar results have been reported for various types of nanocomposite films
[44,45]. Fig.5(D).11 shows that the highest peak temperature is observed for VE4
while the lowest peak temperature is seen for VE1, summarizes the thermal
stability get of both their respective nanocomposites than conventional one.

Exothermic reaction occurred at 350 to 450°C and endothermic reaction occurred

at 550 to 650°C
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Fig. 5(D).10: TGA-DTA thermogram curve of VE1 andVE2
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Fig. 5(D).11: TGA-DTA thermogram curve of VE3 andVE4

5(D).5. Physico-Mechanical Properties

In terms of mixing ability and formation viscosity, the addition of nano
organosilane increases viscosity more than conventional quartz silica. This is
because silica nanoparticles have a higher surface area for interaction with polymer
chains in the composite matrix. Other mechanical properties such as DFT (Dry
Film Thickness), flexibility, scratch hardness, pencil hardness, adhesion, falling
ball impact, and abrasion resistance of the composite coatings were evaluated.
Both types of composite coatings have a DFT in the range of 200£10 microns. The
nano composite coating is more flexible than the conventional composite coating.
All composite coatings exhibit better scratch and pencil hardness compared to the
conventional one, attributed to the hardness and cross-linking density of the
composite coating. The falling ball impact test shows good results, indicating
uniform dispersion of nano fillers, resulting in a strong cross-linked elastomeric

rigid structure. The cross link density of composite thermosets, determined by the
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% swelling method in xylene, is higher for VE4 compared to VE1. This is due to
the longer hydrophobic chains on the surface of nanoparticles, which significantly

enhance interfacial interactions within the polymer segments.

VE1 VE2 VE3 VE4
Fig. 5(D).12: Images of flexibility coated VE composite on MS panel

Table. 5(D).2: Result of scratch hardnes and pencil hardness of VEcomposite
coating on MS panel

Sample code | 500 gm Weight | 1000 gm Weight | 1500 gm Weight | Hardness
N (6B to 6H)
ame
VE1 Passed Passed Passed Passed
VE2 Passed Passed Passed Passed
VE3 Passed Passed Passed Passed
VE4 Passed Passed Passed Passed

In VE composite coatings, the addition of nano silica significantly improves
abrasion resistance with minimal weight loss compared to using silica micro-
particles. Nano silica coatings demonstrate only a 1.2 mg/1000 cycles weight loss,
indicating uniform distribution for a stronger network. Adhesion properties in

nanocomposite coatings are superior due to increased crosslink density resulting

186 | Page




from the distribution of nano-particles, especially noticeable after a salt spray test.
Additionally, at a 60 degree angle, VE4 exhibits better gloss than VE2, suggesting
that with nano silica particles composite, has a higher refractive index than the
conventional one.

Table. 5(D).3: Result of Physico-Mechanical testing of VE composite coating

Coating | Cross | Adhesion Property | Impact Test (KG.M) Abrasion | Gloss

code link (N/mm?) Test

name | Density | Before | After 2200 | Instrusion | Extrusion | (mg/cycles) | At 60°
(%) | Salt hrs Salt angle

Spray | Spray Test

VE1 93.43 20.9 11.7 >0.8 >0.7 3.2 112

VE2 98.71 343 23.7 >0.4 >0.6 15 123

VE3 95.3 27.2 16.5 >0.8 >1.3 2.4 126

VE4 97.8 36.8 26.8 >0.5 >0.7 1.2 134

5(D).6. Corrosion Studies

5(D).6.1. Tafel curves analysis of the various vinyl ester composite
coating

Polarization curves were analyzed for various VE composite coatings and
compared with an uncoated MS rod. These studies were conducted at periodic time
intervals (initial, 1, 7, 15, and 30 days) through immersion in a 3.5 wt% Nacl
solution. The figures, specifically Fig.8 and Fig.9, display the polarization curves.
In the polarization curves (PD curve), various electrochemical parameters were

examined, including corrosion potential (Ecorr), cathode Tafel slope (Bc), anode

187 |Page




Tafel slope (Ba), corrosion current (leorr), polarization resistance (Rp), and corrosion
current density (Jeorr). These parameters provide insights into the corrosion

behavior and performance of the different coatings and the unncoated MS rod over

time.
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Fig.5(D).13: Tafel curves of composite coating of VEL after (1, 7, 15 and 30) days
immersions in 3.5 wt% Nacl agueous solution
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Fig.5(D).14: Tafel curves of composite coating of VE2 after (1, 7, 15 and 30) days
immersions in 3.5 wt% Nacl aqueous solution
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Fig.5(D).15: Tafel curves of composite coating of VE3 after (1, 7, 15 and 30) days
immersions in 3.5 wt% Nacl agueous solution
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Fig.5(D).16: Tafel curves of composite coating of VE4 after (1, 7, 15 and 30) days
immersions in 3.5 wt% Nacl aqueous solution
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Table.5(D).4: Electrochemical parameters after soaking for different time intervals
(1, 7, 15 and 30) days of polarization measurements of VE1 &VE2 coated MS rod

Samples | Day( | —Ecorr (V Jeorr leorr (MA | Corrosion | Ry(Qcm?) | pa Be
code s) | vsSCE) | (Alcm?) | cm?) rate (mVv | (mV
name (mm/year) dec?) | dec?)
VE1 1 —0.208 | 1.27E-11 | 1.52E-10 | 1.48E-07 | 1.72E+03 | 0.128 | 0.135

7 —0.711 | 6.89E-10 | 6.87E-09 | 4.00E-06 98319 0.108 | 0.105
15 | —0.616 | 3.46E-10 | 4.15E-09 | 0.00004 44201 0.15 0.16
30 | —0.650 | 1.23E-09 | 1.47E-08 | 0.000086 22140 0.12 0.10
VE2 1 —0.627 | 1.34E-08 | 1.88-07 3.52E-06 78311 0.073 | 0.063
7 —0.698 | 2.94E-07 | 4.13E-06 | 2.91E-06 | 2.80E+06 | 0.086 | 0.078
15 | —0.682 | 4.08E-08 |5.73E-07 | 2.21E-06 | 8.27E+06 | 0.138 | 0.10
30 | —0.667 | 3.47E-08 | 1.05E-06 | 1.43E-05 | 2.38E+05 | 0.110 | 0.103
Table.5(D).5: Electrochemical parameters after soaking for different time intervals
(1, 7, 15 and 30) days of polarization measurements of VE3 &VE4 coated MS rod

Samples | Day | —Ecorr Jeorr lcorr (MA | Corrosion | Rp(Q cm?) Ba pc (mV
code (s) | (Vvs | (Alcm?) cm?) rate (mV dec?)
name SCE) (mm/year) dec?)

VE3 1 | —0.665| 4.62E-11 | 7.59E-10 | 1.37E-03 7865 0.125 0.123
7 | —0.679 | 1.37E-10 | 2.25E-09 | 0.000743 21934 0.13 0.121
15 | —0.519 | 4.50E-11 | 3.39E-10 | 0.06443 96677 0.075 | 0.0721
30 |—0.493 | 1.05E-08 | 1.72E-07 | 0.00012 97162 0.179 0.224
VE4 1 |—0.602 | 2.66E-09 | 3.81E-05| 6.89E-08 3.56E+07 | 0.061 0.070
7 | —0.631 | 2.32E-08 | 2.58E-06 | 4.51E-07 1.28E+07 | 0.158 0.162
15 | —0.621 | 4.44E-07 | 3.03E-06 | 4.31E-06 2.20E+07 0.13 0.140
30 | —0.614 | 5.54E-06 | 5.67E-06 | 3.23E+06 1.73E+06 0.169 0.198
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From the table, electrochemical parameters of various composite coatings are put
forward. The higher Ecor, lower leor, and higher Rp values show better corrosion
resistive properties. Thus we can say that corrosion potential (Ecor) Of VE4 is
higher than that of others composite. Meanwhile, the corrosion current (Jcorr) Of
VE4>VE2 coatings is the lowest than VE3>VEL. Interestingly, the corrosion
potential first increased and then decreased in VE4coating and also corrosion
current to be inversely related. Moreover, in term of polarization resistance, VE4 is
1.73E+06Qcm? which is about 17.80 more than that of VE3 whereas VE2 is
2.38E+05 i.e about 10.75 times more than VE1, nano composite coating possesses

the superior corrosion resistance properties over conventional composite coating.

5(D).6.2. Analysis of EIS results of various vinyl ester composite

coatings

The Nyquist and Bode plots of the coated MS rod after immersion for various time
intervals (1, 7, 15, and 30 days) in corrosion studies are displayed in Fig.5(D).17 to
Fig.5(D).24. In the Nyquist plot, a significant semicircle is observed, and the Bode
plot indicates capacitance behavior, suggesting high corrosion resistance of the
coating. The impedance |Z|oos at low frequencies exhibits very large values,
reaching 5x10° and the phase angle is around 140 for the for VE4 coating and
2x10° and the phase angle is around 140 for the for VE2 coating. Whereas, 6x10°
and the phase angle is around 125 for the for VE1 coating and 1.5x10° and the
phase angle is around 90. These observations indicate the presence of a time
constant, which is characteristic of the barrier properties of the vinyl ester coating
[12,13]. Over the course of 1 to 30 days, the data consistently demonstrate
pronounced corrosion resistance behavior.

After 1 and 7 days, a new semi circle appears in the Nyquist plot of VE3 and VE1
respectively, indicating the generation of an ionic path within the coating. This
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behavior can be represented by an electrical equivalent circuit comprising a
working electrode (W.E), charge transfer resistance, and a constant phase element
(CPE) in series with a parallel combination of the coating. Interestingly, such a
phenomenon did not occur in the case of VE2 and VE4 coating, suggesting
differences in the corrosion behavior and barrier properties between the coatings.

In the Nyquist and Bode plot shown in the nano composite coatings VE2 and VE4
display an increase in the impedance modulus |Z|po1 at low frequencies as
corrosion time progresses, particularly noticeable at 15 and 30 days. This behavior
suggests that vinyl ester nanocomposite coatings act as an effective protective
barrier. Conversely, the conventional based composite coating experiences
degradation over time. It is presumed that electrolyte penetration through the
coating occurs, creating a path to the MS coated surface, ultimately leading to
degradation in the case of conventional coating.

After 15 and 30 days, there is an extension observed in the second time constant of
the impedance plots, which is illustrated by the appearance of a second semicircle
in the Nyquist plot at lower frequencies. During this stage, the barrier properties of
the composite coating gradually deteriorate, leading to exposure of the substrate to
the corrosive solution. In this context, the first semi circle in the impedance plot is
associated with the barrier characteristics of the VE2 and VE4 coatings, while the
second semi circle represents the corrosion process occurring at the interface
between the substrate and the damaged area of the coating. This second semicircle
reflects the charge transfer process between the substrate and the electrolyte
solution. These conditions are depicted by the electrical equivalent circuit shown in
Fig.5(C).13.
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Fig.5(D).17: Nyquist plot of VE1 after soaking for 3.5 weight% Nacl aqueous

solution for (1, 7, 15 and 30) days
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Fig.5(D).18: Nyquist plot of VE2 after soaking for 3.5 weight% Nacl aqueous

solution for (1, 7, 15 and 30) days
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Fig.5(D).19: Nyquist plot of VE3 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days
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Fig.5(D).20: Nyquist plot of VE4 after soaking for 3.5 weight% Nacl aqueous

solution for (1, 7, 15 and 30) days
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Fig.5(D).21: Bode plot of VE1 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7,15 and 30) days
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Fig.5(D).22: Bode plot of VE2 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days
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Fig.5(D).23: Bode plot of VE3 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days
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Fig.5(D).24: Bode plot of VE4 after soaking for 3.5 weight% Nacl aqueous
solution for (1, 7, 15 and 30) days
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Table.5(D).6. Fitting results of VE1 and VE2

Samples Day(s) C.PE(Y,) Rp(Q) C.P.E(N)
code name

VE1 1 4.04E-10F 5379.7 0.7004
7 3.35E-10F 727.14 1.13
15 2.41E-10F 14317 0.68
30 1.97E-10F 8708.2 0.78

VE2 1 1.67E-08F 9.50E+07 0.606
7 3.33-10F 2.17E+05 0.840
15 5.95-10F 1.19E+06 0.713
30 3.47E-10F 2.67E+05 0.894

Table.5(D).7. Fitting results of VE3 and VE4
Samples Day(s) C.PE(Y,) Rp(Q) C.P.E (N)
code name

VE3 1 0.00033F 60.86 0.817
7 4.60E-10F 11426 0.875
15 6.27E-11F 4934 0.993
30 1.30E-10F 3273 1.120

VE4 1 8.74E-10F 5.95E+06 0.693
7 3.4E-10F 7.42E+06 0.863
15 1.39E-10F 5.32E+06 0.670
30 3.51E-10F 92929 0.812
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Fig.5(D).25: The equivalent electrical circuit models used to simulate EIS
measurements of coatings at various immersion stages: (a) for one time constant

and (b) for two time constant

198 |Page



Table.5(D).8: Inhibition efficiency of VE composite coating from electrochemical
parameter after corrosion studies

Coating | % Corrosion Inhibition % Rct= p = Rewncoated xlo_“‘EIfM

code | Efficiency= ot eorr x 100 | BB, 4 Re(Coated)

Name Teorr Ret
VE1 78 97.84 P=18.06x10"°
VE2 86.72 99.79 P=63.49x10°°
VE3 79.36 98.30 P=80.99x107°
VE4 96.95 99.67 P=13.87x10"°

From Table.5(D).6, electrochemical parameter, it has been seen,
VE4>VE2>VE3>VE1 increasing order for corrosion inhibition efficiency,
VE4>VE2>VE3>VE1l increasing order for charge transfer resistance and
VE4>VE2>VE1>VES increasing order for porosity measurement of different type
of composite coatings respectively. It has suggested that nano filler embedded vinyl
ester coating best results in corrosion inhibition efficiency and charge transfer
resistance due to dense structure formed when cured with hydrophobic nano silica

particle compared to conventional one [27].

5(D).7. Surface Analysis of Coatings (Optical Images)

Optical images from Fig.5(D).26 to Fig.5(D).29 were captured before and after the
corrosion studies of coatings on an MS rod in electrochemical experiments. After
the corrosion test over, it has observed that major number of pits with degradation
appeared on the surface of the 160A glass flake with conventional silica based
vinyl ester composite VE1 coating compared to 160N glass flake with

conventional silica based vinyl ester composite VE3 coating depicted in
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Fig.5(D).26 (c) and (d). It has revealed that more swelling occurred in the Nacl
medium for the conventional VE1 coating than VE3 coating. The damages
observed at the metal coating interface allowed the uptake of electrolyte, indicating
the weak resistance nature of the VE1 coating. Few numbers of pits and damages
were observed after the corrosion studies of the 160N glass flake with nano silica
based vinyl ester composite VE4 coating compared to 160A glass flake with nano
silica based vinyl ester composite VE2 coating depicted in Fig.5(D).27 (g) and (h).
The presence of nano organosilane at the metal/coating interface effectively

prevented the penetration of corrosion ions onto the MS substrate.

Fig.5(D).26: Image shows studies at different magnifications (a) & (b) before
corrosion and (c) & (d) after corrosion of VE1
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Fig.5(D).27: Image shows studies at different magnifications (e) & (f) before

corrosion and (g) & (h) after corrosion of VE2

Fig.5(D).28: Image shows studies at different magnifications (m) & (n) before
corrosion and (o) & (p) after corrosion of VE3
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Fig.5(D).29: Image shows studies at different magnifications (q) & (r) before

corrosion and (s) & (t) after corrosion of VE4

5.(D).8. Salt Spray Chamber Study

The salt spray chamber test was conducted continuously for 2200 hours, exposing
coated panels to a foggy environment. According to the findings presented in
Fig.5(D).29 and Fig.5(D).30, it was observed that corrosion and blister formation
were exclusive to the micron silica-based vinyl ester composite coatings (VE1 and
VE3). In contrast, there was less corrosion and blister formation in the nano silica
based vinyl ester composite coatings (VE2 and VE4). These results strongly
suggest that vinyl ester composite coatings embedded with nano silica exhibit
significantly superior corrosion-resistant properties when compared to

conventional vinyl ester composite coatings that use micron silica. This
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demonstrates the potential advantages of incorporating nano silica for enhancing

corrosion resistance in such coatings.

Fig.5(D).30. Image shows salt spray studies MS coated panels of VE3 and VE4
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5(D).9. Cathodic Disbondment Study

After the experiment, phenolphthalein indicator was used to detect violet color
changes in drilled holes at the center of each cell, signifying corrosion in the violet
color zone, as shown in Fig.5(D).31 and Fig.5(D).32. Temperature plays a crucial
role in coating disbonding, with a direct correlation to disbondment rates
(mm/day). Higher current leads to increased expansion, especially at elevated
temperatures [34, 35]. Increased vapor pressure can elevate coating porosity,
allowing more electrolyte permeation through the coating. This leads to chemical
attack and thermal expansion of the metal substrate. Additionally, elevated
temperatures accelerate the dissolution of interface oxides. The results indicate that
the epoxy nano composite sample exhibits significantly less cathodic disbondment
area than the conventional one, highlighting its superior corrosion-resistant

properties.

VE1 VE2

N

Fig.5(D).31: Image shows CD studies MS coated panels of VE1 and VE2

" 4
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VE3

VE4

Fig.5(D).32: Image shows CD studies MS coated panels of VE3 and VE4

Table.5(C).9: Cathodic disbondment result for VE composite coating

Samples | Voltage (V) Current Temp Duration Disbondment
code (MA) °C) (Days) (mm)/Remarks
name
VE1 —1.5 90-110 30-45 17 Full area delaminated

and coating comes out
VE2 —1.5 90-110 30-45 28 Small area delaminated
but coating becomes
cracked
VE3 —1.5 90-110 30-45 28 Full area delaminated
and coating comes out
VE4 —1.5 90-110 30-45 28 6-9.3
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5(D).10. Water and Chemical Resistance Study

The degree of water absorption has been evaluated by using formula of % swell
test for 65 days. The nano filler based cured film VE4>VE2> showed excellent
water resistant than conventional cured film VE3>VEL.

As result, absorption of water VE3 and VEL are 16.17%, 21.32% respectively and
where as VE4 and VE2 are 5.43%, 3.14% respectively.

The resistance behaviors of chemicals of the cured films were studied by in
solution of acids (5% HCI and 5% H,SO,) and alkali (5% NaOH) immersed
continue for 65 days.

These studies exposed that the films, acid and alkali immersion test showed
damages and weight loss in acid medium is 13-27% and loss of gloss in alkali of
conventional cured film. On the other hand small damages and weight loss in acid
(4-12%) and little loss of gloss in alkali of nano filler based cured film observed.
Nano composite coatings show better water and chemical resistance than
conventional composite coating due to nano particles completely wetted by vinyl
ester resin and cured highly crosslink density rigid molecule structure presence of

hydrophobic groups of nano organo silane, etc.

5(D).11. Conclusions

In summary, we have successfully developed an organo silane vinyl ester
nanocomposite material using a simple method, which has shown excellent results
in all experiments. Various studies including TEM, XRD, SEM, and TGA-DTA
have confirmed that the nanocomposite material exhibits superior corrosion
properties compared to conventional coatings. The organo silane nano filler
embedded in the polymeric coating demonstrates the lowest corrosion current

density, a more positive corrosion potential, and excellent polarization resistance
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when compared to conventional silica-based epoxy coatings. Even in salt spray
chamber tests, the nanocomposite coal tar epoxy exhibits better corrosion
resistance than conventional epoxy coatings. It also displays significantly lower
cathodic disbondment properties, indicating superior corrosion resistance.
Optimization has shown that the resin can consume approximately 6.5 to 7 wt% of
nanoparticles. Based on these findings, vinyl ester nanocomposite coatings are

recommended for practical applications requiring corrosion mitigation.
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CHAPTER-6

Conclusions



6. Conclusion:

Corrosion is prevalent and significantly affects various sectors, including industry,
municipalities, and private domains. Polymer nanocomposites have gained

significant attention in recent decades for protecting metals from corrosion.

In the current study, the following corrosion inhibitors were successfully integrated
silica particle into a polymer matrix such as: incorporating silica particle into
epoxy (EP series), polyurethane (PU series), coal tar epoxy (CTEP series), vinyl
ester (VE series) resin and cured. The silica particles incorporated in the polymer
matrix were analyzed using various techniques, including FTIR, XRD, SEM,
TEM, and TGA-DTA. Silica based nanocomposite coatings improve their physical
as well as mechanical properties. Incorporating nano silica into the polymer resin,
cured coating enhances abrasion resistance and impact strength, owing to the
inherent flexibility, smoothness, and stress-dissipating properties of the organo
siliane moiety. Conventional silica based coating systems display limited impact
and abrasion resistance because of their inherent brittleness and rigidity.
Nanocomposite coating systems have lower hardness values compared to
conventional composite coating systems due to the inherent coiled and resilient
nature of the organo modified silica skeleton. Research on the corrosion protection
performance of nano silica based coating systems has showed excellent anti
corrosion behavior than conventional coating systems from measurement of
electrochemical potential, potentiodynamic polarization, electrochemical
impedance measurements, salt spray chamber test and catodic disbondment
studies.

In this chapter, the qualitative ranking (1 for highest, 2 for higher, 3 for high, 4 for
low, 5 for lower and 6 for lowest) for all coatings are the summarized and final
conclusions drawn from the all over studies in below.
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6.(A). Epoxy Composite Coating

Comparative study of conventional and nano filler based epoxy composite coatings concluded

below.

Table.6.1 FTIR (before & after salt spray) comparative studies of epoxy composite coatings

Coating code name

FTIR Studies

Before Salt Spray

After 2200 hrs Salt Spray

(@) Conventional filler
based epoxy composite
coating (EP1)

All  characteristics  peaks are
observed on 3743 to 466 cmlin this

region

Additional vibrational bond observed at (i) 3775 to
3963cm™! (i) 1667 to 2336 cm™! and (iii) 543 to
750cm™1,in these region

(b) Nano filler based
epoxy
coating (EP2)

composite

The intensity of the peaks increases

from nano composite compare
conventional composite ones when
the number of methyl groups
surrounding a Si atom increases more
instance. It has seen that at band
3745cm™! maximum level of free
SiOH belongs in nano organosiliane

powder and nano composite coating.

Vibrational band shifted 1058 to 1470 cm™* But
also all characteristics bands are present after salt

spray test

(c) Conventional filler
with 160A glass flake
based epoxy composite
coating (EP3)

All
observed on 3743 to 466 cmlin this

characteristics  peaks are

region

Additional vibrational bond observed at (i) 3554 to
4110cm™" (ii) 1801 to 2283 cm~! and (iii) 509 to
810cm™!, in these region

(d) Nano filler with
160A glass flake based
epoxy

coating (EP4)

composite

The intensity of the peaks increases
in the nano composite compared to
the conventional composite when
there are more methyl groups
surrounding a Si atom. It's observed
that the maximum level of free SiOH

is found at 3745 cm™! in both nano

Very weak bands observed in resin degradation of
nanocomposite coating 1018 to 1145 cm™! in this

region
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organo silane powder and the nano

composite coating.

(e) Conventional filler
with 160N glass flake
based epoxy composite
coating (EP5)

All  characteristics  peaks are
observed on 3743 to 466 cm™tin this

region

Additional vibrational bond observed at (i) 3568 to
4030cm™! (ii) 1580 to 2391cm™' and (iii) 550 to

750cm™" in this region.

() Nano filler with
160N glass flake based
epoxy composite

coating (EP6)

The intensity of the peaks increases

from nano composite compare
conventional composite ones when
the number of methyl groups
surrounding a Si atom increases more
instance. It has seen that at band
3745cm™! maximum level of free
SiOH belongs in nano organosilane

powder and nano composite coating.

Additional very weak bands observed in resin
degradation of nanocomposite coating 1005 to
1138 cm™" in this region. So, it can be concluded
that there is no significant interaction between the
glass flake epoxy nanocomposite coating and the
salt spray, indicating limited resin degradation and
level of

offering a high resistance against

corrosion.

Table.6.2. Ranking of epoxy composite coating of FTIR studies after salt spray

Coating code name Ranking
(@) EP1 Lowest (6)
(b) EP2 High (3)
(c) EP3 Low (4)
(d) EP4 Higher (2)
(e) EP5 Lower (4)
(F) EP6 Highest (1)
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Table.6.3. XRD and morphology (SEM & TEM) comparative studies of epoxy composite

coating

Coating | XRD Studies Morphology Studies

code SEM TEM
name

(@) EP1 | All ingredients are seen | Some particles are observed at X
at less instance peak in | micro level on surfaces of
epoxy composite coating and also micrographs
including quartz silica. | also show heterogeneous
Coating showed dispersion of silica particles
amorphous in nature. within the polymer matrix.

(b) EP2 | All compositions are Nano silica particles are Nano silica particles
observed at high intense | homogeneously dispersed in the | are homogeneously
peak in epoxy composite | polymer matrix during the dispersed in the
including nano silica. formation of nanocomposite polymer matrix
Developed coating coatings. during the formation
showed amorphous in of nanocomposite
nature. coatings.

(c) EP3 | All ingredients are seen | Some particles are observed at X
at less instance peak in | micro level on surfaces of
epoxy composite coating and also micrographs
including quartz silica. | also show heterogeneous
Coating showed dispersion of silica particles
amorphous in nature. within the polymer matrix

(d) EP4 | All compositions are Nano silica particles are Results from TEM

observed at high intense
peak in epoxy composite
including nano silica.
Developed coating

showed amorphous in

homogeneously dispersed in the
polymer matrix during the
formation of nanocomposite

coatings.

will define corrosion
resistant properties of
nanocoatings,
detected organo

silane particle size is

212 | Page




nature. less than 50nm.
(e) EP5 | All ingredients are seen | Some particles are observed at X

at less instance peak in | micro level on surfaces of

epoxy composite coating and also micrographs

including quartz silica. | also show heterogeneous

Coating showed dispersion of silica particles

amorphous in nature. within the polymer matrix.
(F) EP6 | All compositions are Nano silica particles are The corrosion

observed at high intense
peak in epoxy composite
including nano silica.
Developed coating
showed amorphous in

nature.

homogeneously dispersed in the
polymer matrix during the
formation of nanocomposite

coatings.

performance of the

resultant nancoating
is influenced by a
presence of nano-
sized particles in a
polymeric matrix,

detected organosilane
particle size is less

than 50nm.

Table.6.4. Ranking of epoxy composite coating of XRD and morphology (SEM & TEM) studies

Coating code XRD SEM TEM

name Ranking Ranking Ranking
(@) EP1 High (3) Low (4) X

(b) EP2 Higher (2) Highest (1) High (3)

(c) EP3 Lower (5) Lower (5) X

(d) EP4 Higher (2) High (3) High (3)

(e) EPS Low (4) Lower (5) X

(f) EP6 Highest (1) Higher (2) Highest (1)
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Table.6.5. Comparative studies of Physico-Mechanical testing of epoxy composite coating

Coating
code

name

Cross
link
Density
(%)

Adhesion Property
(N/mm?)

Impact Test (KG.M)

Before

Salt Spray

After 2200
hrs Salt
Spray Test

Instrusion

Extrusion

Abrasion
Test
(mglcycles)

Thermal
Studies
(TGA-
DTA)

(a) EP1

85

23.5

7.8

>1.3

>1.5

7.8

Coating
degrade at
450°C

(b) EP2

97

43.7

29.8

>0.7

>0.9

3.8

Coating
degrade at
650°C

(c) EP3

87

33.8

23.6

>0.9

>0.7

6.2

Coating
degrade at
500°C

(d) EP4

95.8

45.3

32.3

>0.3

>0.4

2.1

Coating
degrade at
750°C

(€) EP5

83.65

32.5

16.2

>0.6

>0.8

4.7

Coating
degrade at
550°C

(f) EP6

96.20

44.2

36.1

>0.2

>0.2

2.3

Coating
degrade at
860°C
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Table.6.6. Ranking of epoxy composite coating of Physico-Mechanical testing

Coating code | Cross Adhesion Impact Test | Abrasion Thermal
name link Density | Property (KG.M) Test Studies
(%) (N/mm?) (mg/cycles) | (TGA-DTA)
Ranking Ranking Ranking Ranking Ranking

(@) EP1 Low (4) Lowest (6) Lowest (6) Lowest (6) Lowest (6)

(b) EP2 High (3) Higher (2) High (3) Higher (2) High (3)

(c) EP3 Lower (5) Low (4) Lower (5) Low (4) Lower (5)

(d) EP4 Higher (2) Higher (2) Higher (2) Highest (1) High (3)

(e) EP5 Lowest (6) Lower (5) Low (4) Low (4) Low (4)

(f) EP6 Higher (2) Highest (1) Highest (1) Higher (2) Highest (1)

Table.6.7. Comparative studies of corrosion studies of epoxy composite coating
Corrosion Studies
Samples | Potentiodynamic Electro Cathodic Salt Spray Chamber Porosity (P)
Code Polarization (PD) chemical Disbondment (SSC) Test &
Name (After 30 Days) Impedance (CD) (After 2200 hrs) Optical Images
& Spectroscopy (After 28 Analysis
Corrosion (E1S) Days) (After Corrosion
Inhibition (After 30 Days) Studies)
Efficiency (%) &
Charge transfer
resistance
(Rctin %)
Uncoate (After 7 Days) (After 7 Days)
d MS _Ecorr(v VS SCE = CPE (Yo) =
Rod | —0.910 0.00065
Jeorr (AJcm?) = Re (Q) =0.821 x
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4.63E-05 C.P.E(N)=0.521
lcorr (MACM2) = Equivalent X X
1.25E-05 electrical circuit
Corrosion rate models: Two time
(mm/year) =0.8721 | constant
Rp (Qcm?) = 177.66
@ —Econr(V vs SCE)= C.P.E(Yo) = Disbondment Corrosion and blister | P=45.78x10"’
Convent | —0.594 1.27E—10F area (mm): 6 — | formation occurred only |  After corrosion
ional | Jeorr (AVcmM?) = Rp (Q) =22751 13.2 in micron silica based study it has been
filler | 8.16E-08 C.P.E(N)=0.853 epoxy composite seen that some
based | lcorr (MACM™2) = Equivalent coating due to porosity | holes are observed
epoxy | 1.69E-06 electrical circuit formed with micron over the surface. It
composi | Corrosion rate models: Two time range of silica revealed that
te (mm/year) = constant swelling has
coating | 0.00094 Rct (%) = 98.83 occurred in Nacl
(EP1) | Re (Qcm?) = 30446 medium of
Corrosion inhibition conventional
efficiency (%) = epoxy coatings.
98.70 Damages observed
at the metal-
coating interface
uptake electrolyte
that implies the
weak resistance
nature of
conventional
composite
coatings.
(b) Nano | —Ecorr(V vs SCE)= C.P.E(Yo) = Disbondment But such type of P=38.69x10 10
filler | —0.590 1.97E—10F area (mm): 6 — | corrosion not observed
based | Jeorr (A/cm?) = Rp (QQ) = 60783 9.5 in case of nano silica There are no such
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epoxy | 2.01E-08 C.P.E(N)=0.910 based epoxy composite | holes and damages
composi | lecorr (MACM™2) = Equivalent coating This indicates observed after
te 4.73E-07 electrical circuit nano silica embedded | corrosion study of
coating | Corrosion rate models: One time epoxy is having much nano composite
(EP2) | (mml/year) = constant better corrosion coating. Presence
0.00024 Rct (%) = 99.20 resistant properties than of nano
Rp (Qcm?) =108392 conventional silica organosiliane at
Corrosion inhibition based epoxy coating. metal/coating
efficiency (%) = interface prevented
99.61 the penetration of
corrosion ions on
MS substrate.
(© —Ecorr(V vs SCE)= | C.P.E (Yo) = 2.46- | Disbondment Corrosion and blister P=20.23x10"7
Convent | —0.677 10F area (mm formation occurred in
ional | Jeorr (AJCM?) = Rp (Q) =41587 Partially micron silica based Some holes are
filler | 8.03E-09A C.P.E (N)=0.882 | delamination epoxy composite observed over the
with lcorr (MACM ™2) = Equivalent and 1/3 th area coating surface but less
160A | 4.2E-07A electrical circuit of coating than EP1 coating.
glass | Corrosion rate models: Two time | comes out): It revealed that
flake | (mm/year) = constant swelling has
based | 0.0002349 Rct (%) = 99.30 occurred in Nacl
epoxy | Rp (Qcm?) medium of 160A
composi | =1.0402E+04 glass flake with
te Corrosion inhibition conventional silica
coating | efficiency (%) based epoxy
(EP3) |=99.18 composite

coatings. Damages
observed at the
metal-coating
interface uptake

electrolyte that
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implies the weak

resistance nature

coating.
(d) Nano | —Ecorn(V vs SCE)= | C.P.E (Yo) = Disbondment But such type of P=10.26x10"1?
filler | —0.539 1.32E-10F area (mm): corrosion not observed
with Joorr (Afcm?) = Re (Q) =44921 6—8.7 in case of nano silica | There are only two
160A | 2.02E-08A C.P.E (N)=0.707 with 160A glass flake | holes are observed
glass | lcorr (MACM™2) = Equivalent based epoxy composite after corrosion
flake | 3.49-08A electrical circuit coating. This indicates study of 160A
based | Corrosion rate models: Two time nano silica with glass glass flake with
epoxy | (mm/year) = constant flake embedded epoxy | nano silica based
composi | Rp (Qcm?) Rct (%) = 99.78 is having much better | composite coating.
te =9.3407E-05 corrosion resistant Presence of nano
coating | Corrosion inhibition properties than organosiliane at
(EP4) | efficiency (%) conventional silica with metal/coating
=09.92 glass flake based epoxy | interface prevented
coating. the penetration of
corrosion ions on
MS substrate.
(e) —Ecorr(V Vs SCE)= | C.P.E (Yo) = Disbondment Corrosion and blister | P=26.59x1078
Convent | —0.699 2.60E-10F area (mm): formation occurred in | Some pin holes are
ional | Jeorr (AJCM?) = Rp (Q) = 38853 6—9.3 micron silica based observed over the
filler | 1.01E-08 C.P.E (N) =0.887 epoxy composite surface but less
with lcorr (MACM™2) = Equivalent coating than EP3 coating.
160N | 2.06E-07 electrical circuit It revealed that
glass | Corrosion rate models: : Two swelling has
flake | (mm/year) = time constant occurred in Nacl
based | 0.00011748 Rct (%) = 99.86 medium of 160N
epoxy | Re (Qcm?) glass flake with
composi | =2.09E+05 conventional silica
te Corrosion inhibition based epoxy
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coating | efficiency (%) = composite
(EP5) |99.84 coatings.
(f) Nano | —Econ(V Vs SCE)= | C.P.E (Yo) = Disbondment But such type of P=23.48x10 4
filler | —0.416 1.99E-10F area (mm): corrosion not observed
with | Jeorr (A/cm?) = Re (Q) = 6—7.3 in case of nano silica | There are only two
160N | 1.02E-10 2.53E+07 with 160N glass flake pin holes are
glass | lcorr (MACM™2) = C.P.E(N)=1.024 based epoxy composite observed after
flake | 1.51E-09 Equivalent coating. This indicates | corrosion study of
based | Corrosion rate electrical circuit nano silica with glass 160N glass flake
epoxy | (mm/year) = 1.18E- | models: One time flake embedded epoxy with nano silica
composi | 06 constant is having too much based composite
te Rp (Qcm?) = Rct (%) = 99.96 better corrosion coating. Presence
coating | 4.62E+07 resistant properties than of nano
(EP6) | Corrosion inhibition conventional silica with | organosiliane at
efficiency (%) = glass flake based epoxy metal/coating
99.90 coating. interface prevented

the penetration of
corrosion ions on
MS substrate.
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Table.6.8. Ranking of epoxy composite coating of Physico-Mechanical testing

Sample | Potentiodynamic Electro Cathodic Salt Spray Porosity (P)
Code Polarization (PD) chemical Impedance | Disbondment | Chamber &
Name (After 30 Days) Spectroscopy (EIS) (CD) (SSC) Test Optical Images

& (After 30 Days) (After 28 (After 2200 Analysis
Corrosion & Days) hrs) (After Corrosion
Inhibition Charge transfer Studies)

Efficiency (%0) resistance
(Rct in %)
Ranking Ranking Ranking Ranking Ranking

(@) EP1 Low (4) Low (4) Low (4) Low (4) Low (4)

(b) EP2 High (3) High (3) Higher (2) Higher (2) High (3)

(c) EP3 Lower (5) Low (4) Lower (5) Lower (5) Lower (5)
(d) EP4 Higher (2) Higher (2) Higher (2) Highest (2) Higher (2)
(e) EP5 Low (4) Lowest (6) Low (4) Low (4) Low (4)

(f) EP6 Higher (2) Highest (1) Highest (1) Highest (1) Highest (1)

6. (B). PU composite Coating

Comparative study of conventional and nano filler based polyurethane composite coatings

concluded below.

Table.6.9. FTIR (before & after salt spray) comparative studies of Polyurethane composite

coatings

Coating code name

FTIR Studies

Before Salt Spray

After 2200 hrs Salt Spray

(g) Conventional filler

based polyurethane
composite coating
(PUL)

distinguishable
stretching band (2800—4000cm 1)
appear. These peaks are mainly

associated to

Most observable region are main
C—H

peaks of

urethane

linkage

But in case of conventional composite coating of
PU1, additional bands (i) 3554 to 4056cm™? (i)
1560 to 1761cm™? (iii) 1111 to 1332cm™ and (iv)

583 to 844cm™ are observed in resin degradation

which signify corrosion occurred in between
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(NHCOO) in a polyurethane film is
hydrogen bonded to each other with
distinguished functional groups and
the qurtz silica doped on the surface

of composite coating.

polyurethane and salt spray

(h) Nano filler based
polyurethane composite
coating (PU2)

Moreover, the intensity of the peak
nanocomposite coating (PU2)
increasesess  than  conventional
composite  coating  (PUl) for
embedded organo siliane nanoparticle
due to number of methyl groups
surrounding Si atom  increases

intensifies more.

Additional very weak bands (i) 1078 to 1191cm™
and (ii) 649 to 870 cm™ are observed in resin

degradation of nanocomposite coating of PU2.

Table.6.10. Ranking of polyurethane composite coating of FTIR studies after salt spray

Coating code name Ranking
(9) PU1 Lowest (6)
(h) PU2 Higher (2)

Table.6.11. XRD and morphology (SEM & TEM) comparative studies of polyurethane

composite coating

Coating | XRD Studies Morphology Studies
code SEM TEM
name
(g) PUL | All ingredients are | SEM images of conventional
seen at less instance | composite, where some particles
peak in PU are observed at micro level on X
composite the surface of coating and also
including quartz micrographs also show
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silica. Coating
showed amorphous

in nature.

heterogeneous dispersion of
silica particles within the

polymer matrix.

(h) PU2 | All compositions
are observed at high
intense peak in PU
composite
including nano
silica. Developed
coating showed
amorphous in

nature.

From the SEM images of
nanocomposite coating, it is
evident that the silica particle is
fully wetted by the epoxy resin
during composite formation.

The micrographs also show

Organo silane particle size
is less than 20nm detected

in PU matrix

Table.6.12. Ranking of polyurethane

TEM) comparative studies

composite coating of XRD and morphology (SEM &

Coating code XRD SEM TEM
name Ranking Ranking Ranking
(g) PU1 Lowest (6) Lowest (6) X
(h) PU2 High (3) Higher (2) Higher (2)
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Table.6.12. Comparative study of Physico-Mechanical testing of polyurethane composite

coating
Coating | Cross Adhesion Property Impact Test (KG.M) Abrasion Thermal
code link (N/mm?) Test Studies
name Density Before After 2200 Instrusion | Extrusion | (mg/cycles) (TGA-
(%) Salt Spray | hrs Salt DTA)
Spray Test
Coating
(g) PUL 87 29.5 18.8 >0.5 >0.7 7.8 degrade
at 300 °C
Coating
(h) PU2 92 43.7 34 >0.4 >0.3 3.8 degrade at
500 °C
and above
Table.6.13. Ranking of polyurethane composite coating of Physico-Mechanical testing
Coating code | Cross Adhesion Impact Test | Abrasion Thermal
name link Density | Property (KG.M) Test Studies
(%) (N/mm?) (mg/cycles) | (TGA-DTA)
Ranking Ranking Ranking Ranking Ranking
(g) PUL Lowest (6) Lowest (6) Lower (5) Lowest (6) Lowest (6)
(h) PU2 Higher (2) High (3) Higher (2) High (3) High (3)
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Table.6.14. Comparative studies of corrosion studies of polyurethane composite coating

Corrosion Studies

Samples Potentiodynamic Electro Cathodic Salt Spray Chamber Porosity (P)
Code Polarization (PD) chemical Disbondment (SSC) Test &
Name (After 30 Days) Impedance (CD) (After 2200 hrs) Optical Images
& Spectroscopy (After 28 Analysis
Corrosion (EIS) Days) (After Corrosion
Inhibition Efficiency | (After 30 Days) Studies)
(%) &
Charge transfer
resistance
(Rct in %)

(0) —Ecor(V vs SCE)= C.P.E (Yo) Disbondment Continuous fog on P=23.74x1073
Conventi | 0.746 =1.76E-05 area (mm): coated panels. From, | After the corrosion
onal Jeorr (AJcm?) = 1.66E- | Rp (Q) = 34.53 Fully area results shown indicates, study, it was
filler | 05 C.P.E(N)=0.541 | delaminated more corrosion and observed that the
based | leor (MACM2) = Equivalent and coating blister formation major number of

polyureth | 0.00034 electrical circuit comes out occurred only in micron pits and
ane Corrosion rate models: Two time silica based epoxy degradation
composit | (mm/year) = 0.19345 | constant composite coating occurred on the
e coating | Rp (Qcm?) =119.71 | Rct (%) = 75.62 surface of the PUL.
(PUL) | Corrosion inhibition This indicates that

efficiency (%) =
69.70

swelling occurred
in the Nacl
medium for the
conventional PU1
coating. The
damages observed

at the metal-
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coating interface
allowed the uptake
of electrolyte,
indicating the
weak resistance
nature of the PU1

coating.

(h) Nano
filler
based

polyureth

ane
composit

e coating
(PU2)

—Ecorr(V vs SCE)=
0.653

Jeorr (AJcm?) = 1.87E-
08

lcorr (MACM™2) =
4.48E-07

Corrosion rate
(mm/year) = 0.00021
Rp (Qcm?) =93929
Corrosion inhibition
efficiency (%) =99.89

C.P.E (Yo)
=1.18E-10F

Rp (Q) = 32883
C.P.E(N)=0.787
Equivalent
electrical circuit
models: One time
constant

Rct (%) = 99.94

Disbondment
area (mm): Y4
th area of
coating

delaminated

But such type of
corrosion not observed
in case of nano silica
based PU composite
coating. This indicates
nano silica with glass
flake embedded PU is
having too much better
corrosion resistant
properties than
conventional silica with
glass flake based PU

coating.

P=87.24x1071
Very less number
of pits or damages
was observed after
the corrosion study
of the PU2 coating.

The presence of
nano organosilane

at the
metal/coating
interface
effectively
prevented the
penetration of
corrosion ions onto
the MS substrate.
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Table.6.15. Ranking of polyurethane composite coating of Physico-Mechanical testing

Sample Potentiodynamic Electro Cathodic Salt Spray Porosity (P)
Code Name Polarization (PD) chemical Disbondment Chamber &
(After 30 Days) Impedance (CD) (SSC) Test Optical Images
& Spectroscopy (EIS) (After 28 (After 2200 Analysis
Corrosion Inhibition (After 30 Days) Days) hrs) (After Corrosion
Efficiency (%) & Studies)
Charge transfer
resistance
(Rct in %)
Ranking Ranking Ranking Ranking Ranking
(@) PU1 Lowest (6) Lowest (6) Lowest (6) Lowest (6) Lowest (6)
(b) PU2 High (3) High (3) High (3) Higher (2) High (3)

6. (C). Coal Tar Epoxy Composite Coating

Comparative study of conventional and nano filler based coal tar epoxy composite coatings

concluded below.

Table.6.16. FTIR (before & after salt spray) comparative studies of coal tar epoxy composite

coatings

Coating code name

FTIR Studies

Before Salt Spray

After 2200 hrs Salt Spray

(i) Conventional filler

based coal tar epoxy
composite coating
(CTEPL)

A peak at 1276cm™" which suggested
aliphatic —C—N— stretching. At 1510
to 1615cm™' for benzene ring and
1460cm™!  for

bands are confirmed. Transmission

aromatic  backbone

peaks are confirmed at 2855 to
2995cm™' make sure aliphatic and

aromatic —CH— linkages respectively.

In the case of the conventional composite coating
of CTEP1, additional bands are (i) 3528 to
8970cm? (ii) 1018 to 1527cm* (iii) 636 to
844cm™! observed. The changes observed in the
transmittance spectra can be attributed to the
interaction between the coating and salt spray,
resulting in the formation of new C-H bonding.
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Cured films of coal tar epoxy
composite undergo stretching vibration
1045
cm™!, —C—0O— at 1175cm™! and also
—N—H— of primary
1655cm™'. The IR spectrum DETA
indicate characteristics peaks are at

2850cm™" for alkyl group, 1460 cm™

—C—0O—C— oxirane ring at

amine at

for aromatic —C=C— and 1276cm™"

for aliphatic —C—N— stretch.

() Nano filler
coal tar
composite

(CTEP2)

based
epoxy

coating

- 1276 cm™! peak: aliphatic —C—N—
stretching.

-1510to 1615 cm™ bands: benzene
ring.

- 1460 cm™! band: aromatic backbone.
- 2855 t0 2995 cm! transmission
peaks: aliphatic and aromatic —CH—
linkages.

- Cured coal tar epoxy films exhibit
vibrations at 1045 cm™* (—C—0O—C—
oxirane ring), 1175 cm ~ (—C—0—),
and 1655 cm™* (—N—H— primary
amine).

- DETA's IR spectrum features peaks
at 2850 cm™* (alkyl groups), 1460
cm ! (aromatic —C=C— bonds), and
1276 cm™! (aliphatic —C—N—
stretching).

Additional very weak band (i) 944 to 1085cm™!
of

nanocomposite coating of CTEP2. From the

is observed in resin  degradation
FTIR spectrum, it is evident that the relative
transmittances of samples before and after the
salt spray test are very similar. This suggests that
in this case, the resin system is not degraded in

the presence of salt spray.

227 |Page




Table.17. Ranking of coal tar epoxy composite coating of FTIR studies after salt spray

Coating code name Ranking
(1) CTEP1 Lower (5)
(j) CTEP2 Higher (2)

Table.6.18. XRD and morphology (SEM & TEM) comparative studies of coal tar epoxy

composite coating

Coating

code name

XRD Studies

Morphology Studies

SEM

(i) CTEP1 | All ingredients are seen at less

instance peak in coal tar epoxy
composite including quartz silica.

Coating showed amorphous in nature.

SEM images of conventional composite,
where some particles are observed at micro
level on the surface of coating and also
micrographs also show heterogeneous
dispersion of silica particles within the
polymer matrix. Some cavities and pores are

observed on the surface.

(j) CTEP2 | All compositions are observed at high

intense peak in coal tar epoxy
composite including nano silica.
Developed coating showed

amorphous in nature.

From the SEM images of nanocomposite
coating, it is evident that the silica particle is
fully wetted by the epoxy resin during
composite formation. The micrographs also
show uniform dispersion of silica particles
within the polymer matrix. However, in epoxy
filled of nano SiOy, there are larger

agglomerates and aggregates observed.
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Table.6.19. Ranking of coal tar epoxy composite coating of XRD and morphology (SEM &

TEM) studies

Coating code XRD SEM
name Ranking Ranking
(i) CTEP1 Lowest (6) Low (4)
(i) CTEP2 High (3) Highest (1)

Table.6.20. Comparative study of Physico-Mechanical testing of coal

tar epoxy composite

coating
Coating Cross Adhesion Property Impact Test (KG.M) Abrasion Thermal
code name | link (N/mm?) Test Studies
Density | Before After 2200 Instrusion | Extrusion | (mg/cycles) (TGA-
(%) Salt Spray | hrs Salt DTA)
Spray Test
Coating
(i) CTEP1 85 28.9 21.7 >0.8 >0.7 8.7 degrade at
580°C and
above
Coating
(j) CTEP2 97 41.3 36.6 >0.4 >0.5 1.2 degrade at
780°C and
above
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Table.6.21.

Ranking of coal tar epoxy composite coating of Physico-Mechanical testing

Coating code | Cross Adhesion Impact Test | Abrasion Thermal
name link Density | Property (KG.M) Test Studies
(%) (N/mm?) (mg/cycles) | (TGA-DTA)
Ranking Ranking Ranking Ranking Ranking
(i) CTEP1 Low (4) Low (4) Lower (5) Low (4) Low (4)
(j) CTEP2 Higher (2) Highest (2) Highest (1) Higher (2) High (3)

Table.6.22. Comparative studies of corrosion studies of coal tar epoxy composite coating

Samples Potentiodynamic Electro Cathodic Salt Spray Chamber Porosity (P)
Code Polarization (PD) chemical Disbondment (SSC) Test &
Name (After 30 Days) Impedance (CD) (After 2200 hrs) Optical Images
& Spectroscopy (After 28 Analysis
Corrosion Inhibition (E1S) Days) (After Corrosion
Efficiency (%0) (After 30 Days) Studies)
&
Charge
transfer
resistance
(Rct in %)
(1) —Ecor(V vs SCE)= C.P.E (Yo = Disbondment Continuous fog P=78.96x10"°
Conventi | —0.677 2.53E-10F area (mm): exposure was conducted It has observed
onal Jeorr (A/cm?) = 3.18E-08 | Rp () =21905 | Full area for 2200 hours on that some pits with
filler lcorr (MACM™2) = 6.49E- | C.P.E (N) = delaminated coated panels. The degradation
based | 07 0.760 and coating results, indicate that appeared on the
coal tar | Corrosion rate Equivalent comes out corrosion and blister surface of the
epoxy | (mm/year) = 0.00037 electrical circuit formation occurred CTEPL. It was
composit | R (Qcm?) = 70557 models: Two exclusively in the revealed that
e coating | Corrosion inhibition time constant micron silica-based coal | swelling occurred
(CTEP1) | efficiency (%) =84.30 Rct (%) = tar epoxy coating in the Nacl
97.54 medium for the
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conventional coal
tar epoxy coating
of CTEP1. The
damages observed
at the metal-
coating interface
allowed the uptake
of electrolyte,
indicating the
weak resistance
nature of the
CTEP1 coating.

(j) Nano
filler
based

coal tar
epoxy

composit

e coating

(CTEP2)

—Ecorr(V vs SCE)=
—0.201

Joorr (A/cm?) = 3.08E-11
lcorr (MACM ) = 7.05E-
6

Corrosion rate
(mm/year) = 3.58E-07
Rp (Qcm?) = 4.34E+07
Corrosion inhibition
efficiency (%) = 99.85

C.P.E (Yo) =
7.16E-11F

Rp (Q) =
3.48+07
C.P.E(N)=
0.851
Equivalent
electrical circuit
models: One
time constant.
Rct (%) = 99.87

Disbondment
area (mm):
Small area
delaminated
and some

blister formed

While no such observed
in case of nano silica
coal tar epoxy
composite coating.
Indeed, the results
suggest that the nano
silica embedded coal tar
epoxy composite
coating has significantly
superior corrosion-
resistant properties
when compared to the
conventional silica-
based coal tar epoxy

composite coating.

P=71.92x107%
Only three pits are
observed after the
corrosion study of

the CTEP2. The
presence of nano
organosilane at the
metal/coating
interface
effectively
prevented the
penetration of
corrosion ions onto

the MS substrate.
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Table.6.23. Ranking of polyurethane composite coating of Physico-Mechanical testing

Sample Potentiodynamic Electro Cathodic Salt Spray Porosity (P)
Code Polarization (PD) | chemical Impedance | Disbondment Chamber &
Name (After 30 Days) Spectroscopy (EIS) (CD) (SSC) Test Optical Images

& (After 30 Days) (After 28 (After 2200 Analysis
Corrosion & Days) hrs) (After
Inhibition Charge transfer Corrosion
Efficiency (%0) resistance Studies)
(Rct in %)
Ranking Ranking Ranking Ranking Ranking
(i) CTEP1 Low (4) Lowest (6) Lower (5) Lower (5) Low (4)
() CTEP2 Higher (2) Higher (2) High (3) High (3) High (3)

6. (D). Vinyl Ester Composite Coating

Comparative study of conventional and nano filler based vinyl ester composite coatings

concluded below.

Table.6.24. FTIR (before & after salt spray) comparative studies of vinyl ester composite

coatings

Coating code name

FTIR Studies

Before Salt Spray

After 2200 hrs Salt Spray

(k) Conventional filler
with 160A glass flake

based vinyl ester
composite coating
(VE1)

The weak vibrational band at 915¢cm™
IS associated with the vibration of
oxirane ring. The vibrational band in
between 1258 to 1460cm-1 can be
attributed to the C—O—C and C=C
for aromatic symmetric stretching
Two
bond

observed at 1627cm for olefinic and

modes of vibration.

characteristics  vibrational

160A glass flake conventional vinyl ester
composite coatings, additional bands (i) 3764 to
4061 cmt (ii) 835 to 1067cm™* are observed.
After the salt spray test of films, the transmittance
of conventional coatings changed considerably,
leading to the conclusion that the coatings have
significantly degraded due to the salt spray

exposure.
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1726 to 1736cm™ for C=0 stretch in

both composite coatings.

(D Nano filler with
160A glass flake based
composite

vinyl ester

coating (VE2)

The free volume porosity of nano
composite coatings is very minimal.
The weak vibrational band at 915cm™
IS associated with the vibration of
oxirane ring. The vibrational band in
between 1258 to 1460cm-1 can be
attributed to the C—O—C and C=C
for aromatic symmetric stretching
Two
bond
observed at 1627cm™ for olefinic and
1726 to 1736¢cm™ for C=0 stretch in

both composite coatings

modes of vibration.

characteristics  vibrational

Additional very weak bands (i) 954 to 1073cm™
(i) 624 to 802cm™ are observed in resin
The
presences of such peaks signify an interaction

degradation of nanocomposite coatings.

between the glass flake nanocomposite coating
and the salt spray, indicating a very slow corrosion

resistance against salt spray

(m) Conventional filler
with 160N glass flake
based vinyl ester
composite coating
(VE3)

The weak vibrational band at 915¢cm™
IS associated with the vibration of
oxirane ring. The vibrational band in
between 1258 to 1460cm-1 can be
attributed to the C—O—C and C=C
for aromatic symmetric stretching
Two
bond
observed at 1627cm for olefinic and
1726 to 1736¢cm™ for C=0 stretch in
both composite coatings.

modes of vibration.

characteristics  vibrational

160N glass flake conventional vinyl ester
composite coatings, additional bands (i) 543 to
676cm ™ (ii) 2075 to 2524cm ™t (iii) 2788 to
3147cm™* are observed. After the salt spray test of
films, the transmittance of conventional coatings
changed considerably, leading to the conclusion
that the coatings have significantly degraded due

to the salt spray exposure.

(n) Nano filler with

160N glass flake based
vinyl

ester composite

The

nanocomposite

free volume porosity of

coatings is very

minimal. The weak vibrational band

Additional very weak bands (i) 2785 to 3146 cm™
(i) 603 to 844 cm™* are observed in resin

degradation of nanocomposite coatings. The
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coating (VE4)

at 915cm™ is associated with the
vibration of oxirane ring. The
vibrational band in between 1258 to
1460cm-1 can be attributed to the
C—0—C and C=C for aromatic
symmetric  stretching modes of
vibration. Two characteristics
vibrational bond observed at 1627cm"
! for olefinic and 1726 to 1736cm™

for C=0 stretch in both composite

presences of such peaks signify an interaction
between the glass flake nanocomposite coating
and the salt spray, indicating a very slow corrosion

resistance against salt spray.

coatings.

Table.6.25. Ranking of vinyl ester composite coating of FTIR studies after salt spray

Coating code name Ranking
(k) VE1 Lower (5)
() VE2 High (3)
(m) VE3 Low (4)
(n) VE4 Higher (2)

Table.6.26. XRD and morphology (SEM & TEM) comparative studies of vinyl ester composite

coating

Coating code XRD Studies

name

Morphology Studies

SEM TEM

(k) VE1 All ingredients are seen at
less instance peak in VE
composite including quartz
silica. Coating showed

amorphous in nature.

SEM images of conventional composite, X
where some particles are observed at
micro level on the surface of coating and
also micrographs also show

heterogeneous dispersion of silica
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particles within the polymer matrix.

() VE2 All compositions are From the SEM images of nanocomposite | Organosilane
observed at high intense coating, it is evident that the silica | particle size is
peak in VE composite particle is fully wetted by the vinyl ester | less than 50nm
including nano silica. resin during composite formation. The | detected
Developed coating showed | micrographs also  show  uniform
amorphous in nature. dispersion of silica particles within the

polymer matrix.

(m) VE3 All ingredients are seen at | SEM images of conventional composite, X
less instance peak in VE where some particles are observed at
composite including quartz | micro level on the surface of coating and
silica. Coating showed also micrographs also show
amorphous in nature. heterogeneous  dispersion of silica

particles within the polymer matrix. The
particles are cluster form. Some cavities
and pores are observed on the surface.
(n) VE4 All compositions are From the SEM images of nanocomposite | Organosilane

observed at high intense
peak in VE composite
including nano silica.
Developed coating showed

amorphous in nature.

coating, it is evident that the silica
particle is fully wetted by the vinyl ester
resin during composite formation. The
micrographs  also  show  uniform
dispersion of silica particles within the

polymer matrix.

particle size is
less than 50nm
detected.
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Table.6.27. Ranking of vinyl ester composite coating of XRD and morphology (SEM & TEM)

studies
Coating code XRD SEM TEM
name Ranking Ranking Ranking
(k) VE1 Lowest (6) Low (4) X
() VE2 High (3) High (3) High (3)
(m) VE3 Lower (5) Lower (5) X
(n) VE4 Higher (2) Higher (2) High (3)

Table.6.28. Comparative studies of Physico-Mechanical testing of vinyl ester composite coating

Coating
code
name

Cross
link
Density
(%)

Adhesion Property
(N/mm?)

Impact Test (KG.M)

Before
Salt Spray

After 2200
hrs Salt
Spray Test

Instrusion

Extrusion

Abrasion
Test
(mglcycles)

Thermal
Studies
(TGA-
DTA)

(k) VE1

93.43

20.9

11.7

>0.8

>0.7

3.2

Coating
degrade at
400°C and

above

(I) VE2

98.71

34.3

23.7

>0.4

>0.6

1.5

Coating
degrade at
480°C and

above

(m) VE3

95.3

27.2

16.5

>0.8

>1.3

2.4

Coating
degrade at
470°C and

above

(n) VE4

97.8

36.8

26.8

>0.5

>0.7

2.1

Coating
degrade at
500°C and

above

236 |Page




Table.6.29. Ranking of vinyl ester composite coating of Physico-Mechanical testing

Coating code | Cross Adhesion Impact Test | Abrasion Thermal
name link Density | Property (KG.M) Test Studies
(%) (N/mm?) (mg/cycles) | (TGA-DTA)
Ranking Ranking Ranking Ranking Ranking
(k) VE1 Lowest (6) Lowest (6) Low (4) Lower (5) Lowest (6)
(N VE2 Higher (2) High (3) Higher (2) Higher (2) High (3)
(m) VE3 Low (4) Lowest (5) Lower (5) Lower (4) Low (4)
(n) VE4 High (3) Highest (1) Higher (2) Highest (1) Higher (2)

Table.6.30. Comparative studies of corrosion studies of vinyl ester composite coating

Corrosion Studies

Samples Potentiodynami Electro Cathodic Salt Spray Porosity (P)
Code Name ¢ Polarization chemical Disbondment (CD) | Chamber (SSC) &
(PD) (After 30 Impedance (After 28 Days) Test Optical Images
Days) Spectroscopy (After 2200 hrs) Analysis
& (EIS) (After
Corrosion (After 30 Days) Corrosion
Inhibition & Studies)
Efficiency (%) Charge transfer
resistance
(Rct in %)
(k) —Ecorr(V Vs C.P.E (Yo) = 1.97E- | Disbondment area It has observed | P=18.06x10°
Conventional | SCE)=—0.650 10F (mm): Full area that corrosion and | After the
filler with | Jeorr (A/cmM?) = Rp () =8708.2 delaminated and blister ~ formation | corrosion test, it
160A glass | 1.23E-09 C.P.E(N)=0.78 coating comes out were exclusive to | has observed that
flake based | lcor (MACM™2) = | Equivalent the 160A glass | major number of
vinyl ester | 1.47E-08 electrical circuit flake with micron | pits with
composite | Corrosion rate models: Two time silica-based vinyl | degradation
coating (VE1) | (mm/year) = constant. ester  composite | appeared on the
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0.000086

Rp (Qcm?) =
22140
Corrosion
inhibition

efficiency (%) =

Rct (%) = 97.84

coating

surface of the
160A glass flake
with
conventional
silica based vinyl

ester composite

78 VE1 coating
(1) Nano filler | —Ecorr(V vs C.P.E (Yo) = 3.47E- | Disbondment area There was less | P=63.49x107°
with 160A | SCE)=—0.667 10F (mm): Small area corrosion and | Less numbers of
glass flake | Jeorr (A/cmM?) = Rp (Q) =2.67E+05 | delaminated but blister formation in | pits and damages
based vinyl | 3.47E-08 C.P.E(N)=0.894 | coating became thel60A glass | were observed
ester lcorr (MACM ™) = | Equivalent cracked flake with nano | after the
composite | 1.05E-06 electrical circuit silica-based vinyl | corrosion studies

coating (VE2) | Corrosion rate models: Two time ester  composite | of the 160A glass
(mm/year) = constant. coating flake with nano
1.43E-05 Rct (%) = 99.79 silica based vinyl
Rp (Qcm?) ester composite
=1.73E+06 coating.
Corrosion
inhibition
efficiency (%)
=86.72
(m) —Ecorr(V VS C.P.E (Y,) = 1.30E- | Disbondment area It has observed | P=80.99x10°°
Conventional | SCE)=—0.493 10F (mm): Full area that corrosion and After the
filler with | Jeorr (A/cm?) = Re (Q) =3273 delaminated and blister formation | corrosion test, it
160N glass | 1.05E-08 C.P.E(N)=1.120 | coating comes out were exclusive to | has observed that
flake based | lcor (MACM™2) = | Equivalent the 160N glass number of pits
vinyl ester | 1.72E-07 electrical circuit flake with micron | with degradation
composite | Corrosion rate models: Two time silica-based vinyl | appeared on the

coating (VE3)

(mm/year) =

constant.

ester composite

surface of the
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0.00012

Rp (Qcm?) =9
7162
Corrosion

inhibition

Rct (%) = 98.30

coating

160N glass flake
with
conventional
silica based vinyl

ester composite

efficiency (%) = VEL1 coating
79.36 compared to VE1
coating.

(n) Nano —Ecorr(V VS C.P.E (Yo) = 3.51E- | Disbondment area There was less P=13.87x107°
filler with | SCE)=—0.614 10F (mm): 6-9.3 corrosion and Few numbers of
160N glass | Jeorr (A/cm?) = Rp (Q) = 92929 blister formation in | pits and damages
flake based | 5.54E-06 C.P.E(N)=0.812 thel60N glass were observed
vinyl ester | leorr (MACM™2) = | Equivalent flake with nano after the
composite | 5.67E-06 electrical circuit silica-based vinyl | corrosion studies

coating (VE4) | Corrosion rate models: Two time ester composite | of the 160N glass
(mm/year) = constant. coating flake with nano
3.23E+06 Rct (%) = 99.67 silica based vinyl
Re (Qcm?) = ester composite
2.38E+05 VE4 coating
Corrosion compared to
inhibition 160A glass flake
efficiency (%) = with nano silica
96.95 based vinyl ester

composite VE2

coating
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Table.6.31. Ranking of epoxy composite coating of Physico-Mechanical testing

Sample | Potentiodynamic Electro Cathodic Salt Spray Porosity (P)
Code Polarization (PD) chemical Impedance Disbondment | Chamber &
Name (After 30 Days) Spectroscopy (EIS) (CD) (SSC) Test Optical Images

& (After 30 Days) (After 28 (After 2200 Analysis
Corrosion & Days) hrs) (After Corrosion
Inhibition Charge transfer Studies)

Efficiency (%) resistance
(Rct in %)
Ranking Ranking Ranking Ranking Ranking

(@) VE1 Lowest (6) Lowest (6) Loest (6) Lower (5) Lowest (6)

(b) VE2 Higher (2) High (3) High(3) High (3) High (3)

(c) VE3 Lower (5) Lowest (4) Lowest (5) Lower (4) Lower (5)

(d) VE4 Higher (2) Higher (2) Higher (2) Higher (2) High (3)
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6.1. Final Conclusions:

Insulation property is most important for any painting/coating material. Impedance spectroscopy is directly proportional to dielectric
strength as well as isulation property. For over all coating ranking, considering best on results of Electo Chemical Impedance
Spectroscopy (EIS), adhesion, Cathodic Disbondment (CD), Potentiodynamic Polarization (PD), Salt Spray Chamber (SSC) test,
abrasion, porosity, impact, Fourier Transform Infrared Spectroscopy (FTIR), cross link density, Scanning Electron Microscope
(SEM), Transmission Electron Mictoscope (TEM) and X Ray Diffraction (XRD) respectively.

Table. 6.32. Summary of over all ranking of composite coatings for MS substrate

Coating Ranking Over all
code name | FTIR | XRD | Cross | SEM | TEM | Adhesion | Impact | Abrasion | TGA- | PD | EIS | CD | SSC |Porosity | Rank

Link DTA

Density
(a) EP1 6 3 4 4 X 6 6 6 6 4| 4 4 4 4 gt
(b) EP2 3 2 3 | 3 3 3 3 3 33 3 3 3 3
(c) EP3 4 5 5 6 X 4 § 5 5 5] 4 5 5 5 108
(d)EP4 2 2 2 3 3 2 2 2 2 2|2 2 1 2 P
(e) EP5 5 4 6 5 X 5 4 4 4 6|5 4 4 4 oh
(f) EP6 1 1 2 2 1 1 1 2 1 1|1 1 1 1 L
(2) PUL 6 6 6 6 X 6 5 6 6 6 | 6 6 6 6 148
(h) P2 2 3 2 2 2 3 2 3 3 3|3 3 2 3 68
() CTEPL | 5 6 4 4 X 4 5 4 4 416 5 5 4 1™
()CTER2 | 2 3 2 1 X 1 1 2 3 2|2 3 3 3 T
(k) VEL 5 6 6 4 X 6 4 5 6 6 | 6 6 5 6 138
() VE2 3 3 2 3 3 3 3 3 3 213 3 3 3 78
(m) VE3 4 5 4 5 X S 5 4 4 516 6 5 5 2t
(n) VE4 2 2 3 2 3 1 2 1 2 212 2 2 1 48

Nano filler with 160N glass flake based epoxy composite coating (EP6) coating

exhibited superior property in of Electo Chemical Impedance Spectroscopy (EIS),
adhesion, Cathodic Disbondment (CD), Potentiodynamic Polarization (PD), Salt

Spray Chamber (SSC) test, porosity, impact,

Fourier Transform

Infrared

Spectroscopy (FTIR), Scanning Electron Microscope (SEM), Transmission

Electron Microscope (TEM) and X Ray Diffraction (XRD) respectively. Whereas,

it has higher in cross link density and abrasion property. Hence it is ranked 1°*.
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Nano filler with 160A glass flake based epoxy composite coating (EP4) based
epoxy composite coating (EP6) coating exhibited higher property in of Electo
Chemical Impedance Spectroscopy (EIS), adhesion, Cathodic Disbondment (CD),
Potentiodynamic Polarization (PD), Salt Spray Chamber (SSC) test, abrasion,
porosity, impact, Fourier Transform Infrared Spectroscopy (FTIR), cross link
density and X Ray Diffraction (XRD). Whereas, it has high in Scanning Electron
Microscope (SEM)and Transmission Electron Microscope (TEM) respectively.

Hence it is ranked 2",

Nano filler based epoxy composite coating (EP2) exhibited high results in of
Electo Chemical Impedance Spectroscopy (EIS), adhesion, Cathodic Disbondment
(CD), Potentiodynamic Polarization (PD), Salt Spray Chamber (SSC) test,
abrasion, porosity, impact, Fourier Transform Infrared Spectroscopy (FTIR), cross
link density, X Ray Diffraction (XRD) and Transmission Electron Microscope
(TEM. Whereas, it has highest in Scanning Electron Microscope
(SEM)respectively. Hence it is ranked 3™,

Nano filler with 160N glass flake based vinyl ester composite coating (VE4)
showed highest results in adhesion, abrasion and porosity. Higher results in Electro
chemical Impedance Spectroscopy (EIS), Cathodic Disbondment (CD),
Potentiodynamic Polarization (PD), Salt Spray Chamber (SSC) test, impact,
Scanning Electron Microscope (SEM), Fourier Transform Infrared Spectroscopy
(FTIR) and X Ray Diffraction (XRD). Coating showed high result in Transmission
Electron Microscope (TEM) and cross link density respectively. Hence it is ranked
4t

Nano filler based coal tar epoxy composite coating (CTEP2) revealed highest
result in adhesion, impact and Scanning Electron Microscope (SEM)studies.
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Higher result in abrasion, Higher results in Electro chemical Impedance
Spectroscopy (EIS), Potentiodynamic Polarization (PD), cross link density and
Fourier Transform Infrared Spectroscopy (FTIR). High result in X Ray Diffraction
(XRD), TGA-DTA, Cathodic Disbondment (CD), Salt Spray Chamber (SSC) and

porosity respectively. Hence it is ranked 5.

Nano filler based polyurethane composite coating (PU2) expressed higher results
In impact Salt Spray Chamber (SSC), crosslink density, Scanning Electron
Microscope (SEM), Transmission Electron Microscope (TEM) and Fourier
Transform Infrared Spectroscopy (FTIR). High result in adhesion, abrasion, TGA-
DTA, Potentiodynamic Polarization (PD), Electro chemical Impedance
Spectroscopy (EIS), Cathodic Disbondment (CD), X Ray Diffraction (XRD) and

porosity respectively. Hence it is ranked 6.

Nano filler with 160A glass flake based vinyl ester composite coating (VEZ2)
showed higher result in crosslink density and Potentiodynamic Polarization (PD).
High results in Electo Chemical Impedance Spectroscopy (EIS), adhesion,
Cathodic Disbondment (CD), Salt Spray Chamber (SSC) test, porosity, impact,
Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscope
(SEM), TGA-DTA, Transmission Electron Microscope (TEM) and X Ray
Diffraction (XRD) respectively. Hence it is ranked 7.

Conventional filler based epoxy composite coating (EP1) expressed high result in
X Ray Diffraction (XRD). Low results in crosslink density, Electro chemical
Impedance Spectroscopy (EIS), Cathodic Disbondment (CD), Salt Spray Chamber
(SSC) test, porosity, Scanning Electron Microscope (SEM), Potentiodynamic
Polarization (PD). Lowest results in adhesion, impact, abrasion, TGA-DTA and

Fourier Transform Infrared Spectroscopy (FTIR) respectively. Hence it is ranked 8™
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Conventional filler with 160N glass flake based epoxy composite coating (EP5)
revealed low results in X Ray Diffraction (XRD), impact, abrasion, TGA-DTA,
Cathodic Disbondment (CD), Salt Spray Chamber (SSC) test and porosity. Lower
results in Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron
Microscope (SEM), adhesion and Electro chemical Impedance Spectroscopy (EIS).
Lowest results in cross link density and Potentiodynamic Polarization (PD)

respectively. Hence it is ranked 9™

Conventional filler with 160A glass flake based epoxy composite coating (EP3)
showed low results in Fourier Transform Infrared Spectroscopy (FTIR), adhesion
and Electro chemical Impedance Spectroscopy (EIS). Lower result in X Ray
Diffraction (XRD), impact, abrasion, TGA-DTA, Cathodic Disbondment (CD),
Salt Spray Chamber (SSC) test and porosity. Lowest results in cross link density
and Potentiodynamic Polarization (PD). Lowest result in Scanning Electron

Microscope (SEM)respectively. Hence it is ranked 10",

Nano filler based coal tar epoxy composite coating (CTEP2) showed low results in
crosslink density, Scanning Electron Microscope (SEM), adhesion, abrasion, TGA-
DTA, Potentiodynamic Polarization (PD) and porosity. Lower result in Fourier
Transform Infrared Spectroscopy (FTIR), impact, Cathodic Disbondment (CD) and
Salt Spray Chamber (SSC). Lowest result in X Ray Diffraction (XRD) and Electro

chemical Impedance Spectroscopy (EIS)respectively. Hence it is ranked 11

Conventional filler with 160N glass flake based vinyl ester composite coating
(VE3) revealed low result in crosslink density, abrasion, TGA-DTA and Fourier
Transform Infrared Spectroscopy (FTIR). Lower results in X Ray Diffraction
(XRD), Scanning Electron Microscope (SEM), adhesion, impact, Potentiodynamic
Polarization (PD), and Salt Spray Chamber (SSC) and porosity. Lowest result in
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Electro chemical Impedance Spectroscopy (EIS)and Cathodic Disbondment (CD)

studies respectively. Hence it is ranked 121,

Conventional filler with 160A glass flake based vinyl ester composite coating
(VE1l) showed low results in impact and Scanning Electron Microscope
(SEM)studies. Lower results in Fourier Transform Infrared Spectroscopy (FTIR),
abrasion and Salt Spray Chamber (SSC) studies. Lowest results in X Ray
Diffraction (XRD), crosslink density, adhesion, TGA-DTA, Potentiodynamic
Polarization (PD), Electro chemical Impedance Spectroscopy (EIS), Cathodic

Disbondment (CD) and porosity studies respectively. Hence it is ranked 13",

Conventional filler based polyurethane composite coating (PU1) expressed lowest
result in Electo Chemical Impedance Spectroscopy (EIS), adhesion, Cathodic
Disbondment (CD), Potentiodynamic Polarization (PD), Salt Spray Chamber
(SSC) test, porosity, Fourier Transform Infrared Spectroscopy (FTIR), Scanning
Electron Microscope (SEM), X Ray Diffraction (XRD), cross link density and
abrasion property respectively. Whereas lower result in impact test. Hence it is
ranked 14™,

It is concluded that, EP6 (nano filler and 160N glass flake) based nanocomposite
coating showed best result out of developed nanocomposite coating all over
experimental performance. The glass flake epoxy system features a chemically
cross linked structure and reduced film porosity when cured with nano filler. Also
the same time organo silane does have pendant methyl bulky group and as well as
non polar rigid allyl group which is surface treated on 160N glass flake. The glass
flake also strictly restrict water molecule from penetrating in to the polymer matrix
and most highly prevents the creation of porosity through tortuous path. Surface
activity with well dispersion of nanoparticales truly embedded in the resin through
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containing cross linking agent with lot of linkage group and gives three
dimensional network rigid structures. These molecular networks form a very high
dense structure and reduced porosity and increased metal adhesion synergistically
provides high level corrosion resistance with remarkable Physico-Mechanical
properties in these systems. Also, it has been studieded that resin can consume 6.5

to 7wt% of nanoparticles by optimization.

The organo silane modified nano filler based polymeric nanocomposite coating
systems developed in the recent investigation can serve as highly effective
protective coatings for steel structures, surpassing conventional coatings and
providing excellent protection against atmospheric corrosion and marine corrosion

due to fouling.
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