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Abstract

The objective of the research work was development of nanocontainer-based self-
healing coatings for corrosion protection of magnesium alloy AZ91D using sol-gel process.
Mg alloys, owing to their very low standard electrode potential and easily deteriorating thin
film of oxides/hydroxides, needs to be protected from the corrosive environments. Among
the number of methodologies that have been used to protect Mg alloys, use of protective
coatings has been found to be most efficient and cost effective approach which provides a
barrier between substrate and corrosive medium. Various methodologies/coating
techniques like conversion coatings, micro-arc oxidation, chemical/ physical vapor
deposition, organic/inorganic and sol-gel coatings have been developed for corrosion
protection of Mg alloys. Sol-gel coatings offer a great potential to be used as an eco-friendly
alternative for carcinogenic chrome-based conversion coatings. They provide better
adhesion to the substrates by chemical as well as physical bonding. However, only
protective coatings cannot provide effective corrosion protection for longer durations as
they may experience physical damage or deterioration after exposure to corrosive medium.
Hence, active materials like corrosion inhibitors, catalysts, monomers, etc. are encapsulated
into micro/nanocontainers, which are then dispersed into coating matrix. This will ensure
controlled release of aforementioned active agents as a response to the change in localized
pH whenever there is any defect in the coating. This facilitates prolonged corrosion
protection to the substrates due to timely release of protective/inhibiting agents.

Based on this, an extended literature survey was conducted to formulate the research
plan. The thesis work deals with four different types of self-healing coating systems. First
system consists of generation of cationic corrosion inhibitors, Ce3*-Zr** loaded halloysite
clay nanotube (HNT) based self-healing coatings. A comparative study of this was carried
out with hybrid organic-inorganic matrix sol (MAT) and as-received HNT nanoclay
dispersed hybrid matrix sol (clay matrix, CM). Electrochemical measurements and weight
loss studies were carried out to evaluate anticorrosion properties, whereas scanning
vibrating electrode technique (SVET) and micro-Raman spectroscopic analysis were used
for confirmation of self-healing ability. It was observed that, MAT sol and CM sol based
coatings could give better barrier properties only up to 72 h of exposure to 0.6 M NacCl
solution, whereas inhibitor loaded HNT based coatings could give better anticorrosion
properties up to 120 h of exposure. SVET and micro-Raman spectroscopic analyses showed
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the release of corrosion inhibitor in the scribed area after exposure to NaCl solution, which
proved the self-healing ability of coatings.

Second system is based on cationic Ce3*-Zr*" intercalated layered montmorillonite
(MMT) nanoclay based self-healing coatings. The cationic inhibitors were intercalated into
layers of MMT clay by using two methods, i.e., by simple mixing and by vacuum
evacuation where, MMT clay was mixed with inhibitor solution under constant stirring
conditions and MMT clay dispersed inhibitor solution was evacuated under vacuum
respectively. Both the inhibitor mixed MMT (IMM) and inhibitor evacuated MMT (IEM)
were dispersed in hybrid matrix sol to synthesize IMM sol and IEM sol. The anticorrosion
properties of coatings were evaluated using electrochemical studies and weight loss
measurements, whereas self-healing ability was examined by using SVET and salt
immersion tests in 0.6 M NaCl solution. IEM sol based coatings were found to give better
barrier properties for prolonged duration of 120 h and also depicted self-healing ability by
release of cations in the scribed area.

Third system deals with the comparison of corrosion inhibition ability of Ce3*-zr**
based coatings with coatings based on organic corrosion inhibitors like 8-hydroxyquinoline
(HQ) and 2-mercaptobenzothiazole (MBT). In this case, the lumen of HNTs was etched by
using 1 M H2SOq4 in order to accommodate higher amount of inhibitors. Further, these
different corrosion inhibitors were loaded in as-received and etched HNTs (EHNTS). The
release kinetics of the corrosion inhibitors from the lumen of HNT and EHNT was studied
by measuring percentage release of the aforementioned three corrosion inhibitors at various
pH conditions and the release data of Ce3*-Zr** was further validated using various kinetic
models. The corrosion protection ability of three inhibitors was compared using
electrochemical studies and found that, Ce3*-Zr** loaded HNT based coatings gave highest
corrosion protection, whereas HQ based coatings depicted better anticorrosion properties
when loaded in EHNTSs after prolonged durations of exposure.

The fourth system comprised of study of effect of coating technique (spray coating and
dip coating) on corrosion protection ability of the MAT sol, CM sol and Ce®**-Zr** loaded
HNT based coatings. As observed from electrochemical studies and accelerated corrosion
tests, spray coated substrates gave higher corrosion resistance than dip coated substrates
owing to the higher coating thickness. Further, 3 layer dip coatings with thickness similar
to that of spray coatings based on Ce3*-Zr** loaded HNTs were generated and found that,
multilayer dip coatings showed better barrier properties than spray coating after prolonged

durations of exposure in accelerated corrosion tests.
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Chapter 1
Introduction

1.1 Principle of corrosion

Most of the natural processes have a tendency to flow towards lowest possible energy
level. For example, metals like iron, aluminum, magnesium, etc. and their alloys also have
a tendency to react and/or combine with other elements or environmental factors to attain
their lowest energy state. Aforementioned elements react with oxygen and water in the
surrounding in order to reach the lower energy level to form hydrated metal oxides whose
composition is similar to that of original metal ore.

A chemical or electrochemical reaction of metal with its surrounding atmosphere,
which results in degradation of metal and its properties is known as corrosion. Basically,
corrosion is an electrochemical process where electric circuit is formed with cathode, anode
and electrolyte. Here, electrolyte is nothing but corrosive medium to which the metal is
exposed and where cathodic and anodic electrodes are constituted by phases of the metal.
The factors constituting the environment that affect the material properties are physical
state (gas, liquid and solid), chemical composition (constituents and concentration),
temperature, relative velocity and mechanical load on the material. The corrosion behavior
of material and the surrounding atmosphere are interdependent on each other because all
materials get degraded in some amount and all environments are corrosive to some extent.
From industrial point of view, inorganic materials are more corrosive than organic
materials. Corrosion can be classified in number of ways such as temperature based (high
temperature and low temperature), mechanism based (direct combination and
electrochemical) and nature of corrosive media (dry and wet). Magnesium and its alloys
are considered as lightest engineering material for automobile and aerospace application.
However, their use is limited owing to its very high chemical reactivity. The various types
of corrosion experienced by Mg and its alloys along with a schematic representation

describing the detailed mechanism of corrosion will be elaborated in the following section

[1].

1.2 Magnesium and Magnesium alloys
The name magnesium was derived from a Greek word Magnesia, a district of Eastern

Thessaly in Greece. Joseph Black at Edinburgh first recognized magnesium as an element
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in 1755. Further, Sir Humphry Davy isolated pure elemental form of magnesium by the
electrolysis of magnesium oxide in 1808. Later, the French scientist Antoine-Alexandre-
Brutus Bussy obtained metallic form of magnesium in 1831 by reacting magnesium
chloride with potassium [2]. Magnesium has been widely distributed among 80 minerals,
which contain more than 20 % of Mg in their crystals. The major sources of magnesium

(Fig. 1.1) are carnallite, magnesite, seawater and dolomite [3, 4].
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Figure 1.1: Availability of Mg in raw materials for Mg production [3] (With
permission from John Wiley and Sons, January 04, 2021, License No. 4981750269240)

Magnesium is one of the lightest elements among the engineering materials with a
density of 1.74 g/cm®, which is 64.4 % that of aluminum (2.7 g/cm®) and 22.1 % that of
steel (7.86 g/cm?®). It has good ductility, good machining ability, better noise and vibration
dampening characteristics, wide availability and excellent castability. Magnesium has the
hexagonal close packed crystal structure [5].

Alloying of pure magnesium with different elements helps to improve its strength-to-
weight ratio and makes it an important material for the applications where weight reduction
and reduction of inertial forces are required. Theoretically, Mg can form solid solutions
with 25 different elements because of analogous atomic size. However, electronic
configuration, affinity towards chemicals, solubility limits, costs and potential applications
limit the use of different elements. Following are some alloying elements and their effects
of addition to Mg:

a) Aluminum has the most favourable effect on Mg. It improves the strength,

hardness and castability. Adequate strength and ductility can be obtained with



addition up to 6 % (maximum 10 %). Mgi7Ali2 phase shows poor thermal
stability that limits the creep resistance of alloy.

b) Zinc is considered as most effective and common alloying element after
aluminum. It improves room temperature strength along with aluminum (with
addition of 1 % or more, when Al is 7 % to 10 %). It gives increased alloying
fluidity in casting. It enhances the corrosion resistance when added with iron
and nickel impurities. Along with zirconium and rare earths, it produces
precipitation hardenable alloys with better strength.

c) Manganese enhances yield strength and salt solution anticorrosion properties of
Mg-Al and Mg-Al-Zn alloys. It reduces solubility of impurity metals by
capturing them in intermetallic compounds, which can be removed during
melting. It can be added up to 1.5 %.

d) Rare earths improve corrosion resistance, high temperature creep and strength.
They enhance the casting ability by reducing the freezing range of alloy, thereby
reducing the porosity.

e) lron is the most harmful impurity as it reduces the anticorrosion property. The
maximum limit is restricted at 0.005 % for maximum corrosion resistance.

f)  Nickel improves the room temperature ultimate and yield strength but reduces
ductility and anticorrosion properties. The maximum limit for Ni is 0.005 % for

optimum corrosion protection [6].

Mg alloys are classified mainly based on designations such as alloy nomenclature and
tempering conditions. In alloy designations, the alloying elements are given the
abbreviations according to ASTM B275. The designation consists of letters that denote
major alloying elements and then the numbers that denote the weight percentage of those
elements. It is comprised of three parts. The first part consists of two abbreviation letters
of main alloy elements specified in decreasing order of percentage or else in alphabetical
order if percentages are similar. Percentages of the two main alloying elements are stated
in second part. Part three differentiates alloys by mentioning a letter of the alphabet in the
order of their improved purity. In temper designations, other fabrication conditions such as
temperature conditions, hardening conditions, etc. are also included and separated from
alloy designations using a dash such as AZ91E-T4 [7].

For example, in case of Mg alloy AZ91D:

AZ: Indicates Al and Zn as main alloying elements



91: Indicates percentages of Al and Zn rounded-off to whole numbers (9 and 1,

respectively)

D: Indicates high purity alloy registered with ASTM.

1.3 Applications of magnesium and its alloys

Magnesium and its alloys are being implemented in enormous number of applications

because of their lightweight, high strength-to-weight ratio, casting qualities, high damping

capacity and ease of machining. Also, wide availability at lower prices results in an

increased number of applications.

a)

b)

d)

Automotive applications: Weight reduction of 22 % to 70 % is possible with the
use of Mg alloys as automotive components, which results in low fuel
consumption and CO2 emissions. Most commonly used automotive components
are engine blocks, wheel frame of steering, seat frames, instrument panels, rims
of wheels, cylinder heads, etc. that have been used by car manufacturers like
BMW, Toyota, GM, Audi, Honda, Isuzu, Ford, etc.

Aerospace applications: Weight reduction is one of the most focussed objective
in aerospace industry as it aims in saving overall operational cost. Mg alloys are
generally used to manufacture gearbox casings of helicopter. Mg alloys played
an important role in World War-I1 with overall usage of around 5555 kg in B-
36 bomber. Considerable amount of Mg alloy was used in ballistic missiles such
as Titan, Agena and Atlas.

Medical applications: Mg alloys are good biocompatible materials and get
biodegraded by corrosion with human body fluid. They have been used as
orthopaedic biomaterials but the usage is restricted due to low corrosion
resistance and hydrogen accumulation around the implant.

Sports applications: Higher specific strength, excellent damping characteristics
and ease in formability makes Mg alloys useful in sports equipment. They are
commonly used in chassis of in-line skates, golf club head, bicycle frames,
tennis rackets and handles of archery bows.

Electronics applications: Magnesium alloys display great enhancement in heat
transfer, strength, and property to shield radio frequency and electromagnetic
interference as compared to its competitors. Hence, they are used for casings of

computers, cell phones and media players [7].

Fig. 1.2 shows pictures of common applications where magnesium alloys have been used.
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Figure 1.2: (a) Casing of steering wheel for Toyota Camry, (b) Golf club head [7] and (c)
schematic of Mg components used in B-36 bomber [8] (With permission from John Wiley

and Sons, January 02, 2021, License No. 4980630835251)

Among the various magnesium alloys, our studies were focused on AZ91D, which is a
die-casted alloy of Mg-Al-Zn type. It comes with the alloying elements such as Al-9 %;
Zn-0.7 %, Mn-0.33 %; Fe-0.005 % and Ni-0.002 %, along with Mg. This alloy exhibits
good casting ability, better stability in atmosphere, high ductility and reasonably high yield
strength at temperatures down to -120 °C. AZ91D alloy of Mg-Al-Zn series is considered
as a high purity alloy with very low impurity levels of iron, copper and nickel and strictly
controlled iron-manganese ratio. This highly pure alloy has much better mechanical and
physical properties than the earlier grades. In this alloy, increase in aluminum content

enhances the yield strength but results in reduced ductility. These alloys are generally easy
to cast but exhibit microshrinkage with the sand casting [9].



International, January 04, 2021, License ID. 600032284)

Table 1.1: Physical properties of Mg alloy AZ91D [10] (With permission from ASM

Property Unit Temp (°C) AZ91D
Density glcm® 20 1.81
Liquidus Temperature °C - 598.9
Incipient melting temperature °C - 420-435
Linear thermal expansion
coefficient Hm/m 20-100 20
Specific heat of fusion kJ/kg - 370
Specific heat kJ/kg °C 20 1.02
Thermal conductivity W/m K 20 51
Electrical conductivity MS/m 20 6.6

Table 1.2: Typical mechanical properties of Mg alloy AZ91D [10] (With permission
from ASM International, January 04, 2021, License 1D. 600032284)

Property Unit AZ91D

Ultimate tensile strength MPa 240
Tensile yield strength (0.2 % offset) MPa 160
Compressive yield strength MPa 160
Fracture elongation % 3

Elastic modulus, tension GPa 45
Elastic modulus, shear GPa 17
Brinell hardness - 70
Impact strength, Charpy un-notched J 6

1.4 Corrosion mechanism of magnesium alloy, AZ91D

Mg alloy usage in the above-mentioned applications is restricted due to their poor
corrosion resistance properties. They exhibit a standard electrode potential of -2.37 V,
which increases to -1.63 V (vs SCE) in 0.55 M NaCl solution. This could indicate that the
thin film of oxides [MgO and Mg(OH).] are formed when the substrate is exposed to
corrosive medium. The major aspects for poor corrosion resistance of magnesium alloys

are (1) depletion of the passive thin film of oxides on exposure to corrosive medium and



(2) formation of galvanic couples due to impurities, flux contaminations, poor design and
secondary phases such as Mgi7Al12, AIMn, AlsMns, Mg12Nd, Mg2Pb, etc. [11].
Theoretically, potential-pH diagram can be used to predict the stability of Mg in water.
The electrochemical thermodynamics of Mg can be understood with the help of potential-
pH diagram (Pourbaix diagram) of the magnesium-water system as shown in Fig. 1.3. It
shows that magnesium dissolves into ions, oxides and hydroxides over a broad range of pH
and potential. The diagram depicts a small area of Mg, MgH2 and Hz at much more negative
potentials as compared to the open circuit potentials of Mg in salt water solution. An area
in the diagram shows more passiveness of potential at higher pH. This means that, at higher
pH values, MgO/Mg(OH)2 is more stable and forms a passive film, whereas at lower pH
MgO/Mg(OH); is unstable and dissolves in water to form Mg?*. It can also be observed
that, when corrosion takes place, the pH value is changed at localised area. The only
drawback of this diagram is that, it can only predict thermodynamic stability or the
tendency of Mg to get corroded in water and not the kinetic behaviour of corrosion

mechanism [12, 13].

-1
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Mg*, MgH,, H; 3

Mg, MgH;, H,
-3 ' -3
0 7 . 14

pH

Figure 1.3: Potential-pH diagram of Mg in water [12] (With permission from John
Wiley and Sons, January 02, 2021, License No. 4980631006673)
The mechanism of corrosion of magnesium and magnesium alloys can be understood

by the reactions involved in dissolution of Mg in aqueous conditions to produce hydroxides
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of Mg and hydrogen gas. This indicates that corrosion of Mg does not depend on oxygen
concentration even though the presence of oxygen is crucial in atmospheric corrosion. The
corrosion mechanism in aqueous conditions as shown in Fig. 1.4 is mainly associated with
the micro-galvanic coupling of anodic and cathodic areas.

The overall reaction can be,

Mg + 2 H, O — Mg (OH)2 + H:

The intermediate reactions can be,

Mg — Mg + 2 e (Anodic reaction)

2H,O +2e- — H» + 2 OH" (Cathodic reaction)

Mg?* + 2 OH" —— Mg (OH). (Product formation)

The exact corrosion mechanism of Mg alloys has not yet been studied completely.
However, it is expected that the overall corrosion reaction for Mg alloys will be similar to
that of Mg, because during the dissolution of Mg-Al-Zn alloys, it was observed that, Mg
and Al were the elements found dissolving but the Zn did not dissolve. This revealed that

the above-mentioned corrosion reaction is applicable for Mg alloys as well [13].

Anodic Reaction Cathodic Reaction
Mg — Mg? +2¢e 2H,0+2e——> H,+20H"
and/or and/or
Mg+ 2 OH- — Mg (OH), + 2 e 2H*+2e—+H,

B-phase, Mg,,Al,, ao-phase, Mg matrix

Intermetallic compounds
(with Al, Mn and Fe)

Figure 1.4: Corrosion mechanism of AZ91D [14] (With permission from Elsevier,
January 04, 2021, License No. 4981740648519)

Most of the times, the oxide/hydroxide films formed on the Mg alloy surface gives
considerable corrosion protection when exposed to the rural, industrial and marine
environment. Hence, the corrosion rate of Mg alloys remains in between that of mild steel
and Al alloys. Usually, Mg alloy corrosion initiates in localized form, which can be deep

and widely spread. The nature of corrosion further depends upon the alloy chemistry and



exposure environments. Magnesium alloys can experience various types of corrosion (Fig.
1.5) as follows [11, 15].

Corroded area

Corroded area

More noble
metal

Mg substrate . Mg substrate

(@) (b)

Corroded area

\.g . Cracks

Stress Stress

(c) (d)

Figure 1.5: Schematic of various types of corrosion occurring with Mg alloy; (a) Galvanic

corrosion, (b) Pitting corrosion, (c) Intergranular corrosion and (d) Stress corrosion cracking

a) Galvanic corrosion: Mg alloys are highly prone to galvanic corrosion due to contact with
the cathode, which can be external metal or internal metal in the form of impurity or
secondary phases. Metals such as Fe, Cu and Ni having low hydrogen overpotential
forms a cathode and causes galvanic corrosion. On the other hand, when combined with
metals having higher hydrogen overpotential such as Al, Zn and Sn, the galvanic
corrosion is less. The corrosion rate is accelerated by medium with high conductivity,
large anodic and cathodic potential difference, low polarizability of anode and cathode,
large anodic to cathodic area ratio and less distance between anode and cathode.

b) Localized or Pitting corrosion: Being a natural passive metal, Mg experiences localized
corrosion at its open corrosion potential after exposure to corrosive ions in oxygen-free
medium, due to which pitting occurs in neutral or alkaline medium. It is examined that,
pitting occurs adjacent to secondary phase particles like Mgi7Al2 and AIMn, which in
turn breaks the passive region. This results in formation of electrolytic cell constituting
secondary phase as cathode and Mg matrix phase as anode.

c) Intergranular corrosion: Precipitation of secondary phase at the grain boundaries results
in intergranular corrosion. Precipitation and segregation usually occurs at the grain

boundaries. It is observed that, alloys with intermetallic phases or compounds suffer
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highly with intergranular corrosion. During early stages of immersion in mild corrosive
medium, localized corrosion occurs at the grain boundaries at the interface of secondary
phase precipitates, which can be called as intergranular corrosion.

d) Filiform corrosion: Surfaces of Mg alloys are often vulnerable to filiform corrosion.
This is caused by active galvanic cells across the metal/alloy surface where the head is
anode and tail is cathode. Generally, it takes place under protective coatings and anodized
layers. Uncoated Mg alloy is susceptible to filiform corrosion that further leads to pitting.
This indicates that oxide film has formed on the surface, which is ruptured by H>
evolution.

e) Stress corrosion cracking (SCC): SCC in Mg is mostly transgranular. Mgi7Ali
precipitation along grain boundaries results in intergranular SCC. Mg alloys are highly
resistant to SCC above pH 10.2. They are also resistant to SCC in neutral solutions with
chlorides, distilled water and fluoride containing solutions. SCC in Mg alloys can be
explained with two mechanisms, i.e., continuous or discontinuous crack propagation
which takes place by anodic dissolution or by a series of mechanical fractures at crack
tip respectively.

Microstructural studies of Mg alloy give more detailed information regarding initiation
of corrosion at micro level. Fig. 1.6 shows microstructure of Mg alloy AZ91D. The
corrosion resistance of AZ91D increases with increase in Al content due to the Al
containing microconstituents such as § phase and eutectic phase. It is observed that,  phase
acts as a barrier as well as a cathode for electrolytic cell. Lower concentration of § phase

makes it to work as cathode and increases o matrix corrosion and vice versa.

Figure 1.6: Typical microstructure of Mg alloy AZ91D
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The atmospheric corrosion begins at the phases with low Al content, whereas better
anticorrosion properties are observed where Al content is higher. In this case, initial
corrosion attack occurs at o phase and continuation of a phase dissolution results in the
formation of pits. The decrement in the corrosion rate takes place with dissolution of higher
Al content phases after initial rapid o phase corrosion during which the pH is neutral.
However, such phases are corroded further as the pH increases because higher pH acts as
accelerator to Al containing phases [16].

Uncoated magnesium alloys are susceptible to corrosion under various atmospheric
conditions and different exposure media. The effect of different exposure media on Mg
alloys are given below [17]:

a) Atmospheres: Mg alloy forms a grey film of oxides/hydroxides in atmospheric
conditions, which partially protects the surface from further corrosion attack. Mg alloys
show better surface protection against uniform corrosion or atmospheric corrosion as
compared to that in marine and industrial atmospheres unless have any joint that holds
the water. The exposure of Mg alloy in rural atmosphere for shorter durations results in
formation of hydroxides and hydrated carbonates of Mg in case of longer exposures.

b) Freshwater: In steady water, Mg will form a thin film of oxides, which breaks down with
the salts present in water such as chlorides or heavy metal salts. Dissolved oxygen in
fresh water does not contribute to corrosion. However, gentle agitation may break the
thin film leading to the formation of pits. The pH increases with initial Mg ion dissolution
resulting in the precipitation of insoluble Mg(OH)s.

c) Salt solutions: Severe corrosion takes place when Mg alloys are exposed to neutral salt
solutions of Fe, Cu and Ni, as these salts later behave as cathode. Fluorides results in
formation of magnesium fluoride, which gives some resistance to corrosion. Oxidizing
salts such as chlorides and sulphides are considered as more corrosive than non-oxidizing
salts such as chromates, phosphates and vanadates.

d) Acids and alkalis: Mg alloys show some resistance to corrosion with exposure to
hydrofluoric acid and chromic acid as compared to other mineral acids. However, at
elevated temperatures Mg alloys are susceptible to corrosion with all acids. Mg alloys
are resistant to basic pH solutions and 10 wt % NaOH solution is widely used for
pretreatment of substrates.

e) Organic compounds: Mg alloys are not susceptible to corrosion with exposure to higher

alcohols, ketones, ethers, aliphatic and aromatic compounds and glycols. Halogen based
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compounds do not attack Mg alloys but in presence of water or at higher temperatures,
they are prone to corrosion.

f) Gases: Anhydrous chlorine, bromine, iodine and fluorine results in low to negligible
corrosion at room temperature. However, when these gases mix with water, the severity
of corrosion enhances. The rate of oxidation of Mg alloys increases linearly with time

and temperature.

1.5 Corrosion protection of magnesium alloys

Various methodologies have been researched and implemented for the protection of
magnesium alloys from attack of corrosive species. This includes, lowering the heavy metal
impurity level, eradicating bad design, flux involvements, surface contaminations, galvanic
couples, use of protective coatings with corrosion inhibitors and electrochemical protection
methods. Surface treatment/coatings are considered as most effective approach to protect
the alloy by providing effective barrier between alloy surface and external aggressive
environment. The coatings intended to protect the surface should be uniform, adherent,
pore-free, possess sufficient mechanical resistance, flexibility towards deformation, self-
healing if the coating experiences physical damage and should not be vulnerable to
imperfections on surface during application. Being highly reactive and inherently alkaline
surface, Mg alloys form oxide/hydroxide films in contact with air or water influencing the
coating properties. Thus, the surface should be pre-cleaned/ pre-treated to make it more
compatible with all types of coatings. In this context, several coating
methodologies/techniques have been developed for Mg alloys, which include conversion
coatings, micro-arc oxidation, ion beam treatment, chemical vapour deposition, physical
vapour deposition, flame or plasma spray, sol-gel coatings and organic/inorganic coatings
and details of some these processes are provided below [17, 18].

a) Electrochemical Plating:

Electroplating is one of the most widely used efficient and simple technique for
generating metallic coatings on substrates. The electroplating process can be characterized
into two parts such as electroless plating and electroplating. In both the parts, metal salt in
the solution is reduced into its metallic form on the substrate. In electroplating, external
source supplies electrons for reduction, whereas reducing agent in the solution supplies
electrons for reduction in case of electroless plating. Magnesium is considered as most
difficult for plating, being highly reactive. The formation of passive oxide layer makes it

necessary to provide pretreatment to generate a thin film that prevents formation of oxide
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layer. Zinc immersion and conversion coating with fluoride containing bath are most

commonly used processes prior to plating. Formation of intermetallic species like MgxAly

along the grain boundaries makes plating difficult on the alloys because of uneven charge

along the substrate. Electroplating explores additional challenge because of intermittent

supply of current density in electrolyte bath resulting in uneven coating on irregular shapes.

Cu-Ni-Cr plating was found to have better anticorrosion properties in interior and mild

external environments, whereas electroless Ni coating showed stable electronic contact,

improved solderability and good wear and corrosion resistance for the components in

electronics industry [17-20]. Number of components in automobile, electronics and

aerospace industries that are coated with electroplating technique are mentioned in table

1.3.
Table 1.3: Commercialized electroplating coatings for components made up of Mg alloys
[19]
Part Form Requirement Pre-treatment Finish
Automotive Parts
Under hood parts | Die cast Appearance, durability, | Wet abrasion or | Epoxy or epoxy-
(valve covers, fuel resistance to salt splash, | alkaline clean plus | polyester
induction housing) oils chrome pickle or | Powder coat
iron phosphate
Power train Die cast Resistance to salt splash | None None
components (clutch
housings, transfer
cases)
Engine brackets Die cast Resistance to heat, salt | Wet abrasion of None
splash, oils none

Wheels Die cast Appearance, resistance | Chrome pickle or E-coat, triglycidyl

to UV exposure, brake
dust, stone chipping,
humidity

iron phosphate

isocyanurate(TGI
C) (a), polyester
powder acrylic

powder clear coat
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Interior parts Die cast Humidity Cut wire aluminum | None
(hidden items) blast, wire brush or
none
Exterior parts Die cast Appearance, resistance | Chrome pickle or E-coat, liquid
(visible items) to weather, brake dust, | iron phosphate acrylic coat and
stone chipping, UV, salt acrylic powder
splash clear coat
Electronics/Computer
Housings Die cast Mild interior, sales Chrome pickle or | Sprayed acrylic,
appeal, durability, | ion polyester or
adhesion phosphate urethane, exterior
coating textured
epoxy powder
coat.
Disc drive Die Mild interior, limited Dichromate No. 7 or | E-coat on die-cast
activator arm cast/extruded | temperature and chrome-pickle final | surfaces, none on
humidity variations. No | dichromate or none | external surfaces
particle release is on machined
allowed surfaces
Aerospace parts
Aircraft auxiliary | Sand cast Exterior severe marine | Sand blast and acid | Backed epoxy

components and
helicopter  gear-
box

housing

and tropical

pickle, Dichromate
No. 7

primer,
polyurethane
exterior finish coat
or silicate anodize

and epoxy coat

b) Conversion coatings

Chemical or electrochemical treatment of metal surfaces with conversion coating

solutions produce physical surfaces of chromates, metal oxides, phosphates or other

electrolytic solutions that form chemical bond with surface of metal. Further, these are
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capable of providing better corrosion resistance as well as adhesion properties to the paint.
Earlier, hexavalent chrome based coatings were considered as most reliable conversion
coatings (Fig. 1.7). In this case, as soon as Mg substrate is immersed in the chromate
treatment bath, redox reaction (reaction 2) takes place with change in local pH. This results
in the precipitation of oxides and hydroxides of Mg and Cr (reactions 1 and 3). Further,
with the withdrawal of substrate from bath, hydroxides of Mg and Cr get dehydrated into
their respective oxides (reactions 4 and 5). However, these coatings are carcinogenic in
nature that limited their use according to new environmental regulations by European

Union from June 2017.

Mg substrate / Chromate bath
|
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Figure 1.7: Schematic depicting the application of hexavalent chrome based coatings
on Mg alloy; (a) substrate immersion in chromate bath, (b) redox reaction and (c)

deposition of coating

2H,0 + Mg?* —» Mg (OH), + 2 H* (1)
Cr,07 + 14 H* + 3Mg — 2Cr¥* + 7H,0 + 3 Mg?* )
Cr3* + 3H,0 —» Cr (OH)3 + 3H* ©)
2Cr (OH)s — Cr,0s + 3 H,0 (4)
Mg (OH); — MgO + H,0 (5)

Most of the conversion processes include series of steps such as, degreasing, water
rinsing, alkaline cleaning, acid pickling, conversion treatment, post-treatment in organic
chelating agents and heat treatment. Chemical conversion solutions are mainly composed
of oxidants, promoters, corrosion inhibitors, wetting agents and pH buffer regulators.
Oxidants (nitrate and perchlorate) are useful in increasing the OH" concentration and

enhance the dissolution of Mg and formation of conversion film. Promoters (Zr and V salts)
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get precipitated on Mg alloy to form seeding nuclei for the generation of conversion film.
Corrosion inhibitors slow down the dissolution of Mg?*, being adsorbed on the Mg alloy
surface by formation of solution stabilizing complexes. Precipitation of conversion film
becomes easier by reduction of surface tension of Mg alloys using wetting agents.
Controlling the pH of solution with pH regulators affects the formation and quality of
conversion layer. Based on the main ingredient, the conversion coatings can be classified
as chromate based, stannate based, rare earth oxide based, phosphate based, phosphate-
permanganate based, fluoride based and based on compounds of V, Zr, Mo, W, Ti and Co
[17-20].
¢) Hydride coating

Magnesium hydride coatings have been developed using electrochemical methods as a
replacement to hexavalent chrome based coatings. The process is carried out at basic pH
with Mg substrate acting as cathode and electrolytic solution composed of quaternary
ammonium salts, metal hydroxides or other alkaline materials. The solution resistance can
be controlled by adding a supporting electrolyte. In a similar way as electroplating, the
substrates are pre-treated with mechanical polishing, degreasing with acetone and acidic
and alkaline etching. The corrosion rate of AZ91D with hydride coating is three times lesser
than that of chromate-based coatings [20].
d) Anodization

Anodization is an electrochemical process used for generating uniformly thick and
stable oxide layers on Mg alloys. The coatings are composed of thin films acting as a barrier
at metal surface-coating interface and another layer with cell-like structure. Each cell
consists of pores whose sizes are controlled by electrolyte concentration, temperature,
current density and applied voltage. The sealing quality of anodized films is based on the
pore size and density. The abrasion and anticorrosion properties of anodized film can be
enhanced by sealing of porous film. Lowering temperature of electrolyte and increasing the
current density can generate films with enhanced wear resistance and hardness. Generation
of flaws and inclusions from mechanical pretreatment can affect the uniform deposition of
coatings. This process fails to attain uniform throwing power in case of complex shapes to
be coated. Coatings generated by anodization are in the form of ceramic like materials,
which may not be suitable for all applications due to their mechanical strength [17-20].
e) Gas-phase deposition processes

Protective films generated from gas phase are typically composed of metallic

coatings and organic coatings such as thermal spray coatings, chemical vapour deposition,
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physical vapour deposition, diamond like carbon films, diffusion coatings and ion
implantation. In case of thermal spray coatings, coating materials such as metals, ceramics
or polymers are put up into spray gun after which they are heat treated beyond their melting
temperature and the resultant droplets are forced towards substrate in gaseous stream. In
chemical vapour deposition (CVD), solid particles are deposited on hot surface with a
chemical reaction in gas phase. Physical vapour deposition (PVD) consists of deposition of
atoms or molecules in a vapour phase on to the surface of substrate. It serves for generating
coatings for wear and corrosion resistance or only with unique anticorrosion properties.
PVD has limitations such as the deposition temperature should be lower than stability
temperature of Mg (180 °C) and it is difficult to attain better adhesion and corrosion
resistance at such lower temperature. The applications of aforementioned coating methods
on Mg alloys for corrosion protection have been given in detail by Grey and Luan [20].
f) Surface cladding via Laser treatment

Surface cladding via laser treatment generates uniform solid solutions in which rapid
solidification of modified metal surface takes place. In this case, high power laser is used
to melt metallic coating material and substrate followed by rapid melting, mixing and
solidification. Cu, Cr and Al coatings have been found to give more positive potentials and
better corrosion protection for Mg-Li, Mg-Zr and other commercial alloys such as AZ91.
It has advantages such as, capability to treat complex objects and control the concentration
of modified film with lower operational cost [20].
g) Organic coatings

Organic coatings are generally used to enhance anticorrosion, abrasion and wear
resistance properties or for decorative applications at any stage of coating system. They are
incorporated with binders, additives and pigments like dryers, hardening agents, surface
activating compounds, corrosion inhibitors, dispersing agents and stabilizing agents. These
coatings systems can be generated with number of approaches such as plasma
polymerization, sol-gel coating, powder coatings, E-coating, and painting. These coatings
are based on resins such as acrylic, butyrate, cellulose acetate, nylon, epoxies, alkyd,
polyesters, polypropylene, polyethylene, rubber resins, polyurethanes and vinyls.
Generally, organic coatings are solvent based. However, due to environmental concern,
they can be completely water- based or based on mixture of water and organic solvent,
where 70-80% is water and remaining is the organic solvent used for dissolving water
insoluble compounds. The main objective of these coatings is to work as barrier between

the substrate and surrounding environment as well as hindering the transport of ions,
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oxygen and water. Organic coatings face various difficulties during application such as,
uneven film, uneven crosslink density in film, unevenness in various additives
concentration and changes in polymer appearance with disclosure to number of
atmospheric conditions. These limitations are overcome by the use of multilayer coating
system comprised of aforementioned layers of organic coatings.

The most important aspect in painting is choosing proper primer that can be resistant
to alkali and based on polymers like polyurethane, polyvinyl butyral, vinyl epoxy and
acrylic. The anticorrosion properties of paint can be enhanced by addition of pigments like
chromate, titanium dioxide and conducting polymers. Polymeric systems that are suitable
for aluminum alloys and steels cannot be used for Mg alloys because of their low steadiness
in alkaline exposure, brittleness, low UV hindrance and lower adhesion strength.

In powder coating, pigmented powdered resin is placed on the substrate and heat treated
to melt the polymer together to form even, non-porous coating. Usually, electrostatic
spraying, fluidised bed or flame spraying of thermoplastic powders generates coating. This
process is preferred over other processes because of eco-friendly nature, solvent free, even
thicker coatings can be obtained and less spillage of material during coating generation.
However, it comes with disadvantages such as use of completely dry powder, thin coatings
cannot be obtained, limitations in coatings discontinuous areas and requirement of higher
curing temperature (~200 °C), which may not be compatible to all substrates.

E-coating or electrophoretic deposition is a colloidal process, which involves migration of
suspended charged particles in a stationary electrolyte towards oppositely charged
electrode in presence of applied electric field and gets deposited there. It is categorised into
two types based on the potential applied such as anodic and cathodic electrophoretic
deposition. For example, deposition of positively charged particles takes place at cathode
and vice versa as shown in Fig. 1.8. This process is considered more versatile as compared
to its counterparts since the deposition can be made on any kind of conducting substrate,
flexibility achieved in control over thickness, cost effective, requires less formation time,
needs simple apparatus and mass production of films is possible using suspensions with
low concentration (< 1 g/L). There are number of factors that need to be considered while
synthesizing the suspension for EPD like size of particle, liquid dielectric constant,

conductivity of suspension, viscosity, stability and zeta potential [17-20].
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Figure 1.8: Schematic of cathodic electrophoretic deposition

h) Sol-Gel coatings

Sol-gel coatings offer a great potential to be used as an eco-friendly alternative to
chromate based and other types of coatings. Sol-gel coatings are capable of providing better
adhesion to metallic substrates by chemical bonding as well as good physical bonding to
organic top coats, thereby reducing number of pretreatment processes. They offer several
others advantages such as, i) lower curing temperature that prevents thermal volatilization
and degradation of additives like corrosion inhibitors, ii) use of liquid precursors which
makes it possible to produce coatings of variable thickness on any complex shapes and iii)
the films are formed by green coating technologies and does not form any impurity after
coating generation. These coatings are considered as more versatile as number of additives
such as corrosion inhibitors, dyes, catalysts, monomers, etc. can be included in the coating
matrix to improve functionality of coatings. The coatings can be generated with aqueous
and/or non-aqueous processes in organic or aqueous solvents [18].

After comparing all above processes for generation of coatings on Mg alloy AZ91D,
sol-gel process was chosen for our further studies considering the above-mentioned

advantages. The basics of sol-gel process are discussed below in detail.

1.6 Sol-Gel Process

The sol-gel process is comprised of the synthesis of a colloidal solution through
generation of organic-inorganic hybrid sol or only inorganic sol, which proceeds with the
gelation to form continuous polymer network, gel via aqueous or non-aqueous processes.
The non-aqueous process involves synthesis of colloidal solution followed by its gelation
via precursor molecule condensation, whereas the hydrolytic approach involves hydrolysis

followed by condensation of metal alkoxides. Typical sol-gel process mainly consists of
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two stages, i.e., hydrolysis as well as condensation reactions of metal alkoxides (M (OR) )
which can readily react with water. Alkoxides of silica, titanium, zirconium, tin, cerium
and aluminum are generally used in generation of corrosion protection coatings using sol-
gel route. Among them, silicon alkoxides are mostly preferred due to their moderate rate of
reaction and stability. The generalised reaction scheme based on silica based alkoxides
followed in sol-gel process is as follows:

Hydrolysis

Si-(OR)s + HLO =/ (OR)3-Si-OH + R-OH

Alcohol condensation

(OR)3-Si-OH + Si-(OR)s —— (OR)3-Si-O-Si-(OR)3 + R-OH

Water condensation

(OR)3-Si-OH +(OR)3-Si-OH — (OR)3-Si-0O-Si-(OR)3 + H.0

Hydrolysis of alkoxides with water results in the exchange of alkoxides groups
(-OR) and hydroxyl groups (-OH). Further, two -OH groups or —OH group and —OR group
condense to generate bonds of M-O-M with alcohol or water. In this case, the hydrolysis
rate is usually higher than the condensation rate and condensation process starts before
hydrolysis comes to end. Another important factor that affects the kinetics of process is the
addition of mutual solvents such as alcohols. Alcohols are required to achieve homogeneity
of reaction system, as silicon alkoxides and water are not miscible. The amount and type
of alcohol also influences on the thickness and structure of sol-gel based coatings.
Considering the faster reaction rates of titanium, zirconium or cerium alkoxides, usage of
complexing agents is compulsory. The condensation reaction is inhibited by using
carboxylic acids, B-Diketones, B-ketoesters, or other complexing agents. The chemical
reactivity of some of the alkoxides is as shown:

Ce(OR)s > Zr (OR)4> Ti (OR)4> Sn (OR)4> Si (OR)4

Due to low reactivity of silicon alkoxides, addition of catalysts such as acid or base is
required in order to accelerate the process. Use of base as a catalyst results in the formation
of highly branched silica network, whereas linear or randomly branched network is formed
with acid catalyst.

Sol-Gel process based corrosion protection coatings can be deposited using techniques
such as spraying, dipping, spinning and electrophoretic deposition. Dip coating and spin
coating can be used only for flat substrates, whereas electrodeposition can be used for

complex shaped substrates to obtain uniform coatings.
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Heat treatment of the sol-gel coatings can be carried out in two ways such as high
temperature (around 900 °C) annealing and low temperature (< 200 °C) drying. However,
high temperature curing under atmospheric conditions results in lowered corrosion
resistance of coatings due to the cracks generated. Hence, low temperature curing is
generally preferred as it gives crack-free coatings. Along with the temperature, heating rate
also plays a major role in structural and anticorrosion properties of coatings. More compact
coatings with better barrier properties are obtained with lower rate of heat treatment.

Low curing temperatures of sol-gel process allows inducing organic groups into
inorganic groups to produce novel hybrid systems containing both organic and inorganic
parts where, organic part renders improved flexibility and functional compatibility with top
coats and inorganic part enhances mechanical properties. Fig. 1.9 shows improved
chemical bonding of paint system based on epoxy resin with hybrid sol-gel coating based

on silica by functionalization of organic group of hybrid coating with epoxy groups [18,
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Figure 1.9: Schematic representation of bond formation of epoxy based paint system
with silica based hybrid sol-gel coating [22] (With permission from Royal Society of
Chemistry, January 02, 2021, License ID. 1087667-1)

Hybrid sol-gel coatings are well known to provide dense coatings with better properties.
However, a coating alone cannot provide a better protection to the substrate because of
inbuilt micropores, low cross-link density areas and in situations where mechanical damage
occur to the coatings, which give access to diffusion of corrosive media like water, oxygen,
chloride/fluoride ions to the coating-substrate interface. This brings two possible trends of
improving anticorrosion properties of sol-gel coatings; direct inclusion of active materials
for corrosion prevention into the coating matrix or encapsulation of these active materials

into nanocontainers, nanoporous layers and oxide nanoparticle reservoirs. The active
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materials generally used are corrosion inhibitors (phosphates, vanadates, borates, cerium
and molybdate compounds), catalysts, monomers and dyes. Encapsulating the active
materials (to provide controlled release and to avoid unwanted interaction of these materials
with coating matrix) is the best possible way to give prolonged corrosion protection. This
approach is named as self-healing and corresponding coatings are self-healing coatings,
which release the corrosion inhibitors and/or polymerizing agents in a controlled manner
as soon as the defect occurs in the coating. This will result in use of corrosion inhibitor only
when required and increase the corrosion protection ability of coatings for a longer period.

The principle and types of self-healing approach is further discussed below [22, 23].

1.7 Self-healing coatings

The term self-healing has come from the natural tendency of living organisms to heal
any injury automatically. For example, when a damage occurs on the blood vessels, it cuts
the layer of epidermis and dermis and blood starts to come out (Fig. 1.10). Further, a scab
is generated from blood components to prevent further blood loss and heals the damage by
joining broken layers of dermis and epidermis. This results in the healing of wounds

naturally, which inspired scientists to generate the self-healing ability in the coatings [24].

Epidermis

Figure 1.10: Healing mechanism of injury on skin

Self-healing coatings are the one which can heal the damage on the surface and recover
the original coating properties. In this case, the coatings restore their barrier properties by
sealing the defect through polymerizing agents or by inhibiting the corrosive actions at
defective site using corrosion inhibitors. The self-healing can be classified into two types
as autonomous and non-autonomous.
a) Autonomous/Extrinsic self-healing mechanism:

Autonomous self-healing systems have the ability to heal the damage to regain their
integrity and functional properties without any external trigger. This involves encapsulating

the monomer into microcapsules and embedding them in coating matrix that contains the
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catalyst for polymerization. When any defect occurs on the coating surface, the
microcapsules are ruptured and the monomer is polymerized to generate a passive film,
thus retaining the protective properties of coating. In this mechanism, the mechanical
damage to coatings introduces polymerizable agent in the damaged area, which
polymerizes in presence of catalyst embedded in coating matrix or with air or moisture in
environment to form passive film, thereby restoring the coating barrier properties. White
and Sottos [25] gave a typical example, where dicyclopentadiene monomer is encapsulated
in urea-formaldehyde microcapsules and microcapsules are then embedded in coating
matrix along with Grubbs catalyst (transition metal carbene complexes). The monomer gets
released in the crack due to rupture of microcapsules and is polymerized with catalyst to

heal the crack by passive polymeric film as shown in Fig. 1.11.

[~ Microcapsule
Crack —
[————Catalyst

Healing agent ——]

Polymerised
healing agent

Figure 1.11: a) Monomeric healing agent embedded in microcapsules and catalyst in
coating matrix, b) healing agent releases into crack and c¢) polymerization of monomer in
presence of catalyst [25]

Microcapsule-based self-healing approach comes with the limitation of complete or
multiple healing due to limited amount of healing agent. In order to overcome this
limitation, thin capillaries and/or hollow glass fibers (30-100 um diameter) were used to
load the low viscosity healing agents (Fig. 1.12). These hollow fibers have advantages such
as loading of higher volume of healing agents, damaged site can be easily inspected and
can be activated with different methods or types of resins. This approach has some
limitations such as multistep fabrication is required, resins must have low viscosity and

fibers must be broken with external triggering.
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Figure 1.12: Schematic representation of self-healing mechanism by hollow glass
fibers [28] (With permission from John Wiley and Sons, January 03, 2021, License ID.
1087810-1)

Microvascular systems are capable of continuous release of healing materials for
extending the functional life of self-healing coatings. In such continuous self-healing
systems, the coating matrix is composed of catalysts and interconnected microchannels for
storage and delivery of healing agents as shown in Fig. 1.13. In this case, when a
defect/crack propagates through the microchannels, the healing agent flow into the crack
and gets polymerized to heal the crack in presence of catalyst. If in case, the crack reopens,

the microchannels allows release of more healing agent and heal the damage again.

Figure 1.13: Schematics of self-healing mechanism with microvascular system [28]

(With permission from John Wiley and Sons, January 03, 2021, License ID. 1087810-1)
Another approach involves use of corrosion inhibitor to inhibit the corrosion reactions
taking place at defective site. However, this approach requires external triggering
conditions such as ions, oxygen, water and pH, which are available when corrosion takes
place at defect site. The corrosion inhibitor can be embedded directly in the coating matrix
or can be encapsulated in the micro/nanocontainers. However, direct embedment of
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inhibitor in coating matrix [26] induces limitations such as incompatibility of inhibitor with
coating matrix, inhibitor aggregation, and improper and untimely leaching of inhibitor. In
order to avoid these circumstances, inhibitors are loaded in micro/nanocontainers. This will
result in supply of inhibitor at the damaged area only when it is supposed to enhance the
durability and barrier properties of coating. In this approach, corrosion inhibitor restricts
the anodic dissolution and cathodic reactions. Inhibitors having an ability to enhance the
passivity of oxide film on substrate control the anodic dissolution, whereas formation of
precipitates of oxides and hydroxides at cathodic site by inhibitors retards cathodic
reactions. Some of the corrosion inhibitors suppress both cathodic and anodic activities by
physical / chemical adsorption, or chemical complexation / reaction in substrates. Hence,
corrosion inhibitor encapsulated coatings are most widely used because of their simple
design and their healing ability directly inhibits corrosion process.

b) Non-autonomous/ Intrinsic self-healing mechanism:

Anticorrosion properties of coatings can also be restored manually using external
trigger not available at corrosion site such as light and heat, which can be easily applicable
in corrosive environment. Recovery of physical conformation of networks of polymer and
non-autonomous chemical bonds are major factors that are responsible for healing of
damaged coatings. External stimuli are used to supply the activation energy needed for
separation or reformation of bonds. Triggering with heat improves the flowability of
polymers, which brings the broken bonds together by enhancing the reaction rate. The heat
stimulus used can be artificial such as heat gun or naturally obtained from surrounding
environments such as abrasion and sunlight. Commonly used light stimuli for this approach
are UV light, NIR radiation or sunlight.

Such approaches can be developed by dynamic covalent bonds, ionic interactions and
hydrogen bonds. For example, rise in temperature decomposes thermally reversible bonds,
allows polymer to reach the crack and re-crosslink to heal it. The major advantage of this
mechanism is that, the healing processes can be repeated a number of times without
requirement of another healing agent.

Shape memory polymers are materials, which can regenerate their original shape using
heat and light from a temporary deformation. In self-healing approaches, shape memory
polymers have been used to heal the cracks in polymer composites. Viscoelastic
transformations are responsible for shape transitions of polymers when they are processed
at glass transition temperature or melting temperature. However, self-healing coatings also

come with some limitations such as cost of precursors and catalyst along with cost incurred
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for synthesis of capsules or containers. Further, there can be limitation in stability or
uniform distribution of capsules/containers in coating matrix [27-29].

In spite of the aforementioned shortcomings, self-healing coatings have potential to
provide better barrier properties and corrosion protection for longer duration when damage
occurs on the coated surface to expose the substrate. The active materials such as catalysts,
corrosion inhibitors and monomers can be encapsulated in various micro/nanocontainers in
order to provide controlled release when there is change in local environment or due to
physical damage to the coating. The next section will discuss about different micro-

nanocontainers used for synthesis of smart self-healing coatings.

1.8 Capsules and/or containers for encapsulation of active materials

The principal approach of designing self-healing coatings is to load active materials
into containers/capsules with a shell capable of controlled permeability or release and then
embedding them into the coating matrix. Thus, these containers/capsules are evenly
distributed in the coating matrix, thereby avoiding the interaction of active material with
coating matrix. When there is a change in surrounding environment or because of external
impact, the containers/capsules respond to these stimuli and release the active material
according to requirement [30].

These micro/nanocapsules are containers of sizes ranging from several nm to few mm,
composed of core (solid, liquid or gases) surrounded by a shell. The performance of self-
healing coatings is mainly based on design of these capsules. The word nanocontainers was
differentiated from capsules as the nanocontainers have more wide structure, more loading
capacity with similar sizes and other properties than capsules for drug delivery [30]. The
nanocontainers to be synthesized should be, i) chemically and mechanically stable, i)
compatible with coating material, iii) with enough loading capability, iv) able to prevent
leakage of active materials from shell wall, v) able to sense the corrosion immediately and
vi) capable of releasing the active materials as per requirement. Various nanocontainers
that have been studied earlier are discussed below:

a) Polymeric microcapsules are most preferred containers for loading active agents in self-
healing coatings. Number of methods have been used for synthesis of polymeric
microcapsules such as sol-gel methods, extrusion and interfacial polymerization. In situ
polymerization of oil-in-water emulsion is most widely preferred method for
encapsulating active materials because of its convenience and easy preparation

methods. Fig. 1.11 shows self-healing mechanism with polymeric microcapsules.
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b) Layered double hydroxides (LDH) (anionic clays or hydrotalcite) are well known
anionic exchanging materials that are composed of stacks of cationic multiple metal
hydroxide species intercalated between anions and solvent/water molecules. LDH is
expressed with general molecular formula [M 1:x2*, Mx 3" (OH)2] ** (Axm ™. n H20)*,
where, the cations M 2* and M 3* stay in the octahedral voids in brucite-like layers and
the water based interlayer spacing occupy the anion A ™ as shown in Fig. 1.14.
Intercalation of organic anion inhibitors is possible because of the potential of
supplying anions. The anion exchange containers are capable of exchanging harmful
chlorides and release inhibiting species in case of corrosive attack. They have been
widely used as supercapacitors, polymer additives, anion exchangers, adsorbents, drug

delivery, catalysts and corrosion inhibitive carriers.

7> Brycite-like layer
[M2*). M3, (OH), ]
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Figure 1.14: Schematic representation of LDH structure and composition [32] (With
permission from Elsevier, January 02, 2021, License No. 4980640619116)

c) Polyelectrolyte multilayer based nanocapsules

Polyelectrolyte layers have potential to release corrosion inhibitors embedded in
multilayers in a controlled manner with a change in pH at local corrosion site and
mechanical damage to the coating. Layer-by-layer (LBL) approach is used to assemble
polyelectrolytes over the surface of nanoparticles. In this approach, oppositely charged
species are assembled in stepwise manner under the influence of electrostatic force on the
surface of nanoparticles with an accuracy of nanometer scale and forms the coatings with
several functionalities. Number of deposition cycles and the type of polyelectrolyte used,
control the coating properties. The formation of polyelectrolyte layers is correlated to their
nature and adsorption conditions irrespective of substrate type and substrate surface charge
density. Fig. 1.15 depicts the polyelectrolyte assembly formation [33,34].
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Figure 1.15: Schematic representation of formation of polyelectrolyte capsule, a—d) assembly
of polyelectrolyte with LBL approach; e—f) formation of hollow capsules of polyelectrolyte
[31] (With permission from John Wiley and Sons, January 02, 2021, License No.
4980640464376)

d) Carbon nanotubes as reservoirs for active materials

Carbon nanotubes are well known because of their attractive electrical, mechanical and
thermal properties. They have tubular morphology with high specific area, light weight and
high strength. These tubes are made with several concentric shells of carbon with each shell
separated by 0.34 nm distance. They can be loaded with active materials for synthesis of
anticorrosion coatings. The mechanism of self-healing with carbon nanotubes is

schematically represented as shown in Fig. 1.16 [35].
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Figure 1.16: Schematic representation of self-healing mechanism with carbon
nanotubes [35]
e) Clay based nanocontainers
Long term self-healing can be carried out with the containers that have higher
encapsulating capacity with slower release rate of corrosion inhibitors. These features are
available with nanotubes or ion exchange clays with higher surface area or volumes with

small opening ends. Aluminosilicate clays such as halloysite and montmorillonite (also

29



referred as bentonite) clays are some of the organic clays that are used as nanocontainer for
anticorrosion coatings.

Halloysite nanoclay is a dioctahedral clay mineral in kaolin group consisting of two
basal surfaces, i.e., inner lumen of octahedral alumina (Al>O3) and outer layer of tetrahedral
silica (SiOz). Generally, length of halloysite nanotubes (HNT) ranges between few microns
to around 30 pum, while the external diameter is around 30-190 nm and internal diameter is
10-100 nm as shown in Fig. 1.17. The molecular formula of HNT is Al>Si2Os (OH)4 .nH20
where, for hydrated HNT (Halloysite- 10 A°) n=2 and for dehydrated HNT (Halloysite- 7
A°) n=0. The outer layer being SiO. has weak negative charge and inner Al>O3 carries
strong positive charge below pH 8.5. HNT with length of around 0.5-1 pm, external
diameter of 50-70 nm and lumen diameter of 15 nm, are considered as chemically inert.

Tetrahedral Silica
Octahedral Alumina

Figure 1.17: Schematic representation of halloysite nanotube

The lumen is hydrophobic and outer surface is hydrophilic because of presence of covalent
bonds. In general, both hydrophilic and hydrophobic compounds can be loaded in lumen
of HNT with appropriate pre-treatment. The cationic compounds can be easily loaded
owing to the active surface and tubular structure. The HNT lumen is only about 10 %,
which can be increased up to 40 %-50 % of total volume by acid treatment. However, the
acid etching is dependent on factors such as acid concentration, temperature and time of
process. HNTs comes with several advantages such as, non-toxic, biocompatible and
naturally occurring; good dispersion ability and high surface area; ability to hold release if
not stimulated and during processing; ability to encapsulate number of additives; can be
implemented in number of forms like gels, powders, lotions, creams and sprays; has fast
adsorption rate, high capacity and a high rate of loading; and is highly porous with high
aspect ratio, which increases its effectiveness [36, 37].

Montmorillonite clay, a phyllosilicate mineral also referred as bentonite clay, a layered clay

belonging to smectite group is widely used in the field of anticorrosion coatings owing to
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number of merits like particle size <10 pm, larger surface area (~100 m?/g) and ion
exchange properties. Cation exchange capacity and the surface area can be enhanced by
pillaring of MMT clay. The crystal structure of MMT clay is composed of tetrahedral sheets
of silica coalesced with an edge shared octahedral sheet of alumina in 2:1 ratio as depicted
in Fig. 1.18. The length of diffusion pathways of oxygen, water and aggressive ions can be
increased by embedding montmorillonite in the coating matrix. Montmorillonite clay
containing interlayer cations undergoes isomorphic substitution with metals having lower
valence and leads to negative charge imbalance compensated by other exchangeable metal
cations. Therefore, cationic corrosion inhibitors can be exchanged with cations of MMT

nanoclay and effectively used for corrosion protection.
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Figure 1.18: Schematic mechanism of intercalation of corrosion inhibitors
into MMT clay

Considering the advantages and limitations of all the nanocontainers, halloysite and
montmorillonite clays were chosen as nanocontainers in the present study for loading of
different corrosion inhibitors. However, it would also be useful to study the role of
corrosion inhibitors and mechanism of their inhibition before loading them into

nanocontainers for corrosion protection studies.

1.9 Role and mechanism of corrosion inhibitors

A corrosion inhibitor can be defined as a chemical substance or mixture of substances
that effectively mitigates corrosion in a corrosive atmosphere even with addition of very
low concentrations without a considerable reaction with the environment components.
Inhibitors are added in very low concentrations of 0.0001 to 1.5 wt %. Corrosion prevention
or control can be effectively and efficiently carried out by corrosion inhibitors. They are
used in petroleum refineries, oil and gas exploration and production, heavy manufacturing,

water treatment, product additive industries and chemical manufacturing. They have
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always been investigated as first choice for mitigation of corrosion, in the oil refineries and

chemical industries [38].

Mechanism of action for corrosion inhibitors:

a) Inhibitors are adsorbed on the surface of metal or alloy by chemisorption by forming a
barrier providing passive film with an effect of inhibitor or by bond formation of
inhibitor with metal ions.

b) The inhibitor forms an oxide layer by sealing the pores and repairing the damaged metal
oxide for protection of metal surface.

c) A complex is formed in aqueous media with the reaction of inhibitor with corrosion

component.

Classification of corrosion inhibitors:

The corrosion inhibitors are artificial or natural and are categorized based on nature of
chemical as inorganic or organic; on the action mechanism as cathodic, anodic or both
cathodic-anodic and by action of adsorption as oxidants or not oxidants. The organic
inhibitors can act as both, anodic and cathodic, whereas inorganic inhibitors show either
cathodic or anodic activity only.

a) Inorganic inhibitors

Anodic inhibitors also referred as passivating inhibitors, prevents the anodic reaction,
forms protective film on the metal surface and supports natural passivation of metal surface.
In short, insoluble and cohesive film is formed on the surface of metal because of reaction
between corrosion inhibitors and the corrosion products formed. These inhibitors can result
in pitting corrosion if the concentration is below critical value for oxidation. Non-oxidizing
and oxidizing anions are the two types of passivating inhibitors used to inhibit corrosion.
Passivation of metals can be carried out by non-oxidizing anions such as molybdate,
phosphate and tungstate in presence of oxygen. Organic non-oxidizing inhibitors are
sodium cinnamate, sodium benzoate and polyphosphate. Some of anodic inorganic
inhibitors commonly used are sodium chromates, molybdates, hydroxides, phosphates, and
silicates. Metallic ions Me™ at anode reacts with anodic inhibitor to form insoluble
hydroxide layer on the substrate surface, which is impermeable to the metallic ions. Further,
hydrolysis of inhibitor results in the release of OH™ ions as shown in Fig. 1.19.

Cathodic inhibitors prevents or reduces cathodic reaction. These inhibitors produce
cathodic reaction in alkaline conditions due to the presence of metal ions, resulting in the

formation of insoluble precipitates at the cathodic sites. This compact film prevents the
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diffusion of reducing species in these areas. They also reduce the corrosion currents by

inhibiting cathodic polarization. The phenomenon of release of hydrogen ions, where
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Figure 1.19: Schematic representation of mechanism of action of anodic inorganic
corrosion inhibitor [39]
hydrogen is discharged and also known as overvoltage, is minimized by these type of
corrosion inhibitors. Cathodic inhibitors prevent contact of metal with surrounding
environment by forming a barrier film of insoluble precipitates. Cathodic inhibitors are
considered as safer than anodic inhibitors as they are independent of concentration.
Commonly used inorganic cathodic inhibitors include the ions of zinc, calcium, magnesium
and nickel; cerium, zirconium, bismuth, arsenic and antimony oxides and salts; and
polyphosphates, phosphonates, tannins and lignins. Additionally, inorganic compounds
such as nitrates, nitrites and chromates also have been used as inhibitors. Fig. 1.20 shows
schematic representation of mechanical effect of cathodic inhibitors to prohibit the

COrrosion process.
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Figure 1.20: Schematic representation of mechanism of action of cathodic inorganic
corrosion inhibitor [39]
b) Organic inhibitors
Organic heterocyclic compounds containing polar groups and compounds containing
sulfur, nitrogen, or oxygen atoms are preferred over inorganic inhibitors because of less
toxicity. Organic compounds work as either anodic, cathodic or both as cathodic and anodic

inhibitors via surface adsorption by formation of covalent bonds with the metal. Organic
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inhibitors generate a thick layer of monolayers and modify the double layer structure at the
metal interface by decreasing depolarization rate, thereby covering the corrosion affected
area on the substrate surface. These inhibitors form protective film by suppressing anodic
and cathodic activities or decreasing transport of electroactive species towards or away
from the metal substrate surface. Lowering the concentration of inhibitor works effectively,
if the rate of adsorption is strong. The adsorption of positively or negatively charged soluble
organic compounds are responsible for the formation of passive film. Inhibitors such as
imidazolines, amines and acetylenic alcohols form passive films by adsorption. Various
amines, amides and polyethoxylated compounds work as anodic inhibitors, whereas
cathodic inhibitors are sulfonates. Polar groups such as hydroxyl, nitrogen, sulfur,
phosphorous, or selenium can act as organic inhibitors [39, 40]. Fig. 1.21 shows mechanism

of organic inhibitors by forming barrier film on metal substrate by adsorption.

Figure 1.21: Schematic representation of mechanism of action of organic corrosion
inhibitor [39]

After understanding the background of magnesium and their alloys, Mg alloy AZ91D
was chosen for generation of coatings and studying their self-healing ability followed by
elucidating their corrosion protection mechanism. Being susceptible to various forms of
corrosion as mentioned in this chapter, various corrosion protection methods have been
studied along with the use of containers for encapsulating corrosion inhibitors. Hence,
based on the advantages, durability and availability, sol-gel process was selected for
generating barrier coatings and halloysite and montmorillonite clays were chosen for
achieving self-healing functionality in the coatings. Further, the mechanism and types of
corrosion inhibitor were studied for selection of corrosion inhibitor. In next chapter, we
will discuss about the investigations carried out for various corrosion protection coatings
along with the one giving self-healing ability using various nanocontainers and corrosion
inhibitors for Mg alloy AZ91D.

1.10Aim and Objectives of Study
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a) Aim: Development of nanoclay based self-healing corrosion protection coatings on

b)

magnesium alloy, AZ91D.

Objectives:
Generating the coatings with self-healing functionality on Mg alloy, AZ91D.
Coatings comprised of corrosion inhibitor (Ce3*-Zr*") loaded nanoclays such as
halloysite and montmorillonite clays, where open ends of the HNTs were
capped using polymeric microcapsules.
Evaluation of self-healing ability of coatings by various characterization
techniques.
Comparing corrosion protection abilities of different corrosion inhibitors such
as Ce3*-Zr*, 8-hydroxyquinoline and 2-mercaptobenzothiazole
Evaluating release rate of different corrosion inhibitors from halloysite clay and
validation of release data using various kinetic models

Analysing effect of coating techniques on corrosion protection ability

1.11Thesis Organization

Chapter 1 gives details about background of magnesium and magnesium alloys
with the information about the alloying of Mg. Further, various applications have
been discussed, where Mg and its alloys are widely used. The detailed corrosion
mechanism has been discussed considering the type of corrosion experienced along
with the microstructure and factors responsible for corrosion of Mg alloys. This
chapter also includes detailed discussion about corrosion protection methodologies
implemented for Mg alloys. It also includes role and mechanism of different
corrosion inhibitors for corrosion protection of Mg alloys.

Chapter 2 gives details of literature review of corrosion protection coatings on Mg
alloys. Further, it discusses the literature on self-healing coatings on Mg alloys
based on different types of micro/nanocontainers. It also includes literature on
different corrosion inhibitors used for corrosion protection of Mg alloys.

Chapter 3 confers about self-healing halloysite nanoclay based corrosion protection
coatings generated on Mg alloy AZ91D. In this, as-received and Ce®**-Zr** loaded
halloysite nanotubes were analysed for their morphology and inhibitor loading by
various characterization techniques. The corrosion protection ability of coatings

was analysed by weight loss analysis and electrochemical measurements. The self-
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healing functionality of coatings was confirmed by scanning vibrating electrode
technique and micro-Raman spectroscopy.

Chapter 4 describes about Ce3*-Zr** intercalated montmorillonite nanoclay
dispersed self-healing coatings developed on AZ91D. The morphological and
intercalation studies were analysed by transmission electron microscopy and X-ray
diffraction analysis, respectively. Electrochemical measurements, weight loss
analysis and immersion tests were performed to evaluate the corrosion protection
ability of coatings. Further, scanning vibrating electrode technique was used for
confirmation of the self-healing ability of coatings.

Chapter 5 gives comparison of corrosion protection ability of different corrosion
inhibitors loaded into as-received and etched halloysite clay nanotubes. Etched
halloysite clay and inhibitor loaded etched halloysite clay were characterized for
their morphology and loading ability by transmission electron microscopy, X-ray
diffraction and BET analyses. The release rate of corrosion inhibitors from as-
received and etched halloysite nanoclay was analysed and was fitted with various
kinetic models. The corrosion protection ability of different corrosion inhibitor
based coatings was assessed by electrochemical studies and salt spray tests.
Chapter 6 shows the effect of coating technique on corrosion protection properties
of AZ91D. Coatings with same thickness were generated by using dip coating and
spray coating techniques. The corrosion mitigation properties were analysed by
using salt spray tests and electrochemical measurements.

Chapter 7 provides a conclusion of the work carried out with a glimpse of the scope

for future work
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Chapter 2
Literature Review

2.1 Corrosion protection coatings for Mg alloy, AZ91D

In the first chapter, the need for corrosion protection and various methods to mitigate
the corrosion of Mg alloy, AZ91D was explored. One of the most effective approaches
among them is to provide a dense barrier between substrate and the surrounding
environment using protective coatings. The principles of operation of various coating
techniques such as conversion coatings, hydride coatings, anodization, organic coatings,
etc. were also discussed. This chapter includes a review of earlier studies, which have been
carried out most widely for corrosion protection of Mg alloys using the aforesaid
techniques.

In order to provide good adhesion and better anticorrosion properties to the coatings,
the substrate surface must be cleaned or activated by chemical and mechanical methods
prior to coating deposition. Each step of pretreatment stage has some impact on the
elemental composition of substrates and morphology of surface. In case of mechanical
cleaning, emery papers (SiC sheets) of different grits are used to grind the surface for
removing the impurities that have got accumulated during processing or other
contaminations. The chemical cleaning of Mg alloys is usually carried out in three steps
such as solvent cleaning, alkaline cleaning and acid cleaning. Solvent cleaning is performed
to eliminate the solid particles, all the oils, compounds generated or accumulated during
polishing and other types of waxes/greases used to protect the surface. Alkaline washing is
carried out for the removal of residual contaminants and for dissolution of Al phases on the
substrate surface wherein, Al is dissolved above pH 9 and Mg matrix phase remains
unaffected. At the end, acid treatment is essential to remove contaminants bounded to the
surface and other oxide films not removed during earlier stages. Fig. 2.1 depicts a schematic

representation of substrate cleaning steps of Mg alloys [1-5].

2.1.1 Conversion coatings

Among the various coating techniques used for corrosion protection, chemical
conversion coatings are considered to have better potential of protection due to the
advantages such as speed of operation, ease of application along with low capital and

operating costs due to low consumption of energy, high efficiency, short processing time
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Figure 2.1: Schematic representation of substrate cleaning stages of Mg alloys [6]
and being a low temperature process. The coatings are generated by complex interaction of
metal dissolution along with precipitation in an aqueous solution. The coatings are
generally composed of oxides or hydroxides of magnesium and of other metals that arise
from aqueous metal ions in the solution. In Mg alloys, conversion coatings play an
important role in corrosion protection and provide improved adhesion for the topcoat. The
most preferred conversion coatings include chromates, permanganates, phosphates,
molybdates and rare earths based compounds [7].

The chromate conversion coatings (CCC) are considered to be generated because of
dissolution of surface of metal followed by reduction of oxygen or water to form OH"
resulting in the increased pH at interface of liquid-metal. This results in the precipitation of
a thin film consisting of both hexavalent and trivalent chromate compounds [8]. CCC
constitutes dense films of hydroxides of Mg?* and Cr3* with porous outer layer of Cr(OH)s

over Mg substrate. This outer layer is generated from Mg(OH). selective dissolution,
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increased thickness of which gives better corrosion protection in chloride medium [9].
Magnesium alloys such as AZ31C, AZ63A and AZ91C with CCC have shown significant
reduction of corrosion in salt spray tests [10]. Sharma [11] developed CCC on Mg-Li alloys
with the thickness around 8-11 pum with better adhesion, optical and paint-base properties
under thermal cycling and humidity tests. Ono et al. [12] discussed substrate/coatings
interface morphology and mechanism of film growth by applying the mixture of Na,Cr.07
and MgF2 on pure Mg and AZ91D substrates. A number of chemical conversion coatings
such as cerium oxide, stannate, galvanized black anodizing and chromate were generated
on Mg alloy AZ31B and their performance was evaluated for environmental stability
(humidity, thermo vacuum performance and thermal cycling), optical properties (solar
absorbance and infrared emittance) and corrosion resistance. The anticorrosion properties
of coatings were observed in the order as: galvanized black anodizing > chromating >
cerium oxide > stannate coating [13]. Pommiers-Berlin et al. [14] have carried out several
pre-treatments on Mg alloy EV31A followed by CCC and the detailed study of mechanism
of chromate based coatings was carried out using electrochemical and spectroscopic
techniques. However, since 2017, the usage of Cr (V1) compounds is restricted under the
Registration, Evaluation, Authorization and Restriction of Chemicals (REACH) regulation
due to their carcinogenic nature to living beings.

Most widely used conversion coatings as a replacement to hexavalent chrome-based
coatings on Mg alloy are phosphates, permanganates, rare earth-based compounds and
molybdates. Saji [7], Gray and Luan [8], Hornberger et al. [15], Chen et al. [16] and
Pommiers et al. [17] have reviewed wide number of articles based on aforesaid conversion
coatings. Eco-friendly vanadate solution based conversion coatings were generated on Mg
alloy AZ31 with variable concentration and pH conditions. Electrochemical impedance
spectroscopic (EIS) and cyclic voltammetry studies revealed that, the localized
anticorrosion properties of coatings were improved with 50 g/L concentration of vanadate
[18]. HCI pre-treatment was carried out on pure Mg and Mg alloys, AZ91D and AM50
substrates followed by generation of conversion coating in bath containing solution of
cerium salts and hydrogen peroxide. The coatings were found to be more homogeneous,
adherent, diffused and having more corrosion resistance with acid treatment than the one
without acid treatment [19]. Hu et al. [20] pretreated AZ91D substrates with molybdate
conversion coatings followed by generation of a three-layered composite sol-gel coating
stack. The molybdate conversion coatings were developed with variation in parameters

such as pH, immersion time and bath temperature. Anticorrosion properties of coatings
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were evaluated using EIS and polarization studies and it was found that the conversion
coating with 7.3 g/L concentration of molybdate solution at pH 5 for 30 min at 30 °C gave
better protection. Saji [21] has reviewed conversion coatings based on eco-friendly,
economic and biodegradable organic compounds. These organic conversion coatings are
classified based on phytic acid; polyphenols, hydroxy benezene/benzoic acids; aliphatic
carboxylic acid (oxalates, citrates, etc.) and other approaches where organic compounds
are used as additives in inorganic conversion coatings, chitosan-based and silane-based
coatings. Jian et al. [22] developed Ce/Mn conversion coatings on Mg alloy EV31 with
Ce(NO3)z as corrosion inhibitor and KMnOys as oxidizing agent. Electrochemical studies
and salt spray analysis for shorter (48 h) and prolonged durations (336 h) showed that
conversion coating generated with 30 s of exposure gave better barrier and self-healing
properties due to the formation of passive cerium oxide film with thickness of around 200-
400 nm. Cai et al. [23] have generated micro-arc oxidation (MAO) coating over Mg alloy
AZ91D pretreated with Ce-based conversion film. Electrochemical measurements have
revealed that, MAO coating with Ce-based conversion layer gave better corrosion
resistance than only MAO coating and only Ce-based conversion coating due to high
Pilling-Bedworth ratio, which is between 1 and 2 that corresponded to protective oxide film
of Ce. Several other conversion coatings have been implemented for protecting Mg alloys
with number of additives, additional topcoat of sol-gel coating and variations in operating
parameters [24-30].

2.1.2 Anodization

Anodization is carried out by applying higher voltage to the substrate immersed in an
electrolytic bath such as electrolytic solutions of silicate, fluoride or phosphate similar to
that in conversion coatings. In this case, substrate surface is forced to react with the
electrolyte, which results in the formation of complex coating in various steps. After
generation of thick metal oxide film, arc formation takes place at substrate-solution
interface, when dielectric strength of the oxide layer is equal to the applied voltage. The
resultant heat of arc formed, decomposes additive precursors in the electrolyte, thereby
forming oxide layer deposition of these precursor elements. These coatings are considered
as more eco-friendly than conversion coatings, but with higher capital and running costs
[31, 32].

Various commercial processes such as Anomag, Dow 17, HAE (developed by Harry

A. Evangelides), Magoxid-coat, Tagnite surface treatment, galvanic anodizing and Cr-22
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treatment have been used to generate anodized coatings [8]. Barbosa et al. [33] have
generated oxides and hydroxides films of Mg by anodization in NaOH solutions of various
concentrations (0.1, 1 and 4 M) with variation in applied voltage (30-90 V) and current
density (20-1500 mA/cm?). The coatings are comprised of thin inner barrier layer and outer
crystalline porous layer of hydroxides and oxides of Mg, respectively. A bilayer coating
consisting of anodized film generated in electrolytic solution of sodium silicate and sodium
borate and self-assembled nanophase particles (SANP) film was generated on Mg alloy
AZ31B by Guo and An [34]. It was observed that the bilayer film consists of loose layer of
SANP with Mg-O-Si covalent bonds and Si-O-Si bonds having high density and dense
layer of MgO and magnesium silicate. This bilayer withstood for 354 h of exposure to 0.029
wt % NaCl solution as analysed from EIS studies. Lopez et al. [35] developed protective
film by anodization on Mg alloy AZ91D in sodium molybdate solution (0.05-0.25 M) under
inert atmosphere with pH 9 at 20 °C. The coatings were comprised of hydroxides and oxides
of Mg and Mo with traces of alumina as observed from X-ray Photoelectron Spectroscopy
(XPS) and X-ray Diffraction (XRD) analyses. Electrochemical measurements indicated
that coatings were found to give better corrosion protection for 12 h in Ringer solution
(consists of M004?) with 0.25 M concentration of molybdate at 1 V for 45 min. Alkaline
electrolytic solution comprised of silicate and borate along with 1H-benzotriaole as a
corrosion inhibitor (0-10 g/L) was used by Guo et al. [36] to generate anodized coatings on
AZ31B substrates. It was observed that, the anodized surface became more uniform and
compact (with decrease in pore diameter and number of pores) with increase in
benzotriazole concentration from 0 to 5 g/L. However, further increase in concentration
increases the pore diameter and surface became uneven again. Further, electrochemical and
weight loss measurements indicated that anodized coatings with 5 g/L benzotriazole gave
better anticorrosion properties owing to the uniform, compact and thick film. A number of
studies have been carried out with anodization in various electrolytic solutions, by variation

in operating parameters and with several additives [37- 40].

2.1.3 Plasma Electrolytic Oxidation (PEO)

PEO also referred to as MAO or spark anodizing is a technique wherein anodization is
carried out at applied voltages exceeding the dielectric breakdown potentials of the oxide
films formed. The higher voltages applied during the processing results in the microscopic
discharges at the interface of substrate and electrolyte, thereby changing the structure of

oxide film formed. PEO is generally performed in electrolytic solutions containing
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phosphates, silicates or aluminate with generated coatings consisting of amorphous and
crystalline phases of corresponding Mg compounds. The thickness of the coatings can be
increased up to 50-100 pum at a growth rate of 1-5 pm/min. A thin barrier film generated at
substrate-coating interface is composed of two to three-layered structure of few hundreds
of nanometres. PEO coatings have limitations such as uncontrolled porosity, poor adhesion
strength and reduced mechanical properties [32, 41].

Srinivasan et al. [42] have developed PEO coatings on AM50 substrates with 30
mA/cm? current density for 15 min at 10 °C in two different electrolytic solutions of KOH;
NasPO4 and Ca(OH)2; NasPOs. EIS measurements in 0.1 M NaCl solution have shown that,
after half an hour, the corrosion resistance of both coatings was almost similar but with the
increase in exposure durations up to 50 h, KOH based coatings were completely degraded,
whereas Ca(OH). based coatings did not exhibit any significant degradation. In another
approach, PEO coatings were developed by Mohedano et al. [43] on AM50 Mg alloy using
alkaline silicate solutions at constant voltage for 10 min. Post-treatment was carried out on
PEO coatings with Ce(NOs)s solutions of different concentrations (3 and 10 g/L) for
different durations of time (20 and 180 min). EIS results in 0.5 wt % NaCl for 3 days have
shown that higher immersion time in Ce(NOs)s solutions (180 min) and higher
concentration (10 g/L) lead to better corrosion resistance. MA8 Mg alloy substrates were
used by Gnedenkov et al. [44] for generating PEO coatings using sodium orthosilicate and
sodium fluoride which were then post-treated with 8-hydroxyquinoline (HQ) (3 g/L) and
NaOH solution at pH 12-12.5. The comparative study of bare substrates, PEO coatings, and
PEO coatings with HQ using electrochemical measurements in 3 wt % NaCl indicated that
coating with inhibitor has shown enhanced anticorrosion properties. Chen et al. [45] have
generated composite coatings of PEO and sol-gel matrix on Mg alloy AZ91. PEO coated
substrates were exposed to the solutions of sodium-based salts of glycolic acid, 4-
aminosalicylic acid and 2, 6-pyridinedicarboxylic acid at basic pH followed by coating with
hybrid sol-gel matrix. EIS and Scanning Vibrating Electrode Technique (SVET)
measurements have revealed that all three salts have shown barrier property and self-
healing ability for long-term exposure to corrosive medium. MAO coatings generated on
AZ31 substrates by Guo et al. [46] were immersed in gel solution comprised of Ce(NO3)3
and acrylamide monomer under vacuum. Electrochemical studies and salt spray tests have
shown that the coatings provided self-healing ability in the scribed area and restricted the
pit formation owing to the inhibition effect of Ce3* ions and adsorption of polyacrylamide

gels. MAO coatings with and without inclusion of nanoparticles (ZrO2, TiO2 and Al>Oz3)
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were generated by Mandelli et al. [47] on AM60B Mg alloy followed by sealing with
organo-functional silane coating. The adhesion strength and scratch hardness was found to
be better for MAO coatings comprised of ZrO, and Al.Oz nanoparticles. Composite
coatings with silane post treatment provided better corrosion protection as observed from
immersion tests and electrochemical studies. Zhang et al. [48] have dispersed cationic Ce®*
loaded sodium zeolite microparticles in epoxy resin and then coated on AZ31 substrates
treated with PEO. Energy dispersive spectroscopy (EDS) and energy dispersive X-ray
fluorescence (EDXRF) was used to evaluate exchange capacity of Na-zeolite with Ce3*,
whereas the release profiles of Ce®*" were examined at different pH for 20 h using
inductively coupled plasma optical emission spectrometer (ICP-OES). EIS studies depicted
that, Ce®* exchanged zeolite has shown self-healing ability in 0.5 M NaCl solution after 7
days. Liu et al. [49] have loaded corrosion inhibitors such as Ce(NO3)3, NasPO4 and NaVO3
into MAO coatings generated on AM60 by atmospheric and vacuum impregnation. This
was followed by topcoat of water-based paint mixed with epoxy coating. It was observed
that vacuum impregnation gave higher inhibitor loading efficiency, thereby showing better
self-healing ability for NasPO4 as compared to other inhibitors. Liu et al. [50] generated
MAO coatings vacuum impregnated with NasPOs followed by topcoat of 2-
mercaptobenzothiazole (MBT) dispersed water-based paint on Mg alloy AMG60.
Electrochemical studies have revealed that coatings consisting of dual corrosion inhibitor
gave highest corrosion resistance owing to the absorption of MBT on the hydroxide and
phosphate films of Mg formed after exposure to corrosive medium. Li et al. [51] have
generated MAO coating on AZ31 substrates followed by development of Na-EDTA based
nanosheet-structured Mg-Al LDH coating at very high pH of 13.76. Electrochemical
measurements revealed four orders of magnitude higher current density than that of
composite coatings of LDH and MAO while the coating remained crack-free with stable
nanosheet like structure of LDH after prolonged exposure. Number of other studies [52-
57] based on PEO have been carried out by variation of operating parameters and studied
their effect on coating properties, post-treatment with another coating technique or by

sealing with rare earth elements and monomers.

2.1.4 Electrophoretic deposition or E-coatings
Electrophoretic deposition (EPD) is a colloidal process based on the suspension of
particles and the driving force for the process is charge on the particle and particle mobility

under the influence of applied potential or current. This technique has been implemented
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for nanosize zeolite membrane, silica thick film, metal substrates coated with
hydroxyapatite in biomedical applications, gas diffusion sensors and electrodes, multilayer
composites, carbon nanotubes films, oxide nanorods, etc. The major disadvantage of this
process is that the aqueous electrolytic solution cannot be used as hydrogen and oxygen
evolution at the electrodes affects the coating quality [58].

A. Shahriari [59] used EPD for generating alumina interlayer on AZ91D using alumina
particles and then for topcoat of 3 mol % yttria stabilized zirconia (YSZ). In this case, voids
in the aluminum interlayer were filled by YSZ particles provided barrier film that prohibits
dissolution of Mg and permeation of corrosive media. Being denser coating, YSZ coating
provided better anticorrosion properties in 0.6 M NaCl with Al interlayer than without Al
interlayer, as observed from EIS studies. SiO2 and TiO2 nanoparticles dispersed in 0.08 M
iodine and acetone as a solvent were deposited on AZ91D by EPD. The coated samples
were then anodized in alkaline Na»SiOs solution containing SiO2 and TiO2 nanoparticles.
Scanning Electron Microscopy (SEM) and XPS analyses showed that the coatings are
composed of composite oxides of Ti-Si-Mg, which play a vital role in corrosion protection
of AZ91D as observed from polarization results in 0.1 M KCI [60]. Fluoride conversion
treatment on AZ91 was carried out by Rojaee et al. [61] followed by MAO in alkaline
Na.SiOz solution for 30 min. Further, EPD was conducted by dispersing 50 g/L
hydroxyapatite powder in methanol in two steps; first deposition at 50 V/cm? for 3 min and
second one at 30 V/cm? for 5 min. The coated substrates were dried at room temperature
for 30 min after each step, to ensure formation of dense coatings without cracks during
drying. Polarization studies in simulated body fluid (SBF) for 1 h revealed that
hydroxyapatite based coatings showed higher corrosion resistance. AZ91D substrates were
coated with EPD in a suspension consisting of YSZ and stabilizing agents such as polyvinyl
alcohol and cetyltrimethyl ammonium bromide (CTAB) by Amiri et al. [62]. Changes in
thickness and bonding strength were observed with variation in YSZ particle concentration,
current density and deposition time. EIS, polarization studies (30 min) and immersion tests
(7 days) in SBF have shown that coatings were capable of providing barrier to corrosive
ions. A number of other composite coatings have been generated on Mg alloy using EPD
in conjunction with other methods in order to improve biocompatibility in implants and
corrosion resistance [63-68].

2.1.5 Epoxy coatings
Generation of water borne coatings or coatings with low content of volatile solvents has

been considered as important factor in industrial sector. One of the most widely used eco-
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friendly coating technique is epoxy coatings in which the epoxy resins acts as binder to the
organic coatings. Epoxy coatings generally use hardeners such as polyamines or
polyamides, which form coatings with rigid network because of resin chain cross-linking.
These coatings have great potential to protect metallic substrates due to their low
permeability to corrosive medium and better resistance to abrasion and erosion. The major
limitations of epoxy coatings is balancing the mechanical performance, barrier properties
and aesthetic property after aging [69, 70].

Epoxy coatings have been widely used for hindering corrosion of steel and Al alloys
in offshore industries and aerospace industries, respectively. However, epoxy coatings does
not meet industrial demands very effectively for protecting Mg alloys from corrosion.
Hence, the important aspect to use them for corrosion protection of Mg alloys is to improve
their mechanical and barrier properties by using various additives [32]. Lu et al. [71]
generated Mg-rich epoxy coating by addition of pure Mg particles into epoxy coating on
AZ91D. These coatings have shown better corrosion resistance as compared to epoxy
coating without Mg particles as observed from EIS results. The Open Circuit Potential
(OCP) measurements have shown that higher anticorrosion properties are attributed to
cathodic protection effect of the Mg-rich coatings. Further, Lu et al [72] generated silane
pretreatment film on AZ91D substrates before applying Mg-rich epoxy coating. Si-O-Mg
covalent bond formed between silane film and Mg substrate improved adhesion properties
of coatings. The Macho test and EIS studies revealed that Mg-rich epoxy coating prohibited
diffusion of electrolyte to the substrates and better corrosion resistance up to 3800 h. Anti-
corrosion coatings based on epoxy-resin dispersed with Fe2Os nanopowders (2.5 wt %, 5
wt % and 7.5 wt %) were developed by Jin et al. [73] on AZ91D substrates and cured at
room temperature. Immersion and potentiodynamic polarization measurements in 0.6 M
NaCl solution for 25 days indicated that 5 wt % nanopowder induced coatings have shown
more positive potential and least weight loss after 25 days. Chen et al. [74] generated MAO
coatings on AZ31 substrates using alkaline silicate solutions, pre-treated with bis-silane
and top coated with epoxy coatings. In this case, bis-silane is expected to react with
substrate and the epoxy, resulting in the formation of more dense and hydrophobic films.
Electrochemical measurements and immersion tests for 644 h and 120 h in 0.6 M NaCl
solution indicated that, silane pretreated substrates have shown better anticorrosion
properties. Yan et al. [75] have used eco-friendly methionine as green corrosion inhibitor
intercalated into Mg-Al LDH to generate epoxy-based self-healing coatings on AZ91
substrates at different pH conditions (pH 5, 7 and 9). The inhibition efficiency of
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methionine was evaluated by exposing bare substrates to LDH extraction solution using
electrochemical measurements in 0.06 M NaCl solution for 60 h. The self-healing ability
of epoxy coatings comprising of methionine intercalated LDH was examined by
electrochemical measurements for 38 days in 0.6 M NaCl solution and found that, the
anticorrosion ability of coatings enhanced with the exposure durations because of
adsorption of methionine released from LDH on the AZ91 surface. Considering the
biocompatibility of Mg alloys, Li et al. [76] have summarised recent development on
polymeric coatings based on their strategy of synthesis, anticorrosion properties and
biocompatibility. The polymeric coatings were mainly based on synthetic and natural
polymers like polylactic acid, poly (lactide-co-glycolic) acid, polycaprolactone,
polydopamine, chitosan and collagen. It was observed that most of the studies were
focussed on one or two properties, whereas in order to provide better adhesion, lower
permeability and controlled degradation rate, multifunctional composite coatings are
required. Extensive research has been carried out on corrosion protection of Mg alloys
using epoxy coatings [77-83]. It has been observed that, additives such as nanoparticles
have been found useful for improving mechanical and barrier properties of coatings.
However, negligible research has been found regarding addition of corrosion inhibiting

additives with their effectiveness for Mg alloys and compatibility with epoxy coatings.

2.1.6 Sol-Gel Coatings

Being a chemical synthesis method, sol-gel process is widely utilised in synthesis of
inorganic materials such as ceramics and glass because of its low operating temperature. In
1842, French chemist J. J. Ebelmen carried out heating of hydroxide of uranium for the
synthesis of uranium oxide. However, the approach could not last long due to lengthy
heating and aging process [84]. Later, in 1950s, R. Roy et al. [85] manufactured sol-gel
silicate powders by changing conventional sol-gel process into new ceramic oxides
synthesis. In 1971, synthesis of low bulk density silica was patented which involves
hydrolysis of tetraethoxysilane (TEOS) with cationic surfactants. During 1980s, hybrid
organic-inorganic materials were synthesized using sol-gel process, which gained attention
in fields of polymer chemistry, ceramics, inorganic-organic chemistry and development of
many other hybrid materials [86].

The sol-gel process can be divided into three types based on the precursors like metal

alkoxides, metallic salt aqueous solutions and organically modified silanes. The use of
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Figure 2.2: Commonly used alkoxy silane precursors for development of sol-gel
coatings

metal salts precursors is limited due to the complex procedure. As mentioned in
chapter-1, hydrolysis and condensation processes of sol-gel are dependent on parameters
such as pH, temperature, hydrolysis and condensation rate of precursors, rate of oxidation,
mixing method, concentration and nature of anions, etc. Wide number of precursors have
been used for coating generation on Mg alloys as shown in Fig. 2.2.

In general, sols are synthesized by two methods; organic and inorganic. The organic
approach involves alcoholic or organic solvent-based solutions of metal or metalloid

alkoxides, whereas inorganic approach includes network evolution through the synthesis
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of colloidal solutions of oxides. These dense sol-gel coatings with highly cross-linked
structure show better barrier properties against corrosion attack. They induce better
adhesion properties to metal substrates with covalent bond formation and attain better
organic topcoat compatibility [32].

As mentioned in chapter-1, three coating techniques like dip coating, spray coating and
spin coating have been widely used for generation of coatings. In case of dip coating
technique (Fig. 2.3.a), the substrate is immersed in the sol and then taken out at a specified
withdrawal speed. The coating thickness is dependent on viscosity of sol, withdrawal speed
and the solid content of sol. The coatings experiences six forces during withdrawal: (i)
gravity, (ii) viscous drag force by substrate on liquid, (iii) surface tension force, (iv)
boundary layer liquid inertial force, (v) gradient of surface tension and (vi) conjoining or
disjoining pressure (for films with thickness less than 1 pum). Organic lacquer industries
widely use spray coating technique (Fig. 2.3.b). The coatings can be generated by manual
spray gun or by automated conveyor. The coating thickness can be varied by number of
spray passes and distance between spray nozzle and substrate. In spin coating technique
(Fig. 2.3.c), the substrate rotates around the axis perpendicular to the coating area with
continuous drops of sol falling from top at the centre of substrate. In this, centrifugal
draining makes the deposited film thinner and becomes uniform by the balancing of
centrifugal force and viscous force [87].

Sol-gel coatings have been broadly classified into three types as metal oxide coatings,

hybrid organic-inorganic coatings and composite sol-gel coatings.

a) Metal oxide coatings:

Metal oxides such as ZrOz, SiOz, TiO2, CeO2, Al2Os, etc. are well known to provide
better chemical stability and effective barrier properties to the coatings. SiO: is capable of
improving oxidation and corrosion resistance under acidic conditions with variation of
temperatures because of its high chemical and thermal resistance. ZrO, with its high
thermal expansion coefficient, reduce formation of cracks during high temperature curing

and its higher hardness and better chemical stability, gives better anticorrosion properties.

53



|

Coated
Substrate

| —

Sol Bath Sol Bath Sol Bath

Substrate Substrate ‘
Immersion Withdrawing

(@)

Spraying
Nozzle
/ ] Coated
r 7, Substrate

>
(b)
Sol Droplets
é ?l Coated
% Substrate
(©)

Figure 2.3: Graphical representation of coating techniques; (a) dip coating, (b)
spray coating and (c) spin coating

Al>;O3 is considered as an ideal material for anticorrosion coatings because of its
insulating property with low conductivity for transmitting electrons. Low electron
conductivity, better chemical stability and better heat resistance makes TiO2 an ideal
material for corrosion protection coatings. However, TiO, based sols have low pH resulting

in poor adhesion properties on Mg alloys, as Mg alloys gets eroded at acidic pH [86].
The sol-gel coatings based on CeO, and ZrO, were prepared by Phani et al. [88] on
magnesium alloys AZ91D (machined, as-casted and sand-blasted) and AZ31 (rolled and

54



machined) with multiple dip coatings layers along with intermediate heating at 125 °C for
15 min and final annealing at 180 °C for AZ91D and 140 °C for AZ31. The annealed
coatings were observed to have dense, continuous and amorphous structure with better
adhesion properties. Annealed coated AZ91D (as-casted and machined) and AZ31
(machined) substrates have shown better corrosion resistance as observed from salt spray
tests of 96 h. Ceria-based sol-gel coatings were prepared by Han et al. [89] on AZ91
substrates with variation in parameters such as fluorinating pretreatment, inter-layer heat
treatment, number of coating layers and sintering temperature. It was observed that,
fluorinated triple layer coating without inter-layer heat treatment sintered at 350 °C was
found to give least corrosion current as observed from polarization results. Sol-gel based
ceramic film comprising nanocrystalline ZrO, has been developed on AZ91D by Li et al.
[90] using dip coating technique. The results have shown that the coatings were found to
give better corrosion resistance and more positive potential owing to tetragonal phase of
ZrO- as observed from EIS and polarization results. Zhong et al. [91] have generated phytic
acid conversion coatings followed by alumina based silane coatings on AZ91D substrates.
The coatings were sintered at various temperatures from 120 °C to 380 °C. It was observed
that, at 280 °C coatings have shown transformation from amorphous to crystalline phase
and showed better corrosion resistance with sintering at
380 °C. Composite ceria/titania based sol-gel coatings were developed by Fan et al. [92] on
AZ91D substrates with inner layer of CeO: in order to avoid direct contact of acidic pH
TiO2 sol with substrate. Multiple layers of each of CeO2 and TiO2 were generated to
evaluate effect on hydrophilicity and corrosion resistant properties of coatings. EIS and
polarization studies in 0.6 M NaCl revealed better anticorrosion ability and hydrophilicity
with two layers of TiO2 and single layer of CeO». Several research groups have generated
metal oxide based sol-gel coatings on various Mg alloys such as AZ91D, ZE41 and AZ80
[93-97].

b) Hybrid organic-inorganic coatings:

Pure inorganic coatings come with the limitations like brittle and thick films, formation
of cracks, requirement of high temperature for curing, etc. Hence, incorporation of organic
species into the inorganic networks to generate hybrid coatings can overcome these
limitations.

Hybrid organic-inorganic coatings comprised of phosphonate functionalities were

generated by Khramov et al. [98] for corrosion protection of Mg alloy AZ31B by dip
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coating technique. TEOS along with diethyl phosphonatoethyl-triethoxysilane (PHS) were
used in different molar ratios (1:1 to 4:1) for synthesis of hybrid sol. EIS and polarization
measurements in dilute Harrison’s solution (0.35 wt % (NH4)2SO4 and 0.05 wt % NaCl)
indicated that, the anticorrosion performance of coatings improved with addition of PHS
into TEOS with 1:1 ratio. However, with the increase in molar ratio, the anticorrosion
property of coatings decreased as revealed from Scanning Kelvin Probe (SKP) analysis.
Crack-free hybrid sol-gel coatings were developed by Qian et al. [99] on Mg alloy AZ31B
using dip coating technique owing to the addition of cross-linking agent. EIS and
polarization studies in Harrison’s solution after 96 h revealed that, the barrier property of
coatings decreased because of hydrolysis of Mg-O-Si bond under aqueous conditions at the
interface of substrate and coating. Mg alloy AZ31 substrates were coated with hybrid sol
consisting of TEOS and GPTMS in a molar ratio of 3:1 by Hernandez-Barrios [100]. The
barrier property of coating was evaluated based on the variation of parameters such as
catalyst concentration (acetic acid; 2.5, 5 and 10 vol %), immersion time (15, 30, 60 and
120 s) and aging time of sol (0 to 28 days). Potentiodynamic polarization measurements in
0.6 wt % NaCl solution for 1 h have shown that, catalyst concentration of 5 vol % or lower
with immersion time of 30 s or less gave homogeneous and continuous coatings free of
corrosion products at interface. Further, aging time of 3 and 6 days resulted in denser SiO>
network, lower corrosion product formation and better adhesion strength of substrate and
coating. Mg alloys AZ31 and AZ61 were thermally treated by Diaz et al. [101] at 200 °C
for 1 h prior to generation of coatings with hybrid sol of MAPTS and TMOS (4:1 molar
ratio) by dip coating technique. Surface morphology of heat treated and coated substrates
have shown dense, crack-free and homogeneous coatings as compared to those without heat
treatment in case of AZ61. Lower O: Si atomic ratio observed from EDS analysis in case
of heat treated and coated AZ61 indicated that, SiO2 network formed on the substrate is not
hydrolysed even after increase in local pH. This resulted in better barrier properties of
coatings on heat treated AZ61 as observed from EIS measurements. However, this
phenomenon was not observed on coated and non-heated AZ61 and on coated, heated and
non-heated AZ31 substrates. Four different coating systems consisting of hybrid organic-
inorganic, inorganic, zirconium containing and cerium containing coatings were generated
by Barranco et al. [102] on Mg alloy AZ91 with precursors such as TMOS,
diethoxydimethylsilane (DEDMS), zirconium tetrabutoxide and cerium nitrate
hexahydrate. One set of substrates were directly characterized, whereas other set was

characterized with additional topcoat of organic coating. EIS measurements in Na>SOs
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solution for 7 days have shown that, hybrid coatings gave better barrier properties than
inorganic coatings alone. Hybrid coatings incorporated with Ce®* imparted better corrosion
resistance with topcoat and localised EIS (LEIS) studies revealed that the protection
continues for 7 days even after generation of defects into the coatings. Eco-friendly hybrid
silane-based coatings were developed by Dalmoro et al. [103] on AZ91 substrates using
co-monomers; TEOS and MTMS; and phenyl phosphonic acid (PhPA) & ethylenediamine
tetramethylenephosphonic acid (EDTPO) as adhesion promoters. Some of the substrates
were pretreated with alkaline phosphate solution, acetic acid and hydrofluoric acid for
providing good and stable passivating hydroxide film. EIS measurements in 0.29 wt %
NaCl solution for 72 h indicated that addition of EDTPO and PhPA molecules has shown
catalytic effect to cover the complete substrate and remove the defects generated by
pretreatment. The improved barrier properties of EDTPO based coatings corresponded to
multiple bonds formed with phosphonic group, silica network and oxide/hydroxide layer.
Pagliaro et al. [104] have reviewed many articles corresponding to hybrid sol-gel coatings
with organically modified silicates (ORMOSIL®), silica/polymer composites and
nanomaterials. Two types of hybrid coatings were generated on Mg alloy AZ31B substrates
by Lamaka et al. [105] with GPTMS as organic precursor and zirconia and titania based
inorganic precursors. Tris(trimethylsilyl) phosphate (tTMSPh) is bi-functional compound
which forms chemical bonds with substrate, thereby improving the adhesion properties and
gets polymerized with organic component without destroying its barrier properties, was
added to hybrid sol. EIS studies have shown that titania based coatings with tTMSPh,
imparted better barrier properties for 2 weeks in 0.029 wt % NaCl solution. Samadianfard
et al. [106] have dispersed oxidised fullerene (OF) in hybrid sol-gel matrix that was coated
on Mg alloy AMG60B. EIS measurements showed significant enhancement in the
anticorrosion properties of coatings with OF nanoparticle concentrations between 200-500
mg/L. Ashraf et al. [107] have generated hybrid sol-gel coating dispersed with TiO;
nanoparticles and various amino acids such as serine, alanine, cysteine and arginine for
corrosion protection of AZ91. EIS and polarization studies have shown that, presence of
cysteine, alanine and serine along with TiO2 nanoparticles in the coating have revealed
enhanced corrosion protection. Fernandez-Hernan et al. [108] have developed multilayer
coatings for corrosion protection of AZ31B, which are composed of primary layer of sol-
gel coating and secondary film of sol-gel coating dispersed with multiwall carbon
nanotubes and functionalised graphene nanoplatelets. Electrochemical studies and

hydrogen evolution tests have revealed that, multilayer coating system consisting of
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functionalised graphene nanoplatelets have shown best corrosion protection with lowest
release of hydrogen. Rosero-Navarro [109] and El-Hadad [110] also generated hybrid sol-

gel coatings on Mg alloys and evaluated their barrier properties.

c) Composite sol-gel coatings:

Sol-gel coatings are widely used as composite coatings, where they are combined in the
form of topcoat and pretreatment layer with conversion coatings [20, 26] and epoxy
coatings [72, 77, 79-81, 111], respectively. Being porous in nature, MAO and anodized
coatings are generally top coated with sol-gel coatings or nanoparticles synthesized using
sol-gel process for enhancing the anticorrosion ability of coatings. This also increases the
shelf life of coatings by addition of number of active materials in sol-gel coatings.

Lamaka et al. [112] have anodized Mg alloy ZK30 substrates in alkaline phosphate
solution and then immersed in 0.005 M aqueous solutions of Ce(NO3)z and HQ for 30 min.
The substrates were then dip coated with hybrid sol made up of GPTMS and titanium iso-
propoxide (2:1 by volume). The EIS and SVET measurements in 0.29 wt % and 0.029 wt
% NaCl solution revealed that, anticorrosion properties of composite film with HQ were
equivalent to that with only anodized film, whereas the composite film with Ce3* showed
enhanced barrier properties owing to the formation of passive and insoluble cerium
hydroxides. Ivanou et al. [113] used an alkaline silicate-fluoride solution to generate an
oxide layer using PEO followed by immersion in 0.069 wt % aqueous inhibitor solution of
1,2,4-triazole for 15 sec. The sol synthesized using GPTMS, PTMS and titanium iso-
propoxide was used to coat the PEO coated substrates and some non-PEQO, acid etched
substrates. EIS and SVET measurements in 0.51 M NaCl solution for 30 days have shown
better corrosion protection with corrosion inhibitor impregnated coatings. These coatings
behave as effective self-healing coatings, as PEO layer act as inhibitor reservoir in which
inhibitor is secured closer to the substrate, where corrosion initiates and top layer of sol-gel
coatings controls its leaching. MAO coatings were developed by Shang et al. [114] on Mg
alloy AZ91D substrates in alkaline aluminate solutions consisting of small quantities of
montmorillonite clay particles and acacia gum. Further, a top coat comprising three layers
of sol-gel film containing SiO.-ZrO, composite was generated. Electrochemical
measurements have shown that effective barrier properties were achieved with sol-gel films
that can be used to block the pores of MAO coatings. Laleh et al. [115] used alkaline
aluminate solution to generate MAO coatings on AZ91D substrates followed by dip coating

of sol-gel matrix synthesized from tetra-n-butyl orthotitanate for sealing the pores of MAO
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coating. The effect of curing temperature was analysed for the three-layered sol-gel coating
at 150 °C and 350 °C. The coatings heat treated at 350 °C have shown nano-structure
morphology with less porosity and found to give more corrosion resistance than coatings
with amorphous morphology. Apart from this, sol-gel coatings are widely used for
generating coatings for biomedical implants because of their less toxicity and
biocompatibility [61, 64, 116].

The above-mentioned conventional coating methods provide barrier properties that
restrict or delay the contact between the substrate and corrosive environment. Adding
various functionalities into these coatings by dispersing corrosion inhibitors, generating top
coats with another coating method, sealing with corrosion inhibitor solution and/or
generating multiple layers for increased thickness can impart a more active corrosion
protection that prohibits progress of corrosion. In spite of these additives, coatings cannot
provide corrosion protection, if there is a mechanical damage to the coated surface or
diffusion of corrosive media through porous coatings. In short, such coatings cannot
provide prolonged corrosion protection to impart longer shelf life to metallic substrates. In
order to overcome these drawbacks or limitations, the concept of self-healing coatings has

come into picture.

2.2 Self-healing coatings for Mg alloys

Self-healing coatings are smart protective coatings, where the active materials like
corrosion inhibitors, monomers, catalysts, dyes, etc. are confined into the
containers/carriers for storage to avoid disadvantages such as uncontrolled release,
compatibility with coating matrix, leaching of inhibitors, etc. The active agents
encapsulated in the carriers are released in response to an external trigger like mechanical
stress, change in local pH, exposure to aggressive ions or UV radiation. In this context,
limited studies have been carried out so far in the development of self-healing coatings on

Mg alloy, which will be discussed in this section.

2.2.1 Conversion coatings with self-healing ability

Eco-friendly vanadate solution based conversion coatings were generated by Hamdy et
al. [18] on Mg alloy AZ31 with variable concentrations and pH conditions. EIS and cyclic
voltammetry measurements in 0.6 M NaCl solution for 7 days explored that, the localized
anticorrosion properties of coatings were improved with 50 g/L concentration of vanadate.

Hamdy et al. [27] used diluted tin oxide solution of various concentrations to generate
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conversion coatings on AZ91D at pH 12.9. Some of the substrates were pretreated with
acidic pickling and alkaline etching to evaluate the effect of surface modification.
Electrochemical measurements in 0.6 M NaCl solution revealed that, stannate
concentration above 50 g/L has shown adverse effect on corrosion resistance and surface
pretreatment did not offer enhanced effect on anticorrosion properties of coatings. Stannate
concentration of 50 g/L has shown better hindrance to localised corrosion and microcracks.
Molybdate intercalated hydrotalcite coating was generated by Zeng et al. [117] on AZ31
substrates by co-precipitation and hydrothermal process at 125 °C for 36 h in Teflon-lined
autoclave. The hydrogen evolution rate of coated substrates (2.2E-2 ml/cm?.h) after 144 h
in 0.6 M NaCl solution was found to be much lower than that of bare substrates (4.2E-3
ml/cm?.h). Polarization studies indicated that the corrosion current of coated substrates was
two orders lower than that of bare substrates, which may be attributed to inhibiting activity
of molybdate ions. Molybdate intercalated hydrotalcite has the capacity to exchange CI
ions by inhibiting MoO4? ions, thereby showing high stability and self-healing ability as
observed from EIS measurements. Jiang et al. [118] pretreated AZ31 substrates with 0.8
vol % HNOz and 16 vol % HF followed by generation of conversion coatings in electrolytic
bath consisting of 19.7 mM NaVOs; and Ce(NO3)3.6H20 (0.92 mM - 46.1 mM). In this
case, the self-healing ability of vanadia based conversion coatings was evaluated with
addition of various concentrations of cerium salt. Optimum concentration of ceria salt
which gives better corrosion protection was evaluated by EIS studies in 0.6 M NaCl
solution for 4 h followed by evaluation of self-healing ability using EIS and scratch
immersion for 168 h. It was observed that, the anticorrosion properties of coatings enhanced
with the increase in exposure durations and SEM-EDS analysis has shown progressive
increase in appearance of vanadates in the form of flakes in scratched area. Chen etal. [119]
used phytic acid as a corrosion inhibitor to modify hydrotalcite film by intercalation into
hydroxide sheets using decarbonation and by adsorption onto external surface. Hydrotalcite
films were generated on AZ31 substrates followed by immersion in phytic acid solutions
of pH 6.5 and 11. EIS and polarization measurements in 0.59 wt % NaCl solution for 48 h
indicated that, alkaline solution of phytic acid provided better barrier property and self-
healing ability as compared to the one at pH 6.5, which could be attributed to formation of
microcracks due to CO- release and residual stress. Nezamdoust et al. [120] have developed
composite coating on AM60B, which was composed of primary layer of conversion
coatings of Ti-Zr and secondary layers of hybrid organic-inorganic coating and phenyl

trimethoxysilane (PTMS). Electrochemical measurements have shown that composite
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coatings provided much better barrier properties than only hybrid sol-gel coatings and
PTMS coatings wherein, only sol-gel coatings were relatively more uniform and defect-

free.

2.2.2 Container-based self-healing coatings

Ordered mesoporous silica nanocontainers were manufactured by Qiao et al. [83] using
sol-gel method, loaded with MBT and then dispersed into epoxy matrix. Effect of loading
of nanocontainers was evaluated with 2 wt % and 4 wt % coating formulations. Coatings
consisting of 4 wt % MBT loaded nanocontainers have shown better anticorrosion
properties in 0.6 M NaCl solution for 168 h and showed self-healing ability in artificial
defect with 96 h of exposure to 0.59 wt % NaCl solution, as observed from EIS studies.
MBT loaded porous hollow SiO. nanocontainer dispersed electroless Ni coating was
generated by Xie et al. [121] on Mg alloy AZ31. In this case, AZ31 substrates were
pretreated with phosphoric acid and hydrofluoric acid solutions followed by immersion in
fluoride-containing solution and then in nanocontainer dispersed fluoride-containing
solution. Initially, the inhibition ability of benzotriazole (BTA), HQ and MBT was
evaluated by measuring H: evolution rate after 5 h of exposure to 0.6 M NaCl solution and
found that, MBT has shown least release of Hz, thereby confirming its better inhibition
ability for AZ31. EIS and polarization measurements in 0.6 M NaCl solution for 12 h
revealed that, MBT loaded nanocontainer based coatings have shown better anticorrosion
properties than the one without corrosion inhibitor. Xie et al. [122] used sodium fluoride as
a corrosion inhibitor, encapsulated in mesoporous silica nanocontainers which are then
dispersed in Ni coatings generated on AZ31. XPS studies have revealed the release of
fluoride ions from nanocontainers and formation of protective layer of magnesium fluoride
at the localised corroded area. EIS and polarization studies have shown that the introduction
of fluoride loaded nanocontainers have decreased the corrosion rate in 0.06 M NaCl
solution for 24 h. Paeonol was used as corrosion inhibitor by Ding et al. [123], loaded in
mechanized silica nanoparticles consisting of mesoporous silica nanoparticles and
supramolecular nanovalves and then dispersed into self-assembled nanophase particle
coating matrix. Further, the superhydrophobic functionality was developed by adding 1H,
1H, 2H, 2H-Perfluorodecyltriethoxysilane to the coating matrix. EIS (0.29 wt % NaCl
solution for 15 days) and SVET (0.059 wt % NaCl solution for 72 h) measurements have

revealed that silica nanoparticles respond to localised corrosion by releasing entrapped
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corrosion inhibitor under the influence of alkaline environment resulting in the formation
of barrier film.

Cerium molybdate nanocontainers were synthesized by Kartsonakis et al. [77] owing
to the inhibiting action of cationic cerium and anionic molybdate and MBT, which is a
widely used organic corrosion inhibitor was encapsulated inside the cerium molybdate
nanocontainers. These nanocontainer dispersed hybrid coatings generated on Mg alloy
ZK10 were composed of organically modified silane and cross-linked polymers. Coatings
have shown enhanced corrosion protection in 0.5 M NaCl for 4 months and revealed self-
healing ability in artificial defect after exposure to 0.001 M NacCl for 73 h, as observed from
EIS measurements. Song et al. [124] coated AZ91D substrates with cerium-based
conversion coatings containing various concentrations of La(NOz3)s loaded gelatin-chitosan
microcapsules which were synthesized using complex coacervation method. Electron
Probe Micro-analyser (EPMA) has shown appearance of lanthanum content in the defect
area with the help of elemental mapping with 24 h of exposure to 0.6 M NaCl solution,
thereby showing the self-healing ability. EIS and polarization measurements for 7 days
have revealed that, coatings with 20 % microcapsules have depicted better anticorrosion
properties, which lasted for 4 days. Montemor et al. [125] oxidised carbon nanotubes
(CNT) in concentrated HNO3 and H2SO4 solutions for 24 h and then treated with aqueous
solutions (0.001 M) of La(NOz)z and Ce(NOz3)s. The modified CNTs were then dispersed
into 5 vol % of bis-[triethoxy amino] silane solution at neutral pH followed by immersion
of AZ31 substrates in silane solution for 60 sec. The anticorrosion properties of coatings
were examined by SVET in 0.29 wt % NaCl solution for 48 h and found the suppressed
anodic and cathodic activity at the substrate. Chen et al. [126] encapsulated poly(lactic-co-
glycolic) acid (PLGA, 5-20 wt %) porous particles with BTA (10-20 wt % loading) in
dichloromethane solvent and electro-sprayed on Mg alloy AMlite followed by spray
coating with epoxy resin. The amount of PLGA was fixed to 20 wt % considering the shape
and size of spheres obtained with other concentrations. EIS and polarization measurements
in 0.59 wt % NaCl solution illustrated that, BTA loaded PLGA based coatings have shown
best corrosion protection which could be attributed to rapid response of PLGA to water,
change in pH and formation of nanopores after evaporation of solvent for release of BTA.
Kartsonakis et al. [127] loaded TiO2 nanocontainers with MBT and polypyrrole were
dispersed in hybrid coating matrix consisting of epoxy resin and organically modified
silane. The above coating matrix was dip coated for 6 times on HF and NaOH pretreated

Mg alloy ZK10. EIS measurements in 5 mM NacCl solution for 12 days indicated that
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coatings consisting of polypyrrole and MBT loaded TiO2 have shown better anticorrosion
properties as S or N atoms of released MBT interacts with Mg of the substrate and change
the electron density at local site, thereby reducing the anodic and cathodic activity. PEO
coatings were developed by Sun et al. [128] on Mg alloy AM50 with alkaline silicate
solution consisting of BTA (10 g/L) loaded halloysite nanotubes (HNT). Electrochemical
studies in 0.6 M NaCl solution have depicted that PEO coatings with HNT did not give
active corrosion protection after 4 h of exposure, whereas the coatings with BTA loaded
HNT have shown higher corrosion resistance against the pit formation.

Guo et al. [129] have reviewed biocompatible, self-healing and self-cleaning Layered
Double Hydroxide (LDH) based composite coatings on Mg alloys. The review gave details
about synthetic methods of single LDH coatings and composite LDH coatings on Mg alloy.
Single LDH coatings are synthesized by in situ growth methods, co-precipitation,
electrochemical deposition, spin coating and anion exchange, whereas composite LDH-
based coatings are mostly self-healing, biocompatible, self-cleaning and sealing LDH-
based coatings. Among the above methods, though in-situ growth methods have been
widely used, it comes with some disadvantages as the other methods have. Extensive
research has been carried out on LDH based coatings for corrosion protection of Mg alloys;
some of them have been briefly mentioned in Table 2.1.

Table 2.1: Different LDH based coatings on Mg alloys [129] (With permission from
Elsevier, January 04, 2021, License No. 4981840751427)

Method Substrate | LDH Coating | Ref.
One-step in situ growth method AZ91D MgAI-COs* 130
One-step in situ growth method Pure Mg | MgFe-COs* 131
Two-step in situ growth method AZ31 MgAI-COs* 132
Hydrothermal treatment AZ91D MgAI-COs* 133
Hydrothermal treatment JDBM MgAI-COs* 134
Urea hydrolysis AZ31 MgAI-COs* 135
Urea hydrolysis Pure Mg | MgAI-CO3* 136
Steam coating AZ31 MgAI-COs* 137
Steam coating AZ31 MgAI-COs* 138
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Hydrothermal crystallisation method AZ31D MgAI-COs* 139
Co-precipitation and hydrothermal method | AZ31 MgAI-COs* 140
Co-precipitation and hydrothermal method | AZ31 MgAI-MoOs* | 141
Electrochemical deposition AZ31 LiAI-CO3* 142
Electrochemical deposition AZ91D ZnAl-NOs" 143
Spinning coating AZ31 MgAI-COs* 144
Anion-exchange AZ91D ZnAl-CI 145
Anion-exchange AZ91D ZnAl-VOyx 146

2.2.3 Other self-healing coatings

Calado et al. [147] pretreated Mg alloy AZ31 substrates with alkali, dip coated with
hybrid sol consisting of phytic acid and 3-aminopropyltrimethoxysilane at pH values of 5,
6.5 and 8 followed by rinsing in water. Immersion test was performed in SBF at pH 7.4 for
14 days and subsequently cleaned with chromic acid prior to weight loss measurements.
Immersion tests and EIS analysis have shown that, hybrid coatings at pH 8 have least mass
loss and better corrosion resistance, respectively. Hybrid epoxy-silane coating dispersed
with CeO2 nanoparticles were generated on Mg alloy AZ31 by Galio et al. [148] using dip
coating with multiple layers. The coatings were examined for their barrier properties and
self-healing ability by various electrochemical techniques such as EIS (0.29 wt % NaCl for
29 days), Localised EIS (0.029 wt % NaCl for 50 h), SVET (0.29 wt % NaCl for 22 h) and
Scanning lon-Selective Electrode Technique (SIET, 0.29 wt % NaCl for 25 h).
Electrochemical analyses revealed that, the localised corrosion was delayed with the
presence of CeO; and the cathodic/anodic activities are suppressed because Ce** showed
self-healing and inhibitory activities after coming in contact with OH" during initiation of
corrosion and forms stable cerium hydroxides. Hybrid organic-inorganic sol synthesized
using GPTMS and zirconium (V) propoxide was coated on AZ31 substrates by Jiang et al.
[149]. HQ was added before and after hydrolysis of hybrid sol. Initially EIS studies were
carried out in 5 mM NaCl for 14 days to evaluate inhibiting activity of HQ by immersing
AZ31 substrates in inhibitor solutions. Further, EIS measurements for coated substrates
revealed that, coatings based on HQ added after hydrolysis have shown better anticorrosion

properties. This could be attributed to interaction of HQ with the components
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(organic/inorganic) of coatings as there would be less interaction of HQ with the silane
after hydrolysis. Zhao et al. [150] have modified surface of AZ31 substrate with
polyethylene amine solution to introduce positive charge followed by generation of
multilayers of polyacrylic acid modified SiO, nanoparticles and 3-aminopropyl
trimethoxysilane modified CeO> nanoparticles using spin-spray layer-by-layer assembly.
Electrochemical studies and hydrogen evolution tests of 360 h showed that multilayer
assembly imparted better barrier and self-healing ability due to SiO2> and CeO>
nanoparticles respectively. Calado et al. [151] have used tri(bis(2-ethylhexyl)phosphate)
(Ce(DEHP)3) as a novel inhibitor dispersed in hybrid epoxy-silane coating matrix for
corrosion protection of AZ31 substrates. EIS studies have shown that addition of small
concentrations of Ce(DEHP)3 gave long term protection, whereas localised electrochemical
measurements have confirmed that the inhibitor hinders the localised corrosion progress
with change in pH. Zhao et al. [152] have prepared self-healing superamphiphobic coatings
composed of compact epoxy coating and porous superamphiphobic coating (based on
TEOS and 1H,1H,2H,2H-perfluorodecyltriethoxysilane dispersed  with  silica
nanoparticles) for corrosion protection of Mg alloy AZ31B. The two-layer coating
comprised of fluorosilane provides excellent superamphiphobicity, better barrier and self-
healing properties as compared to that of alkyl silane based coatings, even after generating
artificial defect into the coating as observed from immersion test and salt spray tests. Li et
al. [153] used alkali pretreated Mg alloy AZ31 substrates for dip coating with hybrid sol
consisting of phytic acid and 3-aminopropyltrimethoxysilane at pH values of 5, 6.5 and 8.
Immersion tests and EIS analysis in SBF at neutral pH have shown that, hybrid coatings at
pH 8 have least mass loss and better corrosion resistance, respectively. Yao et al. [154]
have reviewed a number of strategies used to develop superhydrophobic coatings with
corrosion protection ability on Mg alloys. They have classified different kinds of
methodologies for the development of hierarchical micro/nano structures on Mg alloy
surfaces such as solution immersion, electrochemical machining, electrodeposition, micro-
arc oxidation, hydrothermal processes and spraying. They also discussed about the
improvement in the properties of coatings by stability of the air pockets and hierarchical
structures, inducing self-healing ability with corrosion inhibitors and generation of slippery
liquid-infused porous surfaces. Soliman et al. [155] have developed HQ based coatings
incorporated with nano-graphene oxide (GO) particles on oxidized and phosphate treated
AZ31 substrates. EIS and immersion tests in SBF for 3 days indicated that, polymerized
HQ-GO hybrid films on pretreated substrates have shown self-healing ability along with
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excellent barrier properties. Wu et al. [156] have generated Mg-M LDH layer (M-Al, Cr &
Fe) on anodized AZ31 substrates by in-situ growth method. The electrochemical studies
and weight loss measurements have revealed that Mg-Al based LDH has depicted higher
corrosion resistance and lowest weight loss. This could be attributed to the adsorption of
ClI and release of NO3™ from LDH along with the formation of passive and stable film of
Mg(OH)., thereby inhibiting the pitting corrosion. A number of other studies, which
examine the self-healing ability of coatings consisting of different inhibitors and coating
formulations have been carried out on Mg alloys [157,158].

2.3 Corrosion inhibitors for corrosion protection of Mg alloys

In chapter-1, different types of corrosion inhibitors based on their chemical nature along
with examples were discussed. The mechanism of inhibition of corrosion using these
corrosion inhibitors has also been discussed. According to inhibiting mechanism, the
corrosion inhibitors can be classified as passivation, precipitation and adsorption type.
Passivating inhibitors such as nitrite, chromate and phosphate forms a passive film on
substrates, thereby giving better barrier properties. The stability and inhibition efficiency
of adsorptive inhibitors greatly depend on the interaction of inhibitor molecules with the
substrate/solution interface. The commonly used adsorptive inhibitors are amines,
carboxyls, phosphonates, sulphonates, etc. Precipitating inhibitors form insoluble
compounds on substrate by reacting/combining with ions of solution. Inhibitors that form
precipitation film on the substrate are zinc sulphate, calcium bicarbonate, sodium
tripolyphosphate, etc. [159]. This section gives an account of various inhibitors, which were
used in earlier studies for corrosion protection of Mg alloys.

Lamaka et al. [160] have carried out systematic screening of 151 different compounds,
which have been evaluated for their inhibiting effects towards three grades of pure Mg and
Mg alloys like AZ31, AZ91, AM50, WE43, ZE41 and Elektron 21. The analysis was based
on ability of inhibitor to form stable, soluble complexes with Fe?*/Fe®* and then hydrogen
evolution tests. The hydrogen evolution tests were carried out using eudiometers in 0.5 wt
%, 0.29 wt % and 0.029 wt % NaCl solution with 0.5 g of chips of Mg/ alloy substrates for
22-78 h. In this study, new as well as earlier studied inhibitors have been listed based on
their inhibition efficiency and compared with that of Cr (V1) as a reference. The sodium
salt derivatives of salicylic acid and pyridinedicarboxylic acid were found to have better
inhibition efficiencies for pure Mg and Mg alloys containing Al and rare earths. Umoren et

al. [161] have evaluated seven natural polymers such as chitosan, dextran, carboxymethyl
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cellulose, sodium alginate, pectin, hydroxyethyl cellulose and gum arabic for their
inhibiting properties against Mg alloy AZ31 in 0.6 M NaCl using mass loss, hydrogen
evolution, EIS, potentiodynamic polarization and scanning electrochemical microscopy
(SECM). For evaluation of anticorrosion property, 1.0 g/L of natural polymer solutions
were taken in 0.6 M NaCl solution. Weight loss and electrochemical studies have shown
that 1 g/L of sodium alginate and hydroxyethyl cellulose were found to give efficiencies of
64.13% and 58.27%, respectively. Further, the detailed studies with two inhibitor
formulations at different concentrations (0.5, 1.0 and 2.0 g/L) along with potassium iodide
and date palm seeds oil were carried out. The electrochemical measurements have shown
that, formulations of sodium alginate and hydroxyethyl cellulose gave 77.43 % and 80.56
% efficiencies respectively. Liu et al. [162] have analysed inhibition effect of sodium citrate
(SC), sodium dodecylbenzenesulphonate (SDBS), diammonium phosphate ((NH4)2HPO4)
and sodium vanadate (NaVOs) on Mg alloy AM60 in 0.59 wt % NaCl for 10 days by
immersion and electrochemical measurements. Fig. 2.4 shows the inhibition mechanisms
of four different corrosion inhibitors and substrate without inhibitor.

Further, it was observed that all four corrosion inhibitors (0.01 M) have shown
corrosion protection after 10 days of immersion. However, only (NH4):HPQO4 cannot
provide protection against localized corrosion. Among all four inhibitors, SDBS has shown
93 % inhibition efficiency, which could be attributed to adsorption ability of S on Mg,
insoluble film of Mg-SDBS and long alkyl chain. Kartsonakis et al. [163] have evaluated
corrosion inhibitive properties of ammonium phosphate dibasic, calcium fluoride, HQ,
SDBS, zinc nitrate and sodium fluoride towards Mg alloy ZK30 in 5 mM and 50 mM NaCl
solution with 5 g/L concentration of each inhibitor except HQ (up to solubility limit).

Electrochemical measurements were carried for 144 h (5 mM NaCl) and 10 days (50
mM NaCl). In 5 mM NaCl, HQ, ammonium phosphate dibasic and calcium fluoride,
whereas in 50 mM NaCl, HQ, SDBS, ammonium phosphate dibasic and sodium fluoride
have shown better corrosion protection which corresponded to the generation of insoluble
complexes of MgQz, MgF2, Mgs(POs)2. 22 H20 and Mg-SDBS. Sorkhabi et al. [164] have
pretreated Mg alloy AZ91 substrates with cerium-lanthanum-permanganate (CLP)
conversion coatings to protect the substrate from corrosion in acidic conditions of sol. The
pretreated substrates were then dip coated with hybrid organic-inorganic sol dispersed with
various amino acids such as L-alanine, L-glutamine, L-methionine and L-aspartic with

concentrations of 0.1, 0.5, 1.0 and 0.5 wt % respectively. EIS measurements were carried
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Figure 2.4: Schematic representation of inhibition mechanism of (a) blank, (b) SC, (c)
SDBS, (d) ((NH4)2HPO4) and (e) NaVOs [162]

out for various concentrations of all amino acids for different durations up to 48 h and found
that L-aspartic gave better corrosion protection among all amino acids. As shown in Fig.
2.5, the heteroatoms of L-aspartic are closer to substrate surface as compared to other amino
acids, resulting in its higher adsorption energy and these replace Mg atoms on substrate,
thereby showing better inhibitive properties. Sorkhabi et al. [165] have added salts such as
sodium gluconate (NaCsH1107), potassium hypophosphite (KH2PO.), and manganese (1)
acetate (Mn (CH3CO»)2) with concentrations of 0.1, 0.5 and 0.1 wt % respectively along
with 0.5 wt % cloisite 20A nanoparticles to the hybrid sol-gel coatings generated on AZ91
substrates pretreated with CLP conversion coatings. EIS studies for 48 h in 0.6 M NaCl
have revealed that, all the three salts can be used as corrosion inhibitors due to the presence
of heteroatoms like O and P which makes the salts to get adsorbed on substrate surface and
protect the substrate with addition of cloisite nanoparticles acting as surface modifier.
Further, it was observed that, manganese (1) acetate and potassium hypophosphite could
give better corrosion protection for longer and shorter durations respectively. Gao et al.
[166] exposed AZ91D substrates to the ASTM D1384-87 corrosive medium (Na2S0O4-148
mg/L, NaHCOz3-138 mg/L, NaCl-165 mg/L, pH 8.2) mixed with corrosion inhibitors such
as SDBS (1.16 mM) and HQ (saturated solution). EIS and polarization measurements for
72 hin ASTM D1384-87 solution revealed that the inhibition ability of SDBS was limited,
whereas HQ has shown effective corrosion protection owing to the development of stable
film of Mg(Q).. However, combined use of SDBS and HQ has shown synergistic behaviour
with inhibition efficiency of 98 % which could be observed because of adsorption of
negative ions of dodecylbenzenesulphonate on the porous layer of Mg(Q)a.
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Figure 2.5: Adsorption behaviour of amino acids on AZ91 [164] (With permission from

Elsevier, January 04, 2021, License No. 4980641338179)

2.4 Conclusion

Owing to the very low standard electrode potential, Mg alloys are prone to the
generation of thin oxide/hydroxide film, which may affect the adhesion properties of
coating layers. Hence, surface cleaning by mechanical and chemical methods is
essential to provide better anticorrosion and adhesion properties.

A number of approaches have been attempted to develop corrosion protection coatings
on Mg alloys, while most number of studies have been focused on conversion coatings,
MAO/PEOQ coatings and sol-gel coatings. However, conversion and PEO coatings come
with various limitations such as unable to provide long term protection, the requirement
of pretreatment layer, high operating temperature, high porosity, poor adhesion strength
etc. Epoxy coatings and EPD have also been used but they were generated as composite
coatings with conversion or sol-gel coatings.

Owing to eco-friendly nature, low curing temperature, versatility to number of additives
and compatibility with other coating methods, sol-gel coatings have great potential to
provide prolonged protection for enormous number of applications. Self-healing
functionality could be achieved effectively by encapsulating the inhibiting/ active
species into the containers or incorporating them into an additional layer of coating.
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Various coating methods have been used to generate the self-healing ability in the
coatings to provide long-term corrosion protection to Mg alloys.

Being an inevitable part of corrosion protection coatings, species/compounds having
corrosion inhibition ability have gained a lot of research interest. Large number of
corrosion inhibitors have been examined for their corrosion inhibition ability towards
Mg alloys, which included organic/inorganic compounds, naturally occurring
species/polymers, etc.

It was observed that not many studies have been carried out on HNT and MMT based
self-healing coatings on Mg alloy though they have been extensively investigated for
use on Al alloys. Also, the corrosion inhibition activity of cationic inhibitors like Ce>*
and Zr** has not been evaluated earlier on Mg alloys. Hence, the present work is focused
on the evaluation of anticorrosion properties of cationic inhibitor encapsulated
(HNT)/intercalated (MMT) based sol-gel coatings on AZ91D substrates.
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Chapter 3

Coatings based on halloysite nanotubes loaded with Ce3*-Zr*

3.1 Introduction

As discussed in Chapter-1, magnesium (Mg) alloys are prone to corrosion very quickly,
owing to their extremely low standard electrode potential of -1.63 V in 0.55 M NaCl (-2.37
V in atmospheric exposure), which limits their use in structural parts of automobile and
aerospace industries. The poor anticorrosion properties of Mg alloys could be attributed to
(a) dissolution of thin film of oxides/hydroxides with increase in pH after corrosive medium
exposure and (b) occurrence of galvanic corrosion due to poor design, flux contaminations,
impurities and secondary phases like MgizAl12, AIMn, AlsMns, Mg12Nd, Mg2Pb, etc. [1-3].
Various methodologies have been investigated for enhancing the anticorrosion properties
of Mg alloys, which include decreasing the amount of Fe, Cu and Ni impurities, generating
more homogeneous microstructure, increasing content of alloying elements that retards
corrosion and applying protective coatings. Among these methodologies, use of protective
coatings is the most promising strategy in which, methods such as anodization,
electrophoretic deposition, plasma electrolytic oxidation (PEO) and sol-gel processing have
been found to be more promising [4] as discussed in chapter 2.

Hybrid sol-gel coatings are considered as an eco-friendly alternative to chromate
conversion coatings with an ability to generate crack-free coatings; having versatility to
accommodate a number of additives and can be processed at low curing temperatures.
Several pathways have been developed to enhance the corrosion protection ability of silane-
based coatings, which includes direct dispersion of corrosion inhibiting agents into the
coating matrix and/or loading them into containers, which avoid direct contact of inhibitor
with coating matrix and prevent detrimental effect on anticorrosion properties of coatings
[5-8]. Owing to the controlled release of inhibitors at the localised area only after
occurrence of defect, encapsulation of corrosion inhibitor could provide prolonged
corrosion protection. Use of naturally occurring nanoclay is considered as a cost-effective
approach for encapsulation of corrosion inhibitors rather than synthesizing artificial
containers. Halloysite nanotubes (Al2Si2Os (OH)4. n H20, HNTS) are naturally occurring
inorganic clays belonging to the alumino silicate clays of kaolin group having dioctahedral
crystal structure with 10-100 nm internal diameter and length of 0.5-2 um. HNTSs are
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composed of outer layer of tetrahedral silica with negative charge and inner layer of

octahedral alumina with positive charge below pH 8.5 (Fig. 3.1) [9].
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Figure 3.1: Morphological and molecular structure of HNT [10] (With permission
from Elsevier, January 02, 2021, License No. 4980620445121)

Shchukin et al. [11] and Fix et al. [12] have loaded corrosion inhibitors such as 2-
mercaptobenzothiazole (MBT) and benzotriazole (BTA); 8-hydroxyquinoline (HQ)
respectively into lumen of HNTs and then dispersed them into hybrid sol-gel matrix that
was coated on Al alloy substrates. Zahidah et al. [13] have loaded benzimidazole into HNTs
and then dispersed them into epoxy matrix, which was coated on carbon steel for evaluation
of corrosion protection ability of coatings. 10 wt % of dodecylamine loaded HNTs were
doped in alkyd primer coated on carbon steel by Falcon et al. [14]. Shuchukina et al. [15]
have generated polyester powder coating comprising of HQ loaded HNT and mesoporous
silica nanoparticles on low carbon steel. Sun et al. [16] have loaded HNTs with BTA and
then dispersed into electrolytic bath of PEO coatings generated on Mg alloy AM50.
Mahmoudi et al. [17] have etched lumen of HNTSs in order to accommodate higher amount
of praseodymium as a corrosion inhibitor and encapsulated with polymeric microcapsules.

The encapsulated HNTs were dispersed into organic-inorganic silane matrix and epoxy
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silane matrix, which were dip coated on AZ31 substrates. As observed from
electrochemical studies and salt spray tests, encapsulated inhibitor based silane and epoxy
silane coatings showed long-term corrosion protection in 0.6 M NaCl solution with better
barrier properties. Asadi et al. [18] have functionalized HNTs with 3-
aminopropyltriethoxysilane (APTES) for enhanced loading of cationic Zn?* as a corrosion
inhibitor and then dispersed the inhibitor loaded as-received and modified HNTSs into epoxy
ester coating matrix. Initially the inhibition ability of inhibitor was examined with
electrochemical studies by exposing bare steel substrates to Zn?* cations released from as-
received HNTs in NaCl solution and observed that corrosion current density was
suppressed when substrates were exposed to Zn?* cations released from modified HNTS.
Further, electrochemical studies of scribed coatings exposed to NaCl solution for 48 h
indicated better barrier properties owing to the release of Zn?* cations in the scribed region.
Number of other recent studies [19-22] have been performed by encapsulating different
corrosion inhibitors into HNTs for corrosion protection of steel substrates.

As observed from literature survey, there are very few reports on corrosion protection
of Mg alloys using inhibitor loaded HNTSs. This chapter includes detailed explanation of
our studies where, cationic Ce3*-Zr** inhibitors were loaded in HNTs and then 2 wt % of
them were dispersed in hybrid sol-gel matrix, to generate self-healing coatings on Mg alloy
AZ91D. For comparison purpose, the effect of addition of as-received HNTs on barrier
properties of coatings was also evaluated by dispersing as-received HNTSs in hybrid matrix
sol. In the following sections, the methodology used to synthesize the hybrid matrix sol
(MAT), as-received HNT dispersed matrix sol (Clay matrix, CM sol) and self-healing (SH)
sol followed by characterization of generated coatings by various electrochemical methods
will be discussed.

3.2 Materials and Methods
3.2.1 Substrate preparation

Mg alloy AZ91D flat coupons with chemical composition in wt % by wet analysis: Al-
9.14; Zn-0.86; Mn-0.30; Cu-0.09; Si-0.08; Fe-0.01; Ni-0.01 and rest Mg and of dimensions
2.5cmx 2.0 cm x 0.6 cm were used as substrates. The substrates were mechanically cleaned
by polishing with 1000 grit emery (silicon carbide) sheets followed by repeated degreasing
with acetone for 30 min and then drying in atmospheric air.
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3.2.2 Synthesis of hybrid matrix sol

100 ml of organic-inorganic matrix sol (MAT) was synthesized by hydrolysis of 3-
glycidyloxypropyltrimethoxysilane (GPTMS) with tetraethoxysilane (TEOS), both
supplied by Sigma Aldrich, USA in the molar ratio of 3.5:1 in presence of 0.1 N
hydrochloric acid (HCI, Fisher Scientific, USA, 36.4 %) as a catalyst. Deionised (DI) water
was added to the turbid solution under constant stirring conditions for 1 h until a transparent
solution of matrix sol is obtained.
3.2.3 Synthesis of polymeric microcapsules

Polymeric microcapsules were synthesized by using in situ polymerization in an oil-in-
water emulsion. 10 ml of 5 wt % aqueous solution of polyvinyl alcohol (PVA, Alfa Aesar,
USA) was mixed with 260 ml of DI water under constant stirring conditions. 5 g urea
(Sigma Aldrich, USA), 0.5 g ammonium chloride (NH4Cl, Fisher Scientific, India) and 0.5
g resorcinol (Fisher Scientific, India) were added simultaneously to the above solution. pH
of the solution was maintained at ~3.5 using 0.1 N HCI. 25 ml of hydrolysed GPTMS
(Gelest Inc., USA, 98 %) was added dropwise to form an emulsion followed by stabilization
for 10 min with constant stirring conditions. 12.67 g of 37 wt % formaldehyde (Fisher
Scientific, India) was added to the stabilized emulsion. The emulsion was heated slowly
and maintained at 55 °C under constant stirring for 4 h that was cooled at ambient
temperature thereafter. Microcapsules were recovered from suspension by filtration under
vacuum followed by repeated washing with DI water and then dried under vacuum [23-
25].

3.2.4 Loading of HNTs with corrosion inhibitor

5 g of HNTSs (Sigma Aldrich, USA) were used as-received without any pretreatment for
loading of corrosion inhibitors such as cerium nitrate hexahydrate (Ce®*, Loba Chemie,
India, 99.9 %) and zirconium n-propoxide (Zr**, Gelest Inc., USA, 70 % in propanol) in a
molar ratio of 1:23. 0.029 moles of methacrylic acid (MAA, ABCR GmbH & Co.,
Germany) was used as a complexing agent with Zr-n-propoxide. The corrosion inhibitors
and complexing agent were loaded in HNTs by repeated vacuum evacuation for 3 h in
vacuum desiccator as specified by Abdullayev et al. [26]. The inhibitor loaded HNTs were
then separated from inhibitor solution using 10 min of centrifugation at 6500 rpm followed
by repeated washing with 2-propanol in order to remove any adsorbed inhibitor. The
inhibitor loaded HNTs (Fig. 3.2) were then dried in hot air oven at 60 °C for 1 h.
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Figure 3.2: Schematic representation of inhibitor loading and stoppering of HNTs

3.2.5 Preparation of self-healing sol and coating deposition

In order to examine the effect of addition of HNTSs, 2 g of as-received HNTs were
dispersed in 98 g MAT sol to obtain clay matrix (CM) sol. 2 g of aforementioned inhibitor
loaded HNTSs were stoppered at the ends with 25 ml of polymeric microcapsules (dispersed
in 2-propanol) and then dispersed in MAT sol to synthesize self-healing (SH) sol under
constant stirring for 3 h.

Dip coating technique was used to generate coatings on AZ91D substrates at a
withdrawal speed of 1 mm/s and then thermally cured at 130 °C for 1 h. A non-destructive
coating thickness measurement gauge (PosiTector®6000, DeFelsko Corporation, USA) was

used to measure coating thickness which was found to be in the range of 3-5 um.

3.3 Characterization Techniques
3.3.1 Morphological analysis of as-received and inhibitor loaded HNTs

The length and diameter of the HNTs was verified with a transmission electron
microscope (TEM, Tecnai 220 G2, FEI, Netherlands). The length of the HNTs was
ascertained with field emission scanning electron microscope (FESEM, ZEISS Gemini
SEM 500) having a hot Schottky field emission (FE) gun. Scanning Electron Microscope-
Energy Dispersive Spectroscopic (SEM-EDS, Hitachi S3400N) analysis was carried out

for confirming the presence of corrosion inhibitors.
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X-ray diffraction (XRD) measurements of as-received and inhibitor loaded HNTs were
carried out using Bruker AXS D8 Advance, USA for phase analysis. The diffraction
analysis was carried out in the 2-theta (20) range of 2-80° in a step scan mode with step
size of 0.1°. The instrument was fitted with a vertical goniometer on which Cu source and
a high speed 1D Lynx Eye detector were mounted and the XRD profiles were acquired in
symmetric geometry.

BET surface area and pore volume measurements were carried out for inhibitor loaded
and unloaded HNTs by using a Micromeritics ASAP 2020 surface area and porosimetry
analyser. Nitrogen adsorption-desorption was carried out at 77 K during the analysis.
Adsorption experiments were carried out after degassing all the samples at 300 °C for 6 h
under vacuum. Brunauer—Emmett—Teller procedure was employed to evaluate the specific
surface area. The nitrogen adsorption volume was used to obtain the pore volume at a

relative pressure (P/Po).

3.3.2 Adhesion Test

The adhesion strength of MAT, CM and SH sol based coatings on AZ91D substrates
was evaluated as per ASTM D3359-17 test procedure [27] by using cross-hatch cutter.
Scribes were made on the surfaces in the form of 1 mm? grid lines. A pressure sensitive
scotch adhesive tape was applied over the grid and pulled off rapidly at an angle close to
180°. Optical microscope (Olympus BX51M) was used to examine the samples for any
removal of the coating and then classified as OB to 5B based on percentage of coating

removed.

3.3.3 Weight loss measurements

Weight loss measurements of bare and coated AZ91D substrates with dimensions of
2.5 cm x 2 cm were carried out according to ASTM G31 [28]. AZ91D substrates were
immersed in 200 ml of 0.6 M NaCl solution for different durations like 24 h, 72 h and 120
h. The substrates were washed with DI water and ethyl alcohol to clear away any loosely
adhered salt and then exposed to chromic acid (200 g/L) solution for 2 min for eliminating
the corrosion products accumulated on the surface. The traces of chromic acid were
removed from the substrate surface by repeated washing with DI water and ethanol. The
substrates were weighed prior and after immersion in NaCl solution and the corrosion rates
were calculated using the weight difference. The repeatability of corrosion rates was
examined by obtaining the weight losses of uncoated and coated substrates for three

substrates each.
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8.76 X 10* x w
txXAXp

Corrosion rate =

Where, w is weight loss in grams (g), t is exposure time in hours (h), A is exposed area

in cm? and p is density of the alloy in g/cm?.

3.3.4 Electrochemical measurements

Electrochemical analyser (CH Instruments, Model 600E Series) was used for carrying
out electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
measurements. The three electrode configured system was composed of saturated calomel
electrode (SCE) as reference electrode, platinum electrode as counter electrode and the
substrate as working electrode with an exposure area of 1 cm?. The EIS experiments were
performed over a frequency range of 1 MHz to 0.01 Hz using an AC signal of 10 mV
amplitude. The potentiodynamic polarization measurements were carried out on Mg alloy
AZ91D after exposure to 0.6 M NaCl solution for various durations by applying potentials
with reference to OCP over a range of £ 0.3 V with 0.8 mV/s scan rate.

3.3.5 Scanning Vibrating Electrode Technique (SVET) Measurements

SVET with Biologic SCV 470 control unit was used to evaluate the self-healing ability
of uncoated and coated AZ91D substrates. The measurements were performed on
substrates with dimensions 10 mm x 10 mm and a scan area of 4 mm x 4 mm with 64 x 48
points along X and Y axes. Uncoated and coated substrates were immersed in 0.6 M NaCl
solution after generation of artificial defects having size in the range of 0.1 to 0.3 mm? with
a depth of 30£1.0 um and a width of 180 pum. Scans were started within 5 min of exposure
to the electrolytic solution and the data were collected for various durations of exposure.
Each scan comprised of 400 data points on a 20 x 20 grid with 1s per point integration time.
30 min are required for each complete scan with 5 min rest period between two scans.
Vibrating electrode was used at a frequency of 100 Hz. Open circuit potential (OCP) was
considered as a reference potential for all experiments. Current density data was obtained
after various durations of exposure. 3D current density maps are used to depict cathodic
and anodic regions denoted by negative and positive current densities, respectively for each

scan area.

3.3.6 Micro-Raman spectroscopic analysis
Micro-Raman spectroscopic analysis was performed for confirmation of self-healing

mechanism. The measurements were carried out in the scribed areas of uncoated and SH
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sol coated substrates immediately after scribing and after 120 h of exposure of scribed area
to 0.6 M NaCl solution. The data was acquired using Horiba Jobin Yvon-Lab Ram HR-800
Raman spectrometer with Argon ion laser of 514 nm as the light source over the scan range

of 100-1000 cm L.

3.4 Results and Discussion
3.4.1 Morphological analysis of as-received and inhibitor loaded HNTs
Morphological analysis of as-received and inhibitor loaded and end-capped HNTs was
performed by FESEM and TEM analysis for measurement of tube length and lumen
diameter. SEM-EDS analysis was performed to examine the appearance of corrosion
inhibitors after loading into HNTs. The surface morphology and SEM-EDS analysis of
inhibitor unloaded and loaded HNTSs is depicted in Fig. 3.3. The as-received HNTs showed

tubular nature with lengths varying in the range of 0.1-2 um and lumen diameters in the
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Figure 3.3: FESEM images (a), (d); TEM images (b), (¢) and EDS spectra (c), (f) of as-
received HNTs and inhibitor loaded HNTs

range of 10-15 nm as shown in Fig. 3.3 (a) & (b). Elemental analysis of as-received HNTSs
confirmed the composition to be aluminosilicate as shown in Fig. 3.3 (¢). The as-received
HNTSs were loaded with cationic Ce**-Zr** corrosion inhibitors by vacuum evacuation and
end stoppered using polymeric microcapsules to prevent the untimely release of inhibitors.
FESEM and TEM images of inhibitor loaded HNTs shown in Fig. 3.3 (d) and (e)
respectively, depicted that the corrosion inhibitors have covered the surface of HNTSs,
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which was confirmed by EDS analysis in Fig.3.3 (f) indicating appearance of Ce*-Zr**,
The morphology of polymer-based microcapsules used for stoppering the ends of
encapsulated HNTs was observed using FESEM as shown in Fig. 3.4. The diameter of

microcapsules was found to be in the range of 0.5-1.5 pm.

N

Figure 3.4: FESEM images of polymeric microcapsules

3.4.2 XRD analysis
XRD profiles of as-received and inhibitor encapsulated and end capped HNTs are as

shown in Fig. 3.5. The XRD patterns of as-received and inhibitor encapsulated and end
capped HNTs were found to be similar having no shift in 20 values of (001) and (020)
peaks. The peaks (001) and (020) corresponded to multilayer wall packing and tubular
nature of HNTSs, respectively. Hence, it could be concluded that corrosion inhibitors were
encapsulated inside the lumen of HNTs and did not intercalate in the interlayer spacing of
HNTSs, as there was no shift in (001) & (020) peak positions [29].

——Ce-Zr-HNT
——HNT

4000

4.5 A° (020)

3000

2000 +

T T T
10 20 30 40 50 60 70 80 S0 100
20 (Deg.)

% 7.3 A" (001)

Intensity (a.u.)

Figure 3.5: XRD profiles of as-received and inhibitor encapsulated HNTs

3.4.3 BET pore volume and surface area analysis
The encapsulation of corrosion inhibitors into the lumen of HNTs was ascertained with

BET pore volume and surface area analysis. The variation in pore volume with respect to
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pore diameter in case of as-received and inhibitor encapsulated and stoppered HNTSs is
depicted in Fig. 3.6.
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Figure 3.6: Pore volume analysis of as-received and inhibitor encapsulated and
stoppered HNT

The surface area of as-received and inhibitor encapsulated HNTs was found to be 48.93
m?/g and 14.51 m?/g, respectively, which indicated that the inhibitor may have either got
loaded into the lumen of HNTSs or got adsorbed on their surface. The loading of inhibitor
into the lumen was further verified from pore volume measurements, which was determined
to be 0.0002495 cm®/g and 0.0001520 cm?/g for as-received and inhibitor encapsulated
HNTSs, respectively, which confirmed that the corrosion inhibitor encapsulation has taken
place inside the lumen.
3.4.4 Thickness and adhesion strength of coatings

SEM cross sectional analysis was used to measure the thickness of SH coatings based on
inhibitor loaded and stoppered HNTs. The thickness of SH coating was found to be around

4.20 pum as observed from SEM cross sectional image shown in Fig. 3.7.
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Figure 3.7: SEM cross sectional morphology of SH coating
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The adhesion strength of coatings was evaluated by using tape adhesion test according
to ASTM D3359-17 and the results are classified as shown in Fig. 3.8 [29]. The optical
microscopic images for adhesion test of coated substrates carried out using cross-hatch
cutter are as shown in Fig. 3.9. Very smooth edges of cut were observed with MAT sol
coatings on AZ91D (Fig. 3.9a, 3.9b) after peeling off the tape. Hence, the coating adhesion
was considered as rank 5B, which denoted best adhesion property as per ASTM D3359-17.
Similarly, in case of SH sol coatings (Fig. 3.9e, 3.9f), no removal of coating around the
edges was observed and the adhesion was ranked as 5B. However, around 35 % of the
coated area was detached after the removal of tape in case of CM sol coatings (Fig.3.9c,

3.9d) and the coating adhesion was ranked as 2B.

[ CLASSIFICATION OF ADHESION TEST RESULTS |

PERCENT SURFACE OF CROS5-CUT AREA FROM WHICH
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REMOVED AND ADHESION RANGE BY PERCENT
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65%

Figure 3.8: Classification of adhesion test results as per ASTM D3359-17
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Figure 3.9: Optical microscopic images of adhesion test of MAT sol coated (a, b),
CM sol coated (c, d) and SH sol coated (e, f) substrates before putting on tape and after
removal of tape
3.4.5 Weight loss experiments

Corrosion resistance evaluation by weight loss measurements lend more practical data
on the durability and corrosion resistance of uncoated and coated substrates. Here, rate of
corrosion (Fig. 3.10) was evaluated for uncoated and coated AZ91D substrates after 24 h,
72 h and 120 h of exposure to 0.6 M NaCl solution. It can be observed that, the barrier
property of MAT sol and SH sol coated substrates remained intact up to 24 h of exposure,
thereby showing least corrosion rate. However, with increased durations of exposure to

corrosive medium, the corrosion rate increases owing to the depletion of barrier property.
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Until 72 h of exposure, bare substrates have shown decreased corrosion rate owing to the
formation of thin oxide/hydroxide layer that restricts the corrosive attack on the surface.
After 120 h, it can be ascertained that SH sol coated substrates showed least corrosion rate,
implying that inclusion of inhibitor encapsulated clay nanotubes provided better barrier
properties than CM sol coated specimen where corrosion rate was very high for all

durations of exposure.

Corrosion Rate (mm/y)

24 h 72 h 120 h
Time of exposure

Figure 3.10: Comparison of corrosion rates of bare and coated substrates after various

durations of exposure to 0.6 M NaCl solution

3.4.6 EIS and potentiodynamic polarization measurements

EIS and potentiodynamic polarization measurements were performed for evaluation of
the anticorrosion properties of bare and coated (MAT, CM and SH) AZ91D samples after
exposure to 0.6 M NaCl solution for various durations such as 24 h, 72 h and 120 h.

The Nyquist plots and bode plots for uncoated and coated substrates exposed to 0.6 M
NaCl solution for different durations are depicted in Fig. 3.11 and Fig. 3.12 respectively.
As observed from Table 3.1, after 24 h of exposure, SH sol coated substrates showed lower
corrosion resistance because of reduced barrier property with the dispersion of HNTSs,
which could be confirmed from higher capacitance values. After 72 h of exposure, SH
coated substrates showed higher impedance values because of generation of passive layer
of oxides of cerium and zirconium after the corrosion inhibitor release from HNTSs. The
corrosion resistance of SH sol based coatings was found to increase with prolonged
exposure of 120 h owing to the controlled release of corrosion inhibitors from lumen of

HNTSs. CM sol coated substrates showed lowest corrosion resistance after 72 h as HNTs do
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not have favourable aspect ratio for dispersion in matrix sol as evaluated by Huttunen-
Saarivirta et al. [30] who showed that the HNTs were distributed randomly into the coating
matrix. After prolonged exposure of 120 h, though the corrosion resistance is on the higher
side, the double layer capacitance is also higher for CM sol based coatings as compared to
that of SH sol based coatings. This could indicate that CM sol based coatings have higher
permeability to corrosive ions due to the porous nature of coatings. After 24 h of exposure,
MAT sol coated substrates displayed highest impedance values in high frequency region,

thereby showing higher corrosion resistance for MAT coated substrates owing to the better
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Figure 3.11: Nyquist plots for uncoated and coated AZ91D substrates after (a) 24 h, (b)
72 hand (c) 120 h exposure to 0.6 M NaCl solution

barrier properties. However, the corrosion resistance of MAT sol coated substrates
decreased with the exposure of 120 h, which may have arised because of depletion of barrier
properties of coatings. Bare substrates have shown considerable amount of corrosion

resistance after 24 h of exposure due to thin film of oxides/hydroxides present on the
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surface. However, it could be observed that, with the increase in exposure durations, the
capacitance of this film was also increased indicating the increase in porosity of film and

hence lower corrosion resistance.
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Figure 3.12: Bode plots for uncoated and coated AZ91D substrates after (a) 24 h, (b) 72 h
and (c) 120 h exposure to 0.6 M NaCl solution
In case of EIS studies, best suited electrical equivalent circuit was preferred for

analysing the impedance data of coated and bare substrates as depicted in Fig. 3.13.
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Re R,
Electrolyte | Supsirate : Electrolyte
(@) (b)

Figure 3.13: Equivalent electric circuits used to fit EIS data of (a) bare and (b) coated
substrates
In case of bare substrates (Fig. 3.13a), very thin porous oxide/hydroxide film is formed
after exposure to corrosive medium which provides negligible corrosion resistance.
Further, this thin film was removed during pretreatment of substrates. Hence, the results
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were fitted with one-time constant circuit for bare substrates where, the charge transfer

resistance (Rqt) is in parallel with electrical double layer capacitance (CPEea) Which is in

series with solution resistance. For coated substrates, two-time constant circuit was used in

which the charge transfer resistance (Rc) is in parallel with electrical double layer

capacitance (CPEea)) which is in series with coating resistance (Rcoat) With Ceoat

corresponding to coating capacitance. Here, constant phase element is preferred over pure

capacitor as the Nyquist plots are deviating from ideal semi-circle behaviour. This non-

ideal frequency response could be associated with the inhomogeneity of the surface of

metal originating from interfacial phenomena or surface roughness. The magnitude of

pseudo capacitance was evaluated using following expression:

C=(Q,xR)*M(1+R)

)

Where, C is pseudo capacitance in F/cm?; Qo is Constant Phase Element in S-sec"/cm?;

n is frequency factor and R is resistance in Q.

Table 3.1: EIS fit data for bare and coated substrates exposed to 0.6 M NaCl solution for

various durations

Ccoat/
Sl. | Exposure Rs Recoat Ret Ceal/CPE
_ Substrate CPE '
No. Time Q.cm? Q.cm? Q.cm? Flcm?
Flcm?
Bare 291.5 - 3.7E6 - 1.5E-8 0.001
MAT 234.9 2.6E4 5.2E6 1.5E-11 3.5E-8 0.0023
01 24 h
CM 106 4.3E4 1.7E6 14E-11 2.4E-8 0.0072
SH 159.3 1.3E5 3.2E5 4.1E-6 4 5E-5 0.028
Bare 632.4 - 1.5E7 - 5.6E-8 0.0037
MAT 765.6 7.3E4 1.3E7 9.8E-12 7.8E-9 0.0038
02 72 h
CM 269.3 351.3 7.6E4 5. 7E-10 4.3E-6 0.0012
SH 230.1 2.0E5 1.1E7 8.3E-12 3.4E-8 0.0038
Bare 731.6 - 1.9E5 - 2.2E-10 0.0016
03 120 h
MAT 645.7 4.4E4 9.5E6 2.5E-11 2.3E-7 0.0027
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CM 458.9 7.4E4 4.8E7 9.9E-12 2.1E-8 0.0023

Tafel plots obtained from potentiodynamic polarization studies for bare and coated
AZ91D after 24 h, 72 h and 120 h of exposure to 0.6 M NaCl solution are shown in Fig.
3.14. The polarization results showed similar behaviour of corrosion protection of bare and
coated substrates as obtained that from EIS studies. The corrosion currents and corrosion
potentials obtained by Tafel extrapolation method are mentioned in Table 3.2.

The bare substrates have shown lower corrosion current after 24 h of exposure owing
to the formation of thin film of oxides/hydroxides. However, this film tends to get
deteriorated with the increase in exposure durations thereby showing increase in corrosion
currents after 72 h and 120 h. Matrix sol coated substrates have shown lower corrosion
current after 24 h due to the better barrier properties. In this case also, the barrier properties
get deteriorated after 72 h of exposure resulting in increased corrosion current. The
corrosion current decreases after 120 h due to the formation of oxides/hydroxides film after
deterioration of barrier properties of matrix sol based coatings. CM sol coated substrates
have shown lowest corrosion current owing to the barrier properties of matrix sol and
dispersion of HNTSs into it. According to Huttunen-Saarivirta et al.[30], the HNTs are
randomly distributed in the coating matrix, which affects the barrier properties and porosity
of coatings. The corrosion potential of these coatings increases after 72 h of exposure due
to formation of oxide layer underneath the coating after diffusion of NaCl through the
coatings. After prolonged exposure of these coatings, the thin film of oxides gets
deteriorated and the corrosion potential decreases rapidly. SH sol coated substrates have
shown higher corrosion current after 24 h due to dispersion of inhibitor loaded HNTSs into
matrix sol. The corrosion currents for SH sol coated substrates were found to be decreasing
with the increasing durations of exposure and observed to be least after 120 h of exposure
owing to the release of corrosion inhibitors loaded into the HNTSs after change in localised
pH. The corrosion potential also becomes more positive due to the formation of passive
layers of hydroxides of the corrosion inhibitors Ce®" and Zr**.

103

SH 307.0 3.5E5 4.5E7 7.3E-12 2.7E-9 0.0061




1, Alcm?

1E-4 - 1E-4
1E5 1E-5
1E-6 -

: 1E-6
1E-7 =

E £ 1E7

] 9
1E:8 4 2

] - 1E8
1E9 4
1E-10+ 1593
1E-11 4 1E-10 4

1E-11

T ) T ¥ T T . T 3 T ) L P T 4 T v, T L) T
1.6 14 1.2 1.0 08 -06 -04 0.2 00 0.2 04
E, V (vs SCE)

| e — |

T

S R e S [ S [T, S, OO [ [N
21 18 45 412 08 06 03 00 03

E, V (vs SCE)

0.01!E
1E-3 4
1E-4
o~ 1E-5
E’ 1E-6§
< :
= 1E-T4
1E-8 4
1E-9é
1E-104
1E-114

1E-12]

—— Bare

E, V (vs SCE)

/Y AR S S B B C! [ S| R T O O, T [
24 -21 18 15 12 08 -06 03 00 03

Figure 3.14: Polarization plots of uncoated and coated substrates exposed to 0.6 M NaCl
solution after (a) 24 h, (b) 72 h and (c) 120 h
This could reveal that coatings have exhibited the self-healing property by releasing the

corrosion inhibitors from nanotubes, thereby providing long-term protection. These results

are further corroborated with SVET analysis.

Table 3.2: Tafel fitting parameters for uncoated and coated substrates exposed to 0.6 M

NaCl solution for various durations

Sl. . Ecorr, V (VS
Exposure Time | Substrate Icorr, Alcm? Rp Q.cm?
No. SCE)
Bare -0.613 2.3E-8 1.9E6
01 24 h MAT -0.715 1.5E-8 2.9E6
CM -0.505 6.3E-9 7.8E6
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SH -0.590 2.1E-7 2.1E5

Bare -0.834 5.2E-7 8.2E4

MAT -0.875 3.3E-7 1.4E5
02 72 h

CM -0.486 3.9E-9 1.2E7

SH -1.131 2.5E-9 1.6E7

Bare -0.662 1.0E-6 1.1E5

MAT -0.846 2.5E-8 1.7E6
03 120 h

CM -1.506 1.2E-5 2.6E3

SH -0.316 2.7E-9 1.8E7

3.4.7 SVET analysis

The SVET results of uncoated and coated (MAT and SH) AZ91D substrates immersed
in 0.6 M NacCl solution for various durations of time are depicted in Fig. 3.15. High anodic
current flow depicted by red colour indicated the increased corrosion rate at the localised
defect area because of small anode large cathode configuration. This revealed that the
surface of substrate is exposed to the corrosive medium due to the depletion of passive
oxide film.

In case of MAT sol coated substrates, the anodic current at the defect area was found
to be higher after initial durations of exposure, which got decreased after 24 h because of
restoration of barrier property of coatings. Current density maps of Ce**-Zr** loaded HNT
based SH sol coated substrates have shown that anodic current density at the defect area
was observed to decrease consistently with the increase in exposure durations. After 24 h,
the current density was decreased drastically, due to self-healing activity and hence, SH sol
based coatings have shown very low corrosion rates. The SVET data emphatically
confirmed that the corrosion protection takes place because of release of corrosion
inhibitors from the lumen of clay nanotubes. These coatings exhibited barrier property due
to the matrix sol and self-healing property from the inhibitor-encapsulated HNTs, which
plays an active role after depletion of barrier property with the localised pH change. Thus,
SVET measurements confirmed that under the influence of localised pH, SH sol coated
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Figure 3.15: Current density maps for the bare, MAT sol coated and SH sol coated
AZ91D after exposure to 0.6 M NaCl: (a) Initial, (b) after 1h, (c) after 12 h and (d)
after 24 h
AZ91 substrate could heal the damaged coatings without external intervention because of
self-healing mechanism. This results in decrease of current densities even after longer
durations of exposure to the corrosive medium, unlike the bare substrate. The current
density of bare substrates at the defect area was found to be increasing with the increase in
exposure durations to the corrosive medium. The self-healing ability of Ce**-Zr** loaded
HNT based coatings would be further confirmed with Micro-Raman spectroscopic analysis
and will be discussed in next section.
3.4.8 Micro-Raman spectroscopic analysis

The scribed area on uncoated and SH sol coated AZ91D substrates was analysed before
and after 120 h exposure to 0.6 M NaCl solution using Micro-Raman spectroscopic
analysis. The spectra of bare and coated substrates obtained under both the conditions are
depicted in Fig. 3.16. Bare substrates have shown the spectrum with broad peaks at 254
cmt and 446 cm, which are due to MgO and Mg(OH). before exposure to 0.6 M NaCl

106



solution. As depicted in Fig. 3.16 (a), peaks of Al.Oz and ZnO also have been observed on
the scribed area at 633 cm™; 752 cm™ and 380 cm respectively. Spectrum has depicted
broad nature of peak, which could correspond to the formation of thin porous layer of
oxides on the surface of substrates. However, the spectrum has shown sharp and high
intensity peak at 254 cm™ after 120 h of exposure to 3.5 % NaCl on scribed area which
revealed that the oxides with crystalline phase have formed (Fig. 3.16 (b)) [31].

Spectrum of SH sol coated substrates (Fig. 3.16 (c)) showed the presence of MgO,
Mg(OH) at 254 cm™and ZnO at 393 cm™* before exposure to NaCl solution in scribed area.
After 120 h of exposure (Fig. 3.16 (d)), sharp peaks at 233 cm™ and 560 cm™* conform to
ZrOy; peak at 277 cm™ corresponds to MgO, whereas peak at 449 cm™ corresponds to CeO,
in scribed area [32,33]. This confirms the self-healing ability of coatings owing to the
release of corrosion inhibitors into the scribed area. The photographs of bare and scribed
SH sol coated AZ91D substrates before and after exposure to 0.6 M NaCl solution for 120
h are depicted in Fig. 3.17.

EIS and polarization measurements precisely confirmed that the inhibitor encapsulated
HNT-based self-healing coatings could deliver enhanced anticorrosion properties as
compared to the hybrid matrix sol-based coatings after prolonged exposure to corrosive
medium. The coatings represent a potential to heal the damage by the release of corrosion
inhibitor from HNTSs, thereby providing the corrosion protection by two ways. First one is
by development of a protective passive film of oxides and second by generation of barrier
layer of polyethylene oxide (PEO) because of polymerization of epoxy functional group

from the hybrid matrix sol as depicted in below equation.

3 e H, K
o ] Ce* . Zn o 'é_H O
HC—CH, + HC—CH, HzL’I' "0O"H (2' ~—~
R R" R’

Epoxides Polvethvlene oxide

R~ = Organic radical
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Figure 3.16: Micro-Raman spectroscopic analysis of uncoated AZ91D (a) before
exposure; (b) after exposure and SH sol coated AZ91D (c) before exposure; (d) after
exposure to 0.6 M NaCl solution for 120 h

Cationic corrosion inhibitors initiate both these mechanisms, thereby rendering better
barrier properties. The autonomic-healing phenomenon as mentioned earlier could be
confirmed by SVET analysis and electrochemical measurements. Micro-Raman
spectroscopic analysis could confirm the phase compositions to be CeO2 and ZrO; on the
scribed area after exposure to NaCl solution. Hence, it could be concluded that micro-
Raman spectroscopy can also be used as an analytical tool along with scanning
electrochemical techniques to confirm the self-healing ability of the coatings. A schematic
representation showing stages of self-healing phenomena of coating such as crack initiation
and autonomic-healing of crack after generation of passive film along with development of

a PEO layer in presence of catalysts is depicted in Fig. 3.18.
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Figure 3.17: Photographs of (a), (b) bare and (c), (d) SH sol coated scribed substrates before
and after 120 h of exposure to 0.6 M NaCl solution
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Figure 3.18: Schematic representation of self-healing mechanism of coating: (a) as-generated
coating; (b) after crack initiation and (c) self-healing layer formation
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Chapter-4

Ce**-Zr*" intercalated montmorillonite nanoclay-based coatings

4.1 Introduction

In chapters 1 and 2, the use of naturally occurring nanoclay as a cost-effective approach
for encapsulation of corrosion inhibitors and application in corrosion protection coatings
was discussed and reviewed. In Chapter 3, one of the naturally occurring nanoclay,
halloysite nanotubes (HNT) was found to be efficient for prolonged corrosion protection of
Mg alloy when cationic Ce®**-Zr** corrosion inhibitors are loaded into it.

Layered nanoclay materials having ion exchanging capability are also emerging smart
materials for corrosion protection of metals and alloys. These nanoclays come with an
ability to intercalate the cationic or anionic corrosion inhibitors in their structure. Layered
aluminosilicate clays such as bentonite and montmorillonite (MMT) belonging to smectite
group are widely used cationic exchange compounds in the field of corrosion protection
owing to their beneficial properties like particle size <10 pm, ion exchanging ability and
large surface area (~100 m?/g) [1]. Literature studies have evaluated that the pillaring of
MMT clay particles with cations results in increased surface area and cation exchange
capacity [2]. The crystal structure of layered MMT clay is comprised of tetrahedral silicate

layer coalesced with an edge shared octahedral aluminate layer as shown in Fig. 4.1.
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Figure 4.1: Structural representation of MMT clay [3]

114



The natural chemical components of MMT clay can be represented with the molecular
formula as, (Na, Ca)o.s3(Al, Mg)2(Siz010) (OH)2.nH20. Usually, the metal cations such as
Na*, Ca®*, AI*", etc. are intercalated between the layers of silica and alumina, which can be
exchanged with the cations of corrosion inhibitors [4].

Sorkhabi et al. [5] have generated hybrid sol-gel coatings dispersed with MMT
nanoclay (cloisite® Na*, cloisite® 20A, and cloisite® 30B) and amino acids as corrosion
inhibitors (L-glutamine, L-methionine and L-alanine) on AZ91 substrates pretreated with
cerium-lanthanum permanganate (CLP) conversion coatings. The number of parameters
such as molar ratio of silane precursors, withdrawal speeds of dip coating, residence time,
number of exposure durations to 0.6 M NaCl solution and different concentrations of
montmorillonite clays and amino acids were optimised. Danaee et al. [6-9] added various
concentrations of MMT clay and cerium nitrate hexahydrate into epoxy matrix to generate
nanocomposite coatings on carbon steel. It was examined that nanocomposite coatings
without clay particles included some microcracks and perforations, whereas the one with
clay particles showed improved corrosion protection. Electrochemical Impedance
Spectroscopic (EIS) and Energy Dispersive Spectroscopic (EDS) analyses showed that the
coatings provided better barrier properties when scribed, due to the migration of cationic
Ce®" into the damaged area. 1zadi et al. [10] have evaluated the inhibition efficiency of
Ocimum Basilium (basil leaf extract) intercalated into Na-MMT and examined the
corrosion protection ability of inhibitor intercalated MMT dispersed silane coating on mild
steel. Electrochemical studies in 0.6 M NaCl solution for different durations of exposure
revealed that 10 g/l concentration of inhibitor intercalated MMT showed enhanced
corrosion resistance for longer durations owing to the formation of Fe?* basil chelates at
the coating-metal interface.

Zou et al. [11] have generated hydrothermal coatings comprised of Zn?* intercalated
MMT clay on AZ31 Mg alloy. Electrochemical and immersion studies were carried out in
Dulbecco’s modified eagle medium (DMEM) with 10% calf serum to evaluate the barrier
property, cytocompatibility, degradation behaviour and antibacterial activity of the coatings
for longer durations of exposure. Ghazi et al. [12] dispersed 3 wt % of cationic
benzamidazole (BIA) and Zn?' intercalated Na-MMT into nanocomposite epoxy ester
coatings which were then generated on steel panels. EIS studies for 1 day and 25 days in
0.6 M NaCl solution revealed that coatings based on BIA- MMT and BIA-MMT + Zn-
MMT showed enhanced corrosion resistance as compared to blank, Zn-MMT and Na-

MMT based coatings. FE-SEM analysis showed that cationic corrosion inhibitors have
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released into scribed area during salt immersion test for 11 h, thereby showing the self-
healing ability of coatings. Thai et al. [13] dispersed Ce*" intercalated Na-MMT into hybrid
sol, which was deposited on Al alloy AA2024. Electrochemical measurements and salt
spray tests revealed that Ce-MMT gave enhanced barrier and self-healing properties after
exposure to 0.59 wt % NaCl solution owing to the 60 % release of Ce®* as observed from
UV-visible spectroscopic measurements. Mo et al. [14] have pretreated Na-MMT with
chitosan, intercalated with Ce®* and further dispersed into waterborne polyurethane
coating. EIS studies and salt spray tests for 14 days and 32 days revealed that coatings
comprised of chitosan modified Ce-MMT did not show appearance of any corrosion
product and significantly showed highest impedance. Mohammadi et al. [4] have generated
epoxy coatings dispersed with cationic Ce®* intercalated Na-MMT on mild steel substrates.
Electrochemical studies showed enhanced corrosion inhibition property of Ce3* on mild
steel panels after 48 h of exposure to 0.6 M NaCl solution. The barrier properties of epoxy
coatings with Ce-MMT were evaluated using electrochemical studies and salt spray tests
for 60 days and observed that epoxy coatings with Ce-MMT showed enhanced corrosion
protection as compared to that with Na-MMT and neat epoxy coating. Truc et al. [15]
modified Na-MMT with 8-hydroxyquinoline (HQ) which was further incorporated in
epoxy matrix and deposited on carbon steel substrates. The inhibition ability of HQ was
evaluated using electrochemical studies in 0.59 wt % NaCl for 20 h. The corrosion
protection ability of HQ-MMT dispersed epoxy coatings was compared with quaternary
ammonium salt modified MMT using EIS and salt spray tests for 21 days and 240 h
respectively.

Santana et al. [16] pretreated AISI 1010 mild steel substrates with phosphoric acid and
then dip coated with hybrid sol-gel matrix dispersed with 0.5 wt % of both laponite layered
nanoclay and Ce(l11) as corrosion inhibitor. Electrochemical measurements in 0.06 M NaCl
solution for 24 h revealed that the dispersion of nanoclays into coating matrix retarded the
diffusion of corrosive medium into the substrate and Ce (I11) inhibited the corrosion process
in case of damage to the coating. Naderi et al. [17] generated hybrid sol-gel coatings on
alkali pretreated pure Al substrates. The coatings matrix was dispersed with various
concentrations of Ce (NOs)z as corrosion inhibitor and Na-MMT nanoparticles. The
coatings with 100 ppm and 5000 ppm of Ce (NOgz)s and Na-MMT, respectively imparted
superior corrosion protection than the coatings with either Ce (NO3)3 or Na-MMT owing
to the formation of insoluble passive film at cathodic site. Hybrid silane coatings were

developed on hot dip galvanized steel by Deflorian et al. [18], which were dispersed with
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various concentrations of Na-MMT nanoparticles and 5 wt % of ceria enriched MMT
nanoparticles. It was observed from electrochemical studies that, coatings dispersed with
Na-MMT were better protective and dispersion of ceria enriched MMT did not enhance the
anticorrosive properties of silane coatings. Number of other studies [19-24] have been
carried out by dispersing MMT clay into sol-gel matrix and polymer matrix to generate
nanocomposite coatings on metals and alloys substrates.

As observed from literature survey, there are very few reports [1, 5, 25] on corrosion
protection of Mg alloys by dispersing MMT clay into coating matrix as an additive, whereas
only one article has been reported [11] for intercalation of cations into layered structure of
MMT. This chapter includes detailed explanation of our studies where, cationic Ce3*-Zr**
inhibitors were intercalated into MMT and then 2 wt % of them were dispersed in hybrid
sol-gel matrix, to generate self-healing coatings on Mg alloy AZ91D. In order to delineate
the effect of MMT alone on the protective properties of coatings, as-received MMT was
dispersed in hybrid matrix sol and coatings generated were subjected to the same set of
investigations as the coatings derived from sols with inhibitor intercalated MMT. In the
following sections, the methodology used to synthesize the as-received MMT dispersed
matrix sol (Clay matrix, CM sol) and MMT clay based self-healing (SH) sol followed by
characterization of generated coatings by various electrochemical methods will be

discussed.

4.2 Materials and Methods
4.2.1 MMT clay modification methodology

Aluminum pillared MMT clay (Sigma Aldrich, USA) was modified with the cationic
corrosion inhibitors, Ce®**-Zr** using two different ways, namely (a) physical mixing of
MMT clay with corrosion inhibitor solution under constant stirring conditions and (b)
addition of MMT clay into corrosion inhibitor solution followed by evacuation in vacuum
desiccator. This could result in intercalation of cationic inhibitor into the interlayer spacing
of MMT as depicted in Fig. 4.2. The synthesis of hybrid sol and corrosion inhibitor solution
was carried out as per procedures mentioned in section 3.2 of Chapter 3. In the first
approach (a), 5 g of aluminum pillared MMT clay was mixed with corrosion inhibitor
solution under constant stirring conditions for 30 min. The inhibitor mixed MMT clay
(IMM) was centrifuged at 5000 rpm for 10 min to separate it from inhibitor solution,
washed repeatedly with 2-propanol and water to remove any adsorbed inhibitor and

thermally treated in hot air oven at 80 °C for 1 h. In another approach (b), the pillared MMT
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clay was dispersed into inhibitor solution and then evacuated multiple times under vacuum
for 3 h. The aforementioned procedure for separating the clay from inhibitor solution was

implemented to obtain inhibitor evacuated MMT clay (IEM).

Octahedral Alumina

Interlayer Cations

Exchange reaction

| > (Eren E)EeDén)
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Corrosion inhibitor
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Tetrahedral Silica

Al Pillared Clay Ce/Zr Intercalated Clay

Figure 4.2: Schematic representation of intercalation of corrosion inhibitors into
layers of MMT
4.2.2 Synthesis of sols and coating deposition
In order to examine the effect of the addition of MMT clay, 2 g of aluminum pillared
MMT clay was dispersed in 98 g of hybrid MAT sol to obtain the clay matrix (CM) sol. 2
g of above mentioned inhibitor modified clays (IMM and IEM) were dispersed in MAT sol
to synthesize IMM and IEM sols under constant stirring for 3 h. The substrate preparation

and coatings generation was performed as mentioned in section 3.2 of chapter 3.

4.3 Characterization Techniques
4.3.1 MMT clay analysis

Field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM) were used to examine the morphological properties of as-received and
inhibitor modified MMT clay followed by elemental analysis using scanning electron
microscope (SEM) fitted with EDS. X-ray diffraction (XRD) studies and small angle X-
ray scattering (SAXS) analysis were performed to evaluate phase changes of as-received
and inhibitor modified MMT clay.

Dual energy Mo-Cr SAXS system (Xeuss 1.0, Xenocs, France) was used to evaluate

the inhibitor modified clays for the intercalation of corrosion inhibitors into the lamellar
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spacing of clay. Mo as a source for X-rays with sample to detector distance of 550 mm was
used to measure g-values in the range of 0.7-10 nm™, where, q = 47" sin (276) is the modulus

of momentum transfer. A and 6 represent the wavelength of the incident X-ray and
scattering angle, respectively. MMT clay was mounted in the scotch magic tape (3M, USA)

for carrying out the measurements.

4.3.2 Coating characterization

The coatings were characterized for their adhesion strength using a cross-hatch cutter
and tested according to ASTM B3359-17. The thickness of coatings was measured by using
coating thickness gauge PosiTector® 6000 (DeFelsko Corporation, USA) and was found to
be 51 pum for CM sol coatings, 71 pum for IMM sol coatings and 2.5+0.5 pum for IEM sol
coatings. The anticorrosion properties of coatings were examined by using electrochemical
measurements such as EIS and potentiodynamic polarization; weight loss experiments,
whereas the self-healing ability of coatings was examined through scanning vibrating
electrode technique (SVET) as mentioned in section 3.3 of chapter 3 and salt immersion
test followed by SEM-EDS analysis.

Immersion tests were performed on MMT sol coated AZ91D substrates by exposing
them to 0.6 M NaCl solution for 120 h. A scribe was made on the substrates at certain areas
before exposing them to corrosive media. Nano-indenter was used to make the scribe as
‘X’ mark on the coated surface having width of 171+17 pm and depth of 20+1.0 pum.
Surface morphology and elemental mapping of scribed substrates before and after exposure
were then analyzed with SEM-EDS.

4.4 Results and Discussion
4.4.1 Morphological analysis of as-received and inhibitor modified MMT

The morphology of as-received MMT clay and corrosion inhibitor modified MMT clay
examined using TEM and FESEM analyses is as shown in Fig. 4.3. SEM-EDS analysis was
performed to examine the presence of corrosion inhibitors after modification of clay.
FESEM analysis (Fig. 4.3a, 4.3b & 4.3c) revealed agglomerated flake like structure of as-
received and IEM clay, whereas IMM clay was observed to be in the form of single lump.
TEM images (Fig. 4.3d, 4.3e & 4.3f) clearly depicted layered structure in case of MMT and
IEM, whereas IMM has shown some covering on the layers. SEM-EDS has revealed that,
Al pillared MMT clay (Fig.4.3g) was primarily composed of silica and alumina with some

traces of Mg, Na and Ca. Some traces of Ce**and Zr** were observed in IEM clay (Fig.4.3i),
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whereas IMM clay (Fig.4.3h) has shown excessive amount of Zr*, which could be
adsorbed on the surface of MMT. These results could be further corroborated with SAXS
and XRD analyses.
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Figure 4.3: FESEM images (a), (b), (c); TEM images (d), (e), (f) and EDS spectra (g), (h), (i)
of as-received MMT, IMM and IEM clays
4.4.2 XRD and SAXS analyses
XRD profiles of as-received MMT and cationic corrosion inhibitor exchanged MMT
clay are depicted in Fig. 4.4 (a). In case of as-received MMT, the sharp peak at 4.80°
indicated the crystalline phase. The inhibitor intercalated IEM clay also showed sharp peak
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Intensity {counts per second)

at 4.83°, which indicated that there is no change in lamellar crystal structure of MMT after
intercalation of corrosion inhibitors with vacuum evacuation. However, IMM clay has
shown broad peak at 6.10° with some shift in the peak position, which could occur due to
delamination of the layered structure of clay because of adsorption of corrosion inhibitors.
This could be further corroborated with SAXS analysis as described below.

SAXS analysis of as-received MMT and cationic corrosion inhibitor exchanged MMT
clay with scattering intensity range of g = 0.3 nm™ to g = 10 nm™ are as shown in Fig. 4.4
(b). In case of as-received MMT, a well-defined peak (100) at g = 3.64 nm™ (d = 1.73 nm)
was corresponded to the lamellar structure of Al pillared MMT clay. IMM clay has shown
weak and broad peak at g = 3.23 nm™ (d = 1.95 nm) indicating that there is change in
lamellar structure of MMT and the amorphous crystal structure. Matusewicz et al. [26] have
shown that weak and broad peaks of MMT clay denote smaller crystallites and worse
lamellar structure, whereas sharp and clear peak represent better lamellar order of stacks.
In case of IEM clay, (100) peak has shown negligible shift in the position with
g =3.62 nm™(d=1.74 nm). Thus, it can be observed that there was no change in the layered

structure of MMT clay after intercalation of corrosion inhibitor by vacuum evacuation

approach.
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Figure 4.4: (a) XRD patterns and (b) SAXS spectra as function of q for as-received MMT,
IMM and IEM clays

4.4.3 Adhesion strength of coatings
The adhesion properties of coatings was measured using tape adhesion test according
to ASTM D3359-17 and the results are classified as mentioned in Fig. 3.8 of chapter 3.

Optical microscopic images for adhesion test of coated substrates carried out using cross-
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Figure 4.5: Optical microscopic images of adhesion test of CM sol coated (a, b), IMM sol

coated (c, d) and IEM sol coated (e, f) substrates before putting on tape and after removal of

tape

hatch cutter are as shown in Fig. 4.5. Very smooth edges of cut were observed with CM sol
coatings on AZ91D (Fig. 4.5a, 4.5b) after peeling off the tape. Hence, the coating adhesion
was considered as rank 4B, where less than 5 % of coating has got removed. In case of
IMM and IEM sol coatings (Fig. 4.5¢, 4.5d; 4.5e, 4.5f), very less amount of coating was
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detached around the edges and the adhesion was ranked as 5B, which denoted best adhesion
property as per ASTM D3359-17.
4.4.4 EIS and potentiodynamic polarization measurements

EIS and potentiodynamic polarization measurements were performed for evaluation of
the anticorrosion properties of MMT sol based coatings (CM, IMM and IEM) on AZ91D
samples after exposure to 0.6 M NaCl solution for various durations such as 24 h, 72 h and
120 h.

Electrochemical measurements were carried out as mentioned in section 3.3.6 of
chapter 3. The Nyquist plots and Bode plots for MMT sol based coated substrates exposed
to 0.6 M NaCl solution for different durations are depicted in Fig. 4.6 and Fig. 4.7,
respectively. The fit data obtained by using two time constant equivalent electric circuit
(Fig. 4.8) is shown in Table 4.1.
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Figure 4.6: Nyquist plots for MMT sol coated AZ91D after (a) 24 h, (b) 72 h and (c) 120 h

exposure to 0.6 M NaCl solution
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Figure 4.7: Bode plots for MMT sol coated AZ91D after (a) 24 h, (b) 72 h and (c) 120 h

exposure to 0.6 M NaCl solution

After 24 h of exposure, CM sol coated substrates have shown better corrosion protection
owing to the barrier properties of coatings. However, with the increase in exposure
durations to the corrosion medium, the barrier properties were found to be deteriorating and
the anticorrosion ability of the coatings decreased with time since, there are no corrosion
inhibitors present in the coating. IMM sol coated substrates have shown higher corrosion
resistance in low frequency region after 24 h exposure, which increases further after 72 h
and could be attributed to adsorption of Zr-n-propoxide on MMT surface. In addition to
this, IMM sol based coatings have shown lower double layer capacitance indicating the
lower uptake of water. With the increase in exposure durations to corrosion medium, the
corrosion resistance of coatings decreased drastically and coating capacitance also has
increased, thereby showing more water uptake. After 24 h of exposure, IEM sol based
coatings showed lower corrosion resistance owing to the lower coating thickness and high
porosity because of which coatings have shown high double layer capacitance. After

prolonged durations of exposure, the corrosion resistance of IEM sol based coatings
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increased owing to the release of intercalated corrosion inhibitors with the change in local
pH.
In case of EIS studies, best suited electrical equivalent circuit was preferred for

analysing the impedance data of coated and bare substrates as depicted in Fig. 4.8.

Electrolyte

Figure 4.8: Equivalent electric circuits used to fit EIS data of coated substrates

For coated substrates, two-time constant circuit was used in which the charge transfer
resistance (Rct) is in parallel with electrical double layer capacitance (CPEear) Which is in
series with coating resistance (Rcoat) With Ccoat COrresponding to coating capacitance. Here,
constant phase element is preferred over pure capacitor as the Nyquist plots are deviating
from ideal semi-circle behaviour. This non-ideal frequency response could be associated
with the inhomogeneity of the surface of metal originating from interfacial phenomena or
surface roughness. The magnitude of pseudo capacitance was evaluated using following

expression:
C=(Q,xR)*M(1+R) (1)
Where, C is pseudo capacitance in F/cm?; Qo is Constant Phase Element in S-sec"/cm?;
n is frequency factor and R is resistance in Q.

Table 4.1: EIS fit data for MMT sol coated substrates exposed to 0.6 M NaCl solution for

various durations

.cm F/lcm Flcm
CM 44.39 2735 1783 4.2E-6 6.0E-6 0.0013
24 h IMM 42.86 54.68 4125 3.4E-6 4.2E-7 0.0013
IEM 48.86 1743 566.8 4.6E-6 1.7E-5 0.0012
CM 1652 1.9E4 7.1E5 2.7E-8 7.3E-6 0.0044
ren IMM 1251 3.4E5 3.2E6 9.6E-11 1.4E-6 0.0019
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IEM 1563 1.6E4 2.5E6 4.4E-10 5.0E-7 0.0016
CM 53.82 578.9 1494 6.2E-6 5.2E-6 0.0075
120 h IMM 52.65 5553 2. 3E5 1.6E-5 1.1E-3 0.0022
IEM 52.34 6.8E4 2.8E6 7.4E-11 1.6E-4 8.8E-4

Tafel plots obtained from potentiodynamic polarization studies for MMT sol coated
AZ91D after 24 h, 72 h and 120 h of exposure to 0.6 M NaCl solution are shown in Fig.
4.9 The corrosion currents and corrosion potentials obtained by Tafel extrapolation method
are shown in Table 4.2. After 24 h of exposure, CM sol coated
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Figure 4.9: Polarization plots of MMT sol coated substrates exposed to 0.6 M NaCl
solution after (a) 24 h, (b) 72 hand (c) 120 h
substrates and IEM sol coated substrates have shown very less difference in the magnitudes
of corrosion current. This could indicate that, the barrier properties of CM sol based
coatings and IEM sol based coatings are similar before the release of intercalated corrosion

inhibitor from IEM clay. The magnitude of corrosion current of IMM sol based coatings
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was observed to be least among all coated substrates after 24 h of exposure. After 72 h of
exposure, CM sol coated substrates have shown enormous decrement in the corrosion
current, which could be attributed to formation of passive thin film of oxides that might
have improved the barrier properties of the coatings. IMM and IEM sol based coatings have
shown gradual decrement in the corrosion current after 72 h owing to the release of
adsorbed and intercalated corrosion inhibitors, respectively. After prolonged exposure of
120 h, IMM sol coated substrates showed small increment in the corrosion current, which
could indicate that the inhibition activity of corrosion inhibitors adsorbed on MMT clay
surface has reduced. In case of IEM sol coated substrates, drastic decrement in the corrosion
current was observed owing to the consistent release of intercalated corrosion inhibitors,
whereas CM sol based coatings have shown highest corrosion current because of depleted
barrier properties of coatings. These results are further corroborated with weight loss
measurements for evaluation of barrier properties of coatings.
Table 4.2: Tafel fitting parameters for MMT sol coated substrates exposed to 0.6 M NaCl

solution for various durations

E>§|[3i?;l; re Substrate Ecog(,:\E/)(vs lcorr, Alcm? Rp, Q.cm?
CM -1.598 3.8E-5 1619
24 h IMM -1.598 1.4E-5 2825
IEM -1.542 4.2E-5 1022
CM -1.108 8.3E-8 6.1E5
72 h IMM -0.872 1.6E-6 2.5E4
IEM -1.024 5.9E-6 6.4E3
CM -1.577 1.5E-5 2.1E3
120 h IMM -0.569 3.1E-6 1.2E4
IEM -0.471 5.6E-7 5.9E4

4.4.5 Weight loss experiments

Weight loss measurements lend more practical data on the durability and corrosion
resistance of MMT sol coated substrates. Here, rate of corrosion (Fig. 4.10) was evaluated
for MMT sol coated AZ91D substrates after 24 h, 72 h and 120 h of exposure to 0.6 M
NaCl solution. Due to lack of corrosion inhibitors, CM sol based substrates have shown

higher corrosion rate after 24 h of exposure. However, with the increase in exposure
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durations, the corrosion rate decreases, which could be attributed to the formation of
corrosion products. Due to adsorbed corrosion inhibitors on the surface of MMT clay, IMM
sol based coatings have shown lower rate of corrosion after 24 h and 72 h of exposure. IEM
sol based coatings showed higher corrosion rate than IMM sol based coatings up to 72 h of
exposure, owing to less adsorption of inhibitor on the surface of clay. However, once the
intercalated corrosion inhibitor gets released after prolonged duration of exposure (120 h),
the corrosion rate of IEM sol coated substrates decreased. The barrier property of IEM
based coatings was found to be best among other coatings as observed from electrochemical
studies and weight loss experiments. The self-healing ability of these coatings would be

evaluated by salt immersion test and SVET analysis in upcoming sections.
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Figure 4.10: Comparison of corrosion rates of MMT clay based coated substrates after

various durations of exposure to 0.6 M NaCl solution

4.4.6 Immersion test

In immersion test, coated and scribed substrates were exposed to 0.6 M NaCl solution
for 120 h. The substrates were cleaned thoroughly with deionized (DI) water to remove any
accumulated salt. The elemental distribution across coated surface and scribed area for CM
sol, IMM sol and IEM sol coated substrates is shown in Fig. 4.11, whereas the change in
the elemental composition for IMM and IEM sol coated substrates is mentioned in Table
4.3.

As shown in Fig. 4.11(a), negligible amount of oxides was observed on the scribed
area of CM sol coated substrates, whereas the uniform distribution of Mg and Si as well as
increase in oxide content on the coated surface and in the scribed area after 120 h of
immersion (Fig. 4.11 (b)) indicated the deterioration of coating. This could reveal that

coating will not be able to provide corrosion protection with further exposure to corrosive
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medium. In case of IMM sol coated substrates, though amount of Zr** was observed to be
increased on the scribed area after 120 h of exposure (Table 4.3), elemental mapping images
(Fig. 4.11 (c) and 4.11 (d)), have shown that, Zr** has not been distributed evenly along the
scribed and coated area, and some part of the coating has got removed after 120 h of
exposure. The reason for this could be, the adsorption of more of Zr** on the surface of clay
than getting intercalated, since the layer structure also was destroyed. Hence, the surface
adsorbed Zr** could get released quickly within a very short period of time, without
providing the slow and sustained release, which is normally required for realizing the self-
healing effect. Due to this, it may be possible that Zr** appearing in scribed area was not
enough to provide sufficient corrosion protection. Moreover, since the coating also was
seen to have got removed, prolonged corrosion protection would not be possible.

After 120 h of exposure, IEM sol coated substrates showed increased amount of Ce®*
and Zr** in the scribed area, which could indicate that the passive film of oxides of
inhibitors has formed, thereby providing the self-healing ability to the coatings. This Ce**
and Zr*" in the scribed area could be the one released from interlayers of IEM clay after
prolonged exposure to the NaCl solution. Elemental mapping after 120 h in Fig. 4.11 (f)
has revealed the presence of C and O on the coated surface, which could indicate that the
coating is still intact. Further, it was observed that Ce3* and Zr** have been uniformly
distributed over scribed area, thereby indicating that the corrosion inhibitors have released
from MMT clay owing to the change in localized pH and provide better anticorrosion
properties even after 120 h exposure to NaCl solution. These results are further

corroborated with SVET analysis.
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Figure 4.11: Elemental mapping of (a, b) CM sol coated, (c, d) IMM sol coated and (e, f)

IEM sol coated AZ91D substrates before and after exposure to 0.6 M NaCl solution

Table 4.3: Elemental analysis (in wt %) of IMM and IEM sol coated AZ91D substrates
before and after 120 h of exposure to 0.6 M NaCl solution

Substrate IMM IEM

Before exposure After 120 h Before exposure After 120 h

Elements
Surface | Scratch | Surface | Scratch | Surface | Scratch | Surface | Scratch

Mg 21.11 80.16 34.05 77.18 52.45 83.47 58.59 87.58

Al 3.12 13.64 4.54 10.98 6.14 8.52 5.11 7.01
Si 9.55 1.36 7.42 1.16 4.21 2.08 3.56 0.41
Zn 0.00 0.98 1.57 2.37 0.45 1.79 0.41 0.40
C 15.23 0.00 9.23 0.00 31.83 0.00 25.10 0.00
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o 21.73 3.40 19.35 7.01 4.07 4.09 7.11 3.95
Ce 2.06 0.46 0.67 0.87 0.76 0.00 0.11 0.34
Zr 27.20 0.0 23.17 0.43 0.09 0.05 0.00 0.31

4.4.7 SVET measurements

The current density maps obtained from SVET analysis for coated substrates immersed
in 0.6 M NacCl solution for various durations of time are depicted in Fig. 4.12. High anodic
current flow depicted by red colour indicated the increased corrosion rate at the localised
defect area because of small anode large cathode configuration. This revealed that the
surface of substrate is disclosed to the corrosive medium due to the depletion of passive
oxide film.
In case of CM sol coated substrates, gradual increase in the current density was observed
after 1 h of exposure, which could reveal that the barrier property of coatings is not passive
enough to restrict the diffusion of corrosive species. Initially, IMM sol coated substrates
showed higher anodic current in the defect area, which decreases after 1 h of exposure
owing to the release of corrosion inhibitor adsorbed on the surface of MMT clay. The
anodic current was found decreasing thereafter, due to the deterioration of passive film of
inhibitors and the barrier property of coatings could not remain longer as the inhibitors were
not intercalated into the MMT clay. IEM sol coated substrates have shown high initial
anodic current density in the scribed area in a similar manner to that of IMM sol coated
substrates. However, with the increase in exposure durations, the current density of IEM
sol coated substrates was decreased drastically owing to the formation of passive oxide film
of corrosion inhibitors. The anodic current remains on the lower side even with prolonged
exposure to the corrosive medium, thereby showing the self-healing ability of coatings due

to release of intercalated corrosion inhibitor with the change in local pH.
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Figure 4.12: Current density maps for CM, IMM and IEM sol coated AZ91D after (a) O
h, (b) 1 h, (c) 12 h and (d) 24 h of exposure to 0.6 M NaCl solution
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Figure 4.13: Schematic representation of self-healing mechanism by IEM clay-based
coatings on AZ91D

SAXS and XRD analyses showed that lamellar structure of MMT clay remains
unchanged after intercalation of corrosion inhibitor with evacuation method. Further, EIS
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studies and weight loss experiments clearly stated that IEM sol coated substrates showed
better barrier properties as compared to that for CM sol coated and IMM sol coated
substrates for prolonged durations of exposure. The self-healing ability of coatings was
further examined by immersion test and SVET analysis and it was observed that IEM sol
based coatings could give better anticorrosion properties for longer durations of exposure
to corrosive media. The schematic representation of self-healing mechanism of IEM sol

based coatings is shown in Fig. 4.13.
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Chapter 5

CORROSION RESISTANCE OF DIFFERENT
CORROSION INHIBITOR LOADED IN AS-RECEIVED
AND ETCHED HALLOYSITE NANOTUBES
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Chapter-5
Corrosion resistance of different corrosion inhibitor loaded in as-received

and etched halloysite nanotubes

5.1 Introduction

In chapter 1, the role of corrosion inhibitors in corrosion protection and how they can
be used for preventing or reducing corrosion based on their different types was discussed.
The literature for various corrosion inhibitors that have been used for corrosion protection
of Mg alloys was reviewed in chapter 2. It was observed that, cationic Ce3*-Zr** corrosion
inhibitors encapsulated in nanocontainers like halloysite nanotube (HNT) and
montmorillonite nanoclay (MMT) have not been evaluated for their corrosion inhibition
ability on Mg alloy AZ91D. Hence, in chapters 3 and 4, prolonged corrosion protection and
self-healing ability were evaluated by encapsulating Ce3*-Zr** in naturally occurring
nanoclays like HNTs and MMTs followed by dispersing them into hybrid matrix sol.

Various corrosion inhibitors have been reviewed for protecting Mg alloys from
corrosion by dispersing them into coating matrix or encapsulated in microcapsules. Lamaka
etal. [1], Umoren et al. [2], Liu et al. [3], Kartsonakis et al. [4], Sorkhabi et al. [5, 6], Gao
et al. [7] and Ashraf et al. [8] have reviewed inhibition effect of different corrosion
inhibitors on Mg alloys. Chen et al. [9] have intercalated aspartic acid as a corrosion
inhibitor into Mg-Al layered double hydroxides (Mg-Al-LDH), which were deposited on
AZ31 substrates by using a one-step hydrothermal method. Aspartic acid intercalated Mg-
Al-LDH have exhibited better corrosion resistance and self-healing ability as observed
from electrochemical measurements and salt immersion tests for 0.6 M NaCl solution for
20 days due to the inhibiting ability of aspartic acid ions, their larger specific surface area
to entrap aggressive corrosive Cl™ ions and synergistic effect between aspartic acid and
laminate structure of LDH. Plasma Electrolytic Oxidation (PEO) coatings were generated
by Qian et al. [10] using alkaline sodium silicate solution on AZ91D substrates followed
by post-sealing treatment with sodium phosphate solution dispersed with sodium fumarate
as a corrosion inhibitor for 15 min, 30 min and 60 min. Hz evolution tests revealed that
volume of H; released for inhibitor based sealing was much lower (0.01 ml/cm?) than that
for only sealing (0.08 ml/cm?) and only PEO coating without sealing (0.11 ml/cm?) after
48 h of exposure to 0.6 M NaCl solution. EIS studies for 120 h in 0.6 M NaCl solution

showed that inhibitor based sealing treatment for 15 min gave best corrosion resistance,
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whereas salt spray tests for 30 days in 0.85 M NaCl solution revealed that inhibitor based
sealing treatment for 60 min showed much lower corrosion product accumulation as
compared to other sealing treatments. Solimann et al. [11] dispersed nano-graphene oxide
(GO) as a corrosion inhibitor in 8-hydroxyquinoline sodium solution prepared by mixing
diluted NaOH into aqueous 8-hydroxyquinoline (HQ) followed by immersion of untreated,
oxidized and phosphated AZ31 samples. An artificial scribe was made on coated substrates
for evaluation of self-healing ability. Electrochemical measurements in simulated body
fluid (SBF) showed that AZ31 substrates with oxide pretreatment followed by immersion
in HQ sodium solution dispersed with GO have shown highest corrosion resistance and
lowest corrosion current, whereas immersion test in SBF for 3 days revealed that the
pretreated substrates have shown less damaged surface and healed scribed area as observed
from optical microscopic images. Yan et al. [12] have intercalated a green corrosion
inhibitor, methionine in Mg-Al LDH nanocontainers which are dispersed in epoxy coatings
deposited on Mg alloy AZ91D. Electrochemical measurements of AZ91D substrates
(coated and immersed in supernatant solution of methionine released from LDH at different
pH conditions) in 0.6 M NaCl for different durations of exposure revealed that the
substrates showed better corrosion resistance at pH 9 as compared to that under pH 5 and
7 conditions. Liu et al. [13] have synthesized dodecyltrimethoxysilane modified
magnesium silicate nanotubes (MS-TNs/DTMS) by hydrothermal method, whereas in
other case MS-TNs were encapsulated with 2-mercaptobenzimidazole (MBI) which are
then dispersed into epoxy matrix followed by generating first layer of MBI loaded MS-TNs
dispersed epoxy film and second layer of MS-TNs/DTMS dispersed epoxy film on AZ31B
substrates. Electrochemical measurements and scratch tests revealed that the corrosion
resistance of AZ31B substrates was greatly enhanced after exposure to 0.6 M NaCl solution
for 21 days along with retention of superhydrophobicity as observed from contact angle
and sliding angle measurements. Zhang et al. [14] have reviewed number of surface
modification techniques under the categories, physical barrier coatings and smart self-
healing coatings for Mg alloys. A number of coating systems have been reviewed in
aforementioned categories like metal-based coatings, sol-gel coatings, encapsulation
coatings, etc.by using different corrosion inhibitors.

Halloysite nanotubes (HNT) has been widely considered as an eco-friendly
nanocontainer for encapsulating corrosion inhibitors, due to its wide availability, low cost
and capability of providing a loading capacity of up to 20 % [15]. Further, selective etching

of inner lumen of HNT using H2SO4 can result in increase of the lumen diameter, which is
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expected to enhance the inhibitor loading by up to 60 % [16]. Hence, it would be of great
interest to investigate the effect of etching on the corrosion protection properties of coatings
based on etched and corrosion inhibitor loaded HNTSs.

In addition, it would be appropriate to investigate the release properties of different
corrosion inhibitors from HNTSs in order to understand the conditions under which the
optimum release occurs to render the self-healing effect. Few studies have been reported
on the release rate of corrosion inhibitors like 2-mercaptobenzothiazole (MBT),
benzotriazole (BTA) and L-valine from HNTs [17-19]. The release kinetics of corrosion
inhibitor from nanocontainers was described by theoretical models like zero order, first
order, Higuchi, Hixson-Crowell and Korsmeyer-Peppas models [20]. These models can
correlate corrosion inhibitor release with respect to time. More information regarding
diffusion mechanism and matrix degradation can be evaluated by using kinetic study of
corrosion inhibitor release. Bhanvase et al. [21] and Tyagi et al. [22] have reported the
Kinetic property evaluation of corrosion inhibitor release from cerium zinc molybdate
nanocontainers and silica nanocontainers, respectively.

Although a lot of studies have been reported using different corrosion
inhibitor/nanocontainer combinations, a comparative study of inhibition ability of different
corrosion inhibitors like cationic Ce®**-Zr** and organic inhibitors such as HQ and MBT
loaded in HNT or etched HNT (EHNT) has not been carried out so far. In addition to this,
release rate and its kinetic studies for aforementioned cationic and organic corrosion
inhibitors loaded in HNT and EHNT has also not been reported so far. Hence, in this
chapter, the corrosion protection ability of coatings based on Ce**-Zr**, HQ and MBT
loaded in HNT and EHNT was studied in addition to percentage release of these three
corrosion inhibitors loaded in HNT and EHNT under different pH conditions. The release
data was fitted with various kinetic models to understand the factors affecting the release

of inhibitors.

5.2 Materials and Methods
5.2.1 Etching of HNT lumen

The selective etching of inner alumina layer of HNT lumen was carried out by using
1 M H2SO4as shown in Fig. 5.1. 5 g of HNTSs having lumen diameter in the range of 10-15
nm were added to 500 ml H.SO4 with 1 M concentration followed by heat treatment under
water bath at 50 °C for 72 h with continuous stirring conditions. EHNTs were separated

from acid solution by centrifugation at 5000 rpm for 10 min followed by multiple washing
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with deionized water until pH of solution increases in the range of 6-7 and dried overnight
in hot air oven at 50 °C [16, 23].
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Figure 5.1: Schematic representation of etching the lumen of HNTSs using sulfuric acid

5.2.2 Release rate studies

Corrosion inhibitor encapsulated HNT and EHNT were dispersed in 100 ml of 0.6 M
NaCl solution with pH values of 3, 7, 8.5 and 10.2 for evaluating the pH dependent release
properties. The external trigger for the release of corrosion inhibitor was provided by
keeping the solution under constant stirring conditions. 10 ml aliquots of the supernatant
was withdrawn for measuring absorbance at specified time intervals (every 10 min duration
for first hour and thereafter, 60 min duration up to 420 min and then at 1440 min) and same
amount of fresh NaCl solution was added to maintain a constant volume. The absorbance
of the solution was measured over the wavelength range of 200-900 nm by using UV-VIS-
NIR spectrophotometer (Shimadzu UV-3600 Plus). The release behaviour of Ce3*-Zr#*,
HQ and MBT encapsulated in HNT and EHNT was examined by measuring absorbance at
209 nm (for Ce3*-Zr*"), at 249 nm (for HQ) and at 325 nm (for MBT). Absorbance as a
function of concentration data and corresponding equations for fitting the data were
obtained for pure corrosion inhibitor solutions as control for calculation of release data.
The detailed procedure for obtaining standard concentration-absorbance curves and release
rate has been reported by Yu et al. [17].

In addition, the release percentage was also evaluated for Ce®*-Zr** loaded HNTs with

stoppered ends of polymeric microcapsules, where the capping procedure is performed as
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mentioned in section 3.2 of chapter 3 and the evaluation of percentage release was carried

out as mentioned above.

5.2.3 Synthesis of sols and coating deposition

Synthesis of hybrid matrix sol, synthesis of polymeric microcapsules and loading of
corrosion inhibitors (Ce3*-Zr**, HQ and MBT) in HNT and EHNT were carried out as
mentioned in section 3.2 of chapter 3. The polymeric microcapsules and 2 wt % of inhibitor
loaded HNTs and EHNTSs were dispersed in hybrid matrix sol to prepare the self-healing
sol. Dip coating technique was used to deposit the coatings on AZ91D substrates with 1
mm/s withdrawal speed followed by heat treatment at 130 °C for 1 h. The substrate
preparation and coatings generation was performed as mentioned in section 3.2 of chapter
3.

5.3 Characterization Techniques
5.3.1 HNT and EHNT clay analysis

Field emission scanning electron microscopy (FESEM) and transmission electron
microscopy (TEM) were used to examine the morphological properties of inhibitor
loaded/unloaded HNTs and EHNTSs followed by elemental analysis using scanning electron
microscope (SEM-Hitachi S3400N) fitted with energy dispersive spectroscopy (EDS)
attachment. X-ray diffraction (XRD) studies were performed to evaluate phase changes of
HNTs and EHNTSs. BET surface area and pore volume measurements were carried out for

confirmation of inhibitor loading in HNTs and EHNTSs.

5.3.2 Coating characterization

The thickness of coatings was measured using thickness gauge PosiTector® 6000
(DelFelsko Corporation, USA) and by cross sectional analysis using SEM. The corrosion
protection ability of coatings based on HNT and EHNT encapsulated with different
corrosion inhibitors was evaluated by using electrochemical measurements such as EIS and

potentiodynamic polarization as mentioned in section 3.3 of chapter 3.

5.4 Results and Discussion
5.4.1 Morphological analysis of EHNT and inhibitor loaded HNT and EHNT

The morphology of EHNT and inhibitor loaded EHNT examined using FESEM and
TEM analyses is as shown in Fig. 5.2. SEM-EDS analysis was performed to examine the

presence of corrosion inhibitors after loading of modified clay. The lumen diameter of
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HNTs was observed to be varying in the range of 10-15 nm (Fig. 3.3), whereas that of
EHNTSs was in the range of 35-45 nm as shown in Fig. 5.2. The elemental analysis of
inhibitor loaded and unloaded EHNT confirmed presence of alumina and silica and the
appearance of Zr** that was loaded into the lumen. Though Ce®* was also loaded into the

lumen, peaks of Ce3* did not show up in EDS analysis, since it was present in an amount

lower than the detection limit of the instrument.
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Figure 5.2: FESEM images (a), (d); TEM images (b), (¢) and EDS spectra (c), (f) of
etched HNTs and Ce*'- Zr** loaded etched HNTSs
In addition, FESEM analysis was performed to examine the morphology of different
corrosion inhibitor (HQ and MBT) loaded HNTs and the presence of corrosion inhibitors
was confirmed by SEM-EDS analysis as shown in Fig. 5.3 and Table 5.1 respectively.
Some traces of N were observed in HQ loaded HNT whereas presence of N and S in MBT
loaded HNT confirmed the appearance of corrosion inhibitors with the HNTSs, either

adsorbed on the surface or loaded into the lumen.
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Figure 5.3: FESEM images and EDS spectra of (a) HQ and (b) MBT loaded HNTSs
Table 5.1: Elemental analysis of HQ and MBT loaded HNTs using SEM-EDS

Clav T Elements (wt %)
a e
y P Al Si C O N S
HQ-HNT 1.32 29.56 19.28 48.83 1.01 -
MBT-HNT 21.97 21.09 9.16 46.23 0.78 0.77
5.4.2 XRD Analysis

XRD profiles of inhibitor loaded and unloaded HNTs and EHNTS are as shown in Fig.
5.4.(001) peak at 7.3 A represents multilayer wall packing structure of HNTs, which did
not show any decrement in the relative intensity after etching, thereby indicating zero loss
of the crystallinity of tube wall. Also, (001) peak does not show any shift to lower angles ,
thereby indicating that there is no intercalation of H>SO4 into the interlayer spacing. This
revealed that the etching of HNT lumen takes place from the innermost layer to the
outermost layer, thereby removal of alumina in a layer-by-layer manner. Further, the (020)
peak at 4.5 A corresponding to tubular nature of HNTS, did not show any change in relative
intensity or shift in 20 values, which indicated that corrosion inhibitors were not
encapsulated in the interlayer spacing but only inside the lumen of HNTs [16,24].
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Figure 5.4: XRD patterns of (a) HNTs and EHNTSs and (b) Ce**- Zr** loaded HNTs and
EHNTSs

5.4.3 BET surface area and pore volume analysis
The encapsulation of corrosion inhibitors into the HNT lumen was ascertained with

BET pore volume and surface area analysis. The comparison of surface areas and pore
volumes of inhibitor loaded and unloaded HNTs and EHNTSs are shown in Fig. 5.5. The
enhanced surface area and pore volume of HNTSs after treatment with H.SO4 confirmed the
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Figure: 5.5: Comparison of (a) surface areas and (b) pore volumes of inhibitor loaded and
unloaded HNTs and EHNTSs
dealumination of lumen of HNTSs. Further, the decrement in the surface area of HNTs and
EHNTSs after encapsulation of corrosion inhibitor indicated that the corrosion inhibitor may
have either got loaded into the lumen and/or adsorbed on the surface. However, the
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decrement in the pore volume of corrosion inhibitor loaded HNTs and EHNTSs

unequivocally confirmed the encapsulation of inhibitor into the lumen only.

5.4.4 Percentage release studies of different corrosion inhibitors from HNTs and
EHNTSs

The percentage release profiles of Ce3*-Zr**, HQ and MBT encapsulated in HNT and
EHNT at different pH values are depicted in Fig. 5.6. The objective of these measurements
was to explore the effect of pH of aqueous NaCl solution (pH 3, 7, 8.5 and 10.2) on the
percentage release of the corrosion inhibitors with respect to time. The percentage release
of the corrosion inhibitors was found to increase with respect to time initially and then
attained the steady state. The higher initial release corresponded to the inhibitor adsorbed
on the surface of HNTSs, whereas the slow and steady release was attributed to the inhibitor
loaded into the lumen of HNTSs. The release rate attains steady state after 420 min, which
could be attributed to decrease in diffusion rate of inhibitor when the solution reaches its
equilibrium, thereby decreasing the concentration gradient. It can be seen that the release
for MBT, HQ and Ce3*-Zr** at any particular pH are higher for EHNT when compared to
HNT. The higher release for inhibitors loaded in EHNT could be due to the higher amount
of inhibitor loaded inside lumen as expected, which was already confirmed with BET
surface area and pore volume analysis. It can also be seen that there was a drastic increase
in release rate during the first one hour of stirring (that simulated the conditions of an
external damage), after which time, the values attained a steady state.

It was found that, percentage release of Ce®*-Zr** was highest at pH 7 followed by pH
8.5, pH 10.2 and pH 3. In case of HQ, the percentage release was highest at pH 3, followed
by 10.2, 8.5 and 7. MBT has shown highest percentage release at pH 10.2, followed by 3,
8.5 and 7. Yendluri et al [25] found that at higher pH values, the MAA complex is not
stable and hinders the release of encapsulated drug. In this case, Ce3*-Zr** were loaded in
HNT and EHNT along with MAA as the complex forming stabilizing agent for Ce** and
Zr**. Hence, the reason for very low release of Ce3*-Zr** in pH 3 could be due to the
presence of complex of MAA that restricts the release of loaded compound in HNT. In case
of HQ and MBT loaded HNTs, similar conclusions were reported earlier [18, 26] for the
release of HQ and MBT from HNTSs at acidic and basic pH values. HQ has shown higher
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Figure 5.6: Percentage release profiles of (a), (b) Ce**-Zr**; (c), (d) HQ and (e), (f) MBT
loaded in HNT and EHNT
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release at acidic pH owing to the formation of ions of HQ under acidic conditions, thereby
accelerating the rate of HQ release. In case of MBT loaded HNTSs, during 1 h of exposure,
the release of MBT adsorbed on the HNTSs is more under acidic conditions as compared to
the one under alkaline conditions. However, the release is more under alkaline conditions
when MBT is released from lumen of HNT, which later attains the equilibrium slowly.

The percentage release profiles of Ce®**-Zr** encapsulated in HNT with and without end
stoppers at different pH values are depicted in Fig. 5.7. The objective of these
measurements was to explore the effect of closing ends of HNTs (capped HNT, CHNT) at
different pH conditions of aqueous NaCl solution (pH 3, 7, 8.5 and 10.2) on the percentage
release of the corrosion inhibitors with respect to time. It could be observed that, the
percentage release has decreased after closing the ends of inhibitor loaded HNTs with
polymeric microcapsules at different pH values. This could be attributed to the slow release
of inhibitors from HNTs due to the covering of microcapsules and at particular pH
environment, the end cappings get separated from the ends of HNTS, thereby facilitating
the release of inhibitor. As observed earlier, the release profiles of Ce®**-zZr**, HQ and MBT
from CHNT have been found similar to that of uncapped HNTSs at different pH.
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Figure 5.7: Comparison of percentage corrosion inhibitor release profiles of Ce3*-
Zr** loaded HNTSs with and without end stoppers
Since the percentage release for the initial one hour was the maximum, the kinetics of
the release was further studied using the data obtained for the first one hour duration, only
for the Ce®*-Zr** inhibitor from uncapped HNTSs. Various kinetic models were analyzed for

release of corrosion inhibitor Ce®*-Zr** from HNT and EHNT to correlate the data and
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increased understanding of the release mechanism. The models used are the ones that have
been reported to understand the release of drugs from controlled drug delivery systems [27].
Assuming that the self-healing mechanism is similar to the controlled release of drugs from
drug delivery systems, these models were used to study the release data. The Korsmeyer-
Peppas model assumes release for cylindrical shaped matrices. Since, the HNTs have a
cylindrical shape, this model was also included for analysing the release data. Accordingly,
the Ce®*-Zr* release data from HNT and EHNT at various pH values as a function of time
was fitted to zero-order (Eq.1), first-order (Eq.2), Higuchi (Eq.3), Hixson-Crowell (Eq.4)
and Korsmeyer-Peppas (Eq.5) models.

Qt = Qo + kot 1)
Q:t = amount of Ce®*-Zr*" released after time t, Qo = Initial amount of Ce3*-Zr*" in the
solution (in this case, Qo = 0), ko = Zero order release constant (concentration/time)

In (M{/My) = - kt 2
M; = Concentration of Ce3*-Zr** present in HNT at time t, M. = Initial concentration of
Ce**-Zr*" in HNT, k = First order rate constant (time™)

Qi =Kn t!2 (3)
¢ = amount of Ce®**-Zr*" released after time t, Ku = Higuchi dissolution constant
Wol — Wit% = K t (4)

W; = Remaining amount of Ce3*-Zr*" in HNT at time t, Wo = Initial amount of Ce®**-Zr** in
HNT, Ks = Constant incorporating the surface-volume relation
Qt/ Qo =k t" ®)

Q: = amount of Ce3*-Zr* released after time t, Qo = Initial amount of Ce*-Zr*" in the
solution,
ki = Release rate constant, n = Release exponent

Figures 5.8 and 5.9 depicted the use of zero-order, first-order, Higuchi, Korsmeyer-
Peppas and Hixson-Crowell model for fitting Ce®*-Zr** release profile from HNT and
EHNT up to 1 h, respectively. The respective rate constants and R? values are mentioned
in Tables 5.2 and 5.3. The rate constant values have shown the rate of diffusivity of
corrosion inhibitor and could be correlated with corrosion inhibition ability of coatings.
The preferred mechanism of release of the inhibitor is a zero-order one, since it is time-
independent release. It could be observed from Tables 5.2 and 5.3 that zero order and
Korsmeyer-Peppas models have shown better fit as compared to other models and of the
two, the Korsmeyer-Peppas model was seen to be the best fit for the data obtained.

Korsmeyer-Peppas model gave information about diffusion mechanism of corrosion
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Amount of inhibitor released Qt

inhibitors in NaCl solution. As mentioned in Tables 5.2 and 5.3, diffusional release
coefficient, n ~ 1 indicated that the diffusion mechanism followed zero order time
independent release. The release profile was also fitted for the duration from 2 h to
24 h. It was observed that, all the models fitted the release profile in the similar manner for
both durations. Hence, it could be concluded that there is no change in reaction order after
the release rate attained the steady state.
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Figure 5.8: Linear fit plots for Ce3*-Zr** release from HNT at different pH, (a) Zero order,

(b) First order, (c) Higuchi model, (d) Korsmeyer-Peppas model and (e) Hixson-Crowell

model
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Figure 5.9: Linear fit plots for Ce3*-Zr** release from EHNT at different pH, (a) Zero order,
(b) First order, (c) Higuchi model, (d) Korsmeyer-Peppas model and (e) Hixson-Crowell
model
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Table 5.2: Comparison of parameters of various models for release of corrosion inhibitor

from HNT
Zero Order First Order | Higuchi model Korsmeyer-Peppas | Hixson-Crowell
model
model

pH Ko K KH ke K

(mg/lg. | R? (min- R?2 | (mg/g. | R? N R?2 | (mg®/g| R?

- 1 12 (min™) 13 mi

min) ) min*) .min)
3 13.8007 | 0.9953 | 0.0148 | 0.9884 | 24.669 | 0.9013 | 0.01177 | 0.9732 | 0.9981 | 0.0312 | 0.9962
7 | 7.0436 | 0.9990 | 0.0132 | 0.9856 | 45.625 | 0.8929 | 0.01053 | 0.9800 | 0.9996 | 0.0356 | 0.9950
8.5 | 5461 | 0.9993 | 0.0113 | 0.9874 | 35.349 | 0.8891 | 0.00891 | 0.9943 | 0.9987 | 0.0295 | 0.9952
10.2 | 5.5263 | 0.9994 | 0.0138 | 0.9823 | 35.773 | 0.8900 | 0.01038 | 0.9916 | 0.9996 | 0.0338 | 0.9934

Table 5.3: Comparison of parameters of various models for release of corrosion inhibitor

from EHNT
Zero Order First Order | Higuchi model | Korsmeyer-Peppas model Hixson-grlowell
mode

ko K KH K K
pH t

(mglg. | R? (min- R2 | (mglg. | R? N RZ | (mg*3/g| R?

min) 1) min2’2) (min™) 13 min)
3 14.1142|0.9985 | 0.0112 | 0.9903 | 26.672 | 0.8944 | 0.010588 | 0.9451 1 0.0266 | 0.9969
7 |8.0752 1 0.0101 | 0.9872 | 52.166 | 0.8798 | 0.007762 | 1.0058 1 0.0311 | 0.9943
8.5 | 5.156 | 0.998 | 0.0111 | 0.9863 | 33.356 | 0.8797 | 0.0096 | 0.9684 | 0.9999 | 0.0285 | 0.9943
10.2 | 6.1838 | 0.9962 | 0.0098 | 0.9942 | 40.155 | 0.8996 | 0.011146 | 0.9047 | 0.9997 | 0.0279 | 0.9983

5.4.5 EIS and potentiodynamic polarization measurements

EIS and potentiodynamic polarization measurements were performed for evaluation of
the anticorrosion properties of different corrosion inhibitor based coatings on AZ91D
samples after exposure to 0.6 M NaCl solution for various durations like 24 h, 72 h and 120
h. Electrochemical measurements were carried out as mentioned in section 3.3.6 of chapter

3. The Nyquist plots and bode plots for uncoated and different corrosion inhibitor loaded
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HNT and EHNT based sol coated AZ91D substrates exposed to 0.6 M NaCl solution for
different durations are depicted in Fig. 5.10; Fig. 5.12and Fig. 5.11; Fig. 5.13, respectively.
The corresponding fit data obtained by using two time constant equivalent electric circuit
(Fig. 5.14) is shown in Tables 5.4 and 5.5.

MgO and Mg(OH). are considered as unstable under acidic conditions and dissolve to
form Mg?" whereas they are more stable and generate passive layer under alkaline
conditions. Uncoated AZ91D substrates showed higher corrosion resistance in 0.6 M NaCl
solution after 24 h of exposure owing to the formation of thin passive films of corrosion
products. After 72 h of exposure, the corrosion resistance of uncoated substrates gets
increased because of accumulation of thick and porous film of corrosion products on the
substrate surface. However, this porous film allows diffusion of corrosive medium and with
prolonged exposure of 120 h, the corrosion resistance decreased because of deterioration
of film.

In case of Ce3*-Zr*" loaded HNT based coatings, the corrosion resistance was least after
24 h of exposure due to the porous nature of coatings. However, with the increase in
exposure durations the corrosion resistance was found to be increasing and has shown
highest value after 120 h of exposure. This could indicate that, due to release of cationic
Ce**-Zr* corrosion inhibitors with the change in local pH, the coatings have regained their
barrier property and showed better corrosion resistance after prolonged duration. HQ
loaded HNT based coatings showed highest corrosion resistance among all corrosion
inhibitors after 24 h of exposure owing to the formation of complex chelate of HQ on the
surface of Mg like bis (8-hydroxyquinoline) magnesium (MgQ:), which may inhibit the
active sites and prevent the permeability of the corrosive species [28, 29]. The corrosion
resistance of HQ loaded HNT based coatings decreased drastically after 72 h exposure,
may be due to the degradation of chelate film. After prolonged durations of exposure, when
HQ based coatings lose their barrier properties, anions of HQ and free Mg?* recrystallize
to MgQ: at the damaged area and inhibits the progress of localized corrosion. After 24 h of
exposure, MBT based coatings showed higher corrosion resistance than Ce**-Zr** based

154



Z" (©. cm?)

6
: 3.5x10
3.0x10° " e domicinh) 1 exto'S 95 COZLHNT " Bare
20x10° oot efine ® CelZr-HNT 3.0 106_ =—CoeriNT R A HQ-HNT
15 e ¥ MBT-HNT = aci' v MBT-HNT
2.5x10°4 ¢ e HQ-HNT-Fit 18l Bare-Fit
1% sourer Cel/Zr-HNT-Fit _25x10°4 ¢ —— HQ-HNT-Fit
5 5 -MBT-HNT-Fit NE j 3x10'4 — MBT-HNT-Fit
2.0x10" 4 sox - a o 5 . *
| o 20x10° 2]
1 5x105 Y 5.0x10" 1.0‘:’( 1.3:10‘ 20x10°  2.5x10° :V 4 1x10*
: Nasx0' o
T ] 0 1x10' 2x10° 3x10° 4x10® sx10' exto0*
6 | Z (@.cm’)
1.0x10 1.0x10° R
1 ] v Y ——
5 <"§"‘V T2 A vyy
5.0x10" 1 5.0x10° - A b
o'o L T ¥ T . T $ U i T L T 2 0'0 ﬁ' 1 » 1 v 1 v T v 1 v 1 L
0.0 5.0x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 0.0 5,0x10° 1.0x10° 1.5x10° 2.0x10° 2.5x10° 3.0x10° 3.5x10°
Z' (Q.cm?) Z' (Q.cm’)
5x10° -
soxt0 ® CelZr-HNT L Ba re
ST —— Ce/Zr-HNT-Fit A HQ-HNT
. v MBT-HNT
4x10° 4 ,Ez.ono’ Bare-Fit
- s —— HQ-HNT-Fit
= 1.5x10 "
£ i ——— MBT-HNT-Fit
; 3)(1()5 - 1ox10’
;:" 5.0x10°
2)(105' Mo-ﬂ 5‘0;10‘ 1.0;10’ 1.5;10’ 2.0;10’ 245;10’ 3.0x10”
Z (@.cm?)
1x10° il L AMAAAL:
vy
="
0 < z T T ¥ T . T
0 1x10° 2x10° 3x10° 4x10° 5x10°
Z' (Q.cm’)

Figure 5.10: Nyquist plots for bare and different corrosion inhibitor loaded HNT based
sols coated AZ91D substrates after (a) 24 h, (b) 72 h and (c) 120 h of exposure to 0.6 M
solution
coatings and lower than that of HQ based coatings. This could be attributed to inhibitory
action of O, N and S atoms present in the organic ring which gets attached to Mg substrate
and block active corrosion sites. These atoms are active centers for the adsorption of
inhibitor molecules on the substrate surface by replacing the water molecules owing to their
high basicity and electron density [30]. The corrosion resistance of MBT based coatings
decreased after prolonged exposure of 120 h before showing increment after 72 h of

exposure to corrosive medium.
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Figure 5.11: Bode plots for bare and different corrosion inhibitor loaded HNT based sols
coated AZ91D substrates after (a) 24 h, (b) 72 h and (c) 120 h of exposure to 0.6 M

solution

Table 5.4: EIS fit data for bare and different corrosion inhibitor loaded HNT based sol
coated AZ91D substrates after exposure to 0.6 M NaCl solution

CCOBI/
Sl. | Exposure Rs Recoat Ret Cea/lCPE
_ Substrate CPE &
No. Time QO.cm? QO.cm? QO.cm? F/cm?
F/cm?
Bare 291.5 - 3.7E6 - 15E-8 | 0.001
Ce-Zr-
159.3 1.3E5 3. 2E5 4.1E-6 4 5E-5 0.028
01| 24h HNT
HQ-HNT 810.5 1.9E5 1.1E7 8.4E-8 1.1E-8 0.0035
MBT-
996.4 7. E4 4.4E6 1.2E-11 4 9E-7 0.0032
HNT
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Bare 632.4 - 1.5E7 - 5.6E-8 0.0037
Ce-Zr-
230.1 2.0E5 1.1E7 8.3E-12 3.4E-8 0.0038
HNT
02 72 h
HQ-HNT 558.2 1040 1654 5.2E-6 2.6E-6 0.0015
MBT-
110.4 3.7E4 4.7E6 1.4E-11 1.3E-7 0.0040
HNT
Bare 731.6 - 1.9E5 - 2.2E-6 0.0016
Ce-Zr-
307.0 3.5E5 4 5E7 7.3E-12 2.7E-9 0.0061
HNT
03 120 h
HQ-HNT 281.5 1.9E4 1.3E5 2.5E-10 8.6E-6 9.4E-4
MBT-
316.1 3291 9.0E5 2.8E-11 1.6E-5 0.0012
HNT

It is expected that the etched HNTs should accommodate more amount of inhibitors
and their release also should be high giving rise to higher corrosion protection during
coating damage. However, Ce**-Zr** loaded EHNT based coatings have shown higher
corrosion resistance due to higher amount of loading after 24 h of exposure which gets
decreased with the increase in exposure durations. There could be the possibility that, with
higher release of cationic inhibitor, the oxide film formed became more porous, allowing
diffusion of corrosive medium, thereby showing higher capacitance for Ce3*-Zr** loaded
EHNT based coatings after 120 h of exposure. Similar case was examined with MBT
loaded EHNT based coatings, where coatings showed better corrosion resistance after 24 h
owing to the inhibitory action of O, S and N by adsorption of inhibitor on the substrate
surface by displacing molecules of corrosive medium. However, the increase in exposure
durations and higher release of inhibitor from EHNT might have resulted in weak
adsorption and, thereby indicated poor corrosion resistance with higher capacitance after
120 h of exposure. In case of HQ, due to lower amount of HQ loaded in HNT, the chelate
film that has formed after its release from the HNT might have depleted easily with longer
durations of exposure. In another way, the minimum amount required to generate the
chelate film could be higher in case of HQ and since the amount of inhibitor loaded inside
the HNT is less in case of as-received HNT, the active corrosion protection may not be

effective. However, in the case of HQ loaded inside EHNT, the required amount of HQ
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could have been released and hence, the corrosion protection is highest after 120 h of
exposure, when compared to the coatings based on HQ loaded in as-received HNT. These

results are further corroborated with potentiodynamic polarization studies.
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Figure 5.12: Nyquist plots for bare and different corrosion inhibitor loaded EHNT based

sols coated AZ91D substrates after (a) 24 h, (b) 72 h and (c) 120 h of exposure to 0.6 M

NaCl solution
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Figure 5.13: Bode plots for bare and different corrosion inhibitor loaded EHNT based
sols coated AZ91D substrates after (a) 24 h, (b) 72 h and (c) 120 h of exposure to 0.6 M
NaCl solution
In case of EIS studies, best suited electrical equivalent circuit was preferred for

analysing the impedance data of coated and bare substrates as depicted in Fig. 5.14.

| CPEG
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Electrolyte | Y'Spp_s't'ratg"-f 5

(@) (b)

Figure 5.14: Equivalent electric circuits used to fit EIS data of (a) bare and (b) coated

Electrolyte

substrates

In case of bare substrates (Fig. 5.14a), very thin porous oxide/hydroxide film is formed
after exposure to corrosive medium which provides negligible corrosion resistance.
Further, this thin film was removed during pretreatment of substrates. Hence, the results
were fitted with one-time constant circuit for bare substrates where, the charge transfer
resistance (Rqt) is in parallel with electrical double layer capacitance (CPEea) Which is in
series with solution resistance. For coated substrates, two-time constant circuit was used in
which the charge transfer resistance (Rc) is in parallel with electrical double layer
capacitance (CPEea)) which is in series with coating resistance (Rcoat) With Cecoat
corresponding to coating capacitance. Here, constant phase element is preferred over pure
capacitor as the Nyquist plots are deviating from ideal semi-circle behaviour. This non-
ideal frequency response could be associated with the inhomogeneity of the surface of
metal originating from interfacial phenomena or surface roughness. The magnitude of

pseudo capacitance was evaluated using following expression:
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C=(Q xR (+R)

Where, C is pseudo capacitance in F/cm?; Qo is Constant Phase Element in S-sec"/cm?;

n is frequency factor and R is resistance in Q.

)

Table 5.5: EIS fit data for bare and different corrosion inhibitor loaded EHNT based sol
coated AZ91D substrates after exposure to 0.6 M NaCl solution

CCO&T] C'
Sl. | Exposure Rs Recoat Ret
_ Substrate CPE edl/CPE &
No. Time Q.cm? Q.cm? Q.cm?
F/cm? F/cm?
Bare 291.5 - 3.7E6 - 1.5E-8 0.001
Ce-Zr-
294.3 1.9E4 2.9E6 1.6E-10 2.3E-5 0.0074
EHNT
01 | 24h HO-
100 4.3E4 3.7E6 4.4E-10 5.4E-7 0.069
EHNT
MBT-
207.6 351.5 7.0E5 6.5E-9 1.0E-6 0.0087
EHNT
Bare 632.4 - 1.5E7 - 5.6E-8 0.0037
Ce-Zr-
143.1 4849 2.8E6 1.4E-10 2.6E-5 0.0029
EHNT
02 72 h HQ-
264.6 46.58 2409 2E-8 1.0E-5 0.0089
EHNT
MBT-
312.0 47.15 2505 1.8E-8 1.3E-5 0.0012
EHNT
Bare 731.6 - 1.8E5 - 2.2E-6 0.0016
Ce-Zr-
40.1 3585 1.6E4 8.1E-6 9.6E-4 0.0053
EHNT
03 120 h HQ-
124.6 1.8E4 8. 7E5 1.2E-10 3.2E-6 0.043
EHNT
MBT-
295.1 32.27 2.5E3 6. 8E-9 1.5E-5 0.001
EHNT
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Tafel plots obtained from potentiodynamic polarization studies for uncoated and
;different corrosion inhibitor loaded HNT and EHNT based sol coated AZ91D substrates
exposed to 0.6 M NacCl solution for different durations are shown in Fig. 5.15 and Fig. 5.16,
respectively. The corrosion currents and corrosion potentials obtained by Tafel

extrapolation method are shown in Tables 5.6 and 5.7.
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Figure 5.15: Polarization curves for bare and different corrosion inhibitor loaded HNT based sols

coated AZ91D substrates after exposure to 0.6 M NaCl solution

The lower corrosion current of bare substrates after 24 h of exposure could be referred
to the generation of MgO and Mg (OH)2 films that provide corrosion protection for shorter
durations. Further, with prolonged exposure these layers gets depleted and do not provide
barrier properties anymore. HQ based coatings showed least corrosion current owing to the
formation of complex chelate of MgQ>. The drastic increase in the corrosion current was
observed with the depletion of barrier properties of this complex after longer durations of
exposure, which could indicate that higher concentrations of HQ may be required to inhibit
the corrosion process. This could be observed when HQ was loaded into EHNT, where
coatings have shown least corrosion current after 120 h of exposure. Ce®*"-Zr** based

coatings showed sudden decrement in the corrosion current values after 72 h of exposure
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with 24 h exposure showing higher corrosion current values. This could reveal that the
release of Ce®*-Zr** from HNTs has provided effective corrosion protection with the
increase in exposure durations. When higher amount of Ce®*-Zr** is loaded in EHNT, it is
expected to give higher corrosion protection. However, the coatings have shown better
anticorrosion properties (lower corrosion current) only up to 24 h of exposure and then the
corrosion current gets increased with increase in exposure durations due to depletion of
porous film of oxides of corrosion inhibitor. In case of MBT based coatings, the corrosion
current was lower after 24 h of exposure current due to adsorption of inhibiting species on
the substrate surface. Further, with the depletion of these barrier properties after 72 h, the
corrosion current decreases with prolonged exposure of 120 h owing to the release of
inhibitor from HNTs. However, loading higher amount of MBT in EHNTSs has shown
detrimental effect on anticorrosion properties and the protection was on the lower side
during all durations of exposure.
Table 5.6: Tafel fitting parameters for bare and different corrosion inhibitor loaded
HNT based sols coated AZ91D substrates

. Ecorr, V (Vs Rp
Sl. No. | Exposure Time Substrate lcorr, Alcm?
SCE) Q.cm?
Bare -0.613 2.3E-8 1.9E6
Ce-Zr-HNT -0.590 2.0E-7 2.1E5
01 24 h
HQ-HNT -0.352 1.6E-8 2.9E6
MBT-HNT -0.373 9.4E-8 4.4E5
Bare -0.834 5.2E-7 8.2E4
Ce-Zr-HNT -1.131 2.5E-9 1.6E7
02 72 h
HQ-HNT -1.543 1.5E-5 3.1E3
MBT-HNT -1.527 7.4E-5 5.1E4
Bare -0.662 1.0E-6 1.1E5
03 120 h Ce-Zr-HNT -0.316 2.7E-9 1.8E7
HQ-HNT -1.549 1.6E-5 1.7E3
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Figure 5.16: Polarization curves for bare and different corrosion inhibitor loaded EHNT based sols

coated AZ91D substrates after exposure to 0.6 M NaCl solution

Table 5.7: Tafel fitting parameters for bare and different corrosion inhibitor loaded
EHNT based sols coated AZ91D substrates

Sl Exposure Ecorr, V (VS Rp
_ Substrate lcorr, Alcm?
No. Time SCE) Q.cm?
Bare -0.613 2.3E-8 1.9E6
Ce-Zr-EHNT -0.833 2.7E-8 1.6E6
01 24 h
HQ-EHNT -1.486 1.8E-5 2.0E3
MBT-EHNT -1.553 9.1E-6 5.1E5
Bare -0.834 5.2E-7 8.2E4
02 72 h
Ce-Zr-EHNT -0.753 4.2E-7 9.9E4
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HQ-EHNT -1.554 1.1E-5 2.8E3
MBT-EHNT -1.568 1.5E-5 2.1E3
Bare -0.662 1.0E-6 1.1E5
Ce-Zr-EHNT -0.611 5.5E-6 7.6E4
03 120 h
HQ-EHNT -0.682 3.7E-8 1.1E6
MBT-EHNT -1.556 1.2E-5 2.3E3

TEM analysis has shown that the acid treatment resulted in the increased lumen
diameter of HNT without disturbing the crystal structure. The loading of different corrosion
inhibitors like Ce®*-Zr**, HQ and MBT into lumen of HNTs and EHNTs was confirmed
using SEM-EDS and BET analyses. The release studies of these inhibitors were carried out
at different pH values in 0.6 M NaCl solution in order to simulate actual release of corrosion
inhibitor, when localised change in pH takes place after the initialization of corrosion
process. Ce**-Zr** has shown higher release under neutral pH conditions which are similar
to that of 0.6 M NaCl solution, whereas HQ and MBT have shown higher release under
acidic and alkaline conditions respectively. The corrosion protection ability of different
corrosion inhibitors was evaluated by using EIS and polarization measurements in 0.6 M
NaCl solution for different durations of exposure. It was observed that, Ce®*-Zr** and HQ
have shown better corrosion protection after 120 h of exposure when loaded in HNTs and
EHNTSs, respectively.
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Chapter 6

EVALUATION OF EFFECT OF COATING
TECHNIQUE ON ANTICORROSION PROPERTIES

168



Chapter-6

Evaluation of effect of coating technique on anticorrosion properties

6.1 Introduction

There are several reports on the development of self-healing coatings on Mg alloys
[1-4] and it was observed from the literature search that, dip coating technique has been
widely used for coating deposition, since uniform coatings on complex shaped components
can also be generated efficiently by adjusting the thickness using varying withdrawal
speeds. Hence, our earlier studies of generation of coatings based on different corrosion
inhibitor loaded halloysite nanotubes and Ce**-Zr** intercalated montmorillonite nanoclay
were carried out with dip coating technique. However, different components in automobile
and aerospace industries have different requirement of finishing touch, which could not be
obtained by dip coating alone. Another most commonly and commercially used coating
technique is spray coating. Spray coating uses an atomized cloud or spray of the coating
material and compressed air to evenly coat the surfaces. In terms of actual application of
the coatings to components on industrial scale, spray coating would be an appropriate
coating deposition method having an ability to give high quality finishes for large
components. However, dip coating and spray coating techniques have their own distinct
differences in terms of appearance and performance. Very few studies were carried out
earlier for comparison of dip and spray coating techniques, which are discussed below.

Covalo et al. [5] have compared corrosion protection ability of hybrid sol-gel coatings
developed using dip, spin coating and brush, spray painting techniques on aluminum alloy
AA2024. Scanning electron microscope (SEM) and Atomic force microscope (AFM)
analyses showed that spin coating generated more homogeneous coatings than dip coating
technique. EIS studies in 0.1 M NaCl solution for 240 h revealed that coatings with spin
coating technique have shown higher corrosion resistance than the coatings with other
techniques due to low degree of porosity and better adhesion strength. A double layered
sol-gel coating was prepared by Hwang et al. [6] by using both spray and dip coating
technique on SS 304 substrates. Here, spray coated layer having rough and cracked
morphology was further covered with a dip coated layer to obtain homogeneous and crack-
free surface as observed from SEM and AFM analyses. Electrochemical measurements
showed that the double layered coating provided better corrosion protection as compared

to that of only the spray coated layer owing to the reduced diffusion pathways of corrosive
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medium through the coating. Garcia et al. [7] developed Si/Zr sol-gel coating on Al alloy
AA2024 using single layer; multilayer dip coating and spray coating techniques and
compared the corrosion protection ability of coatings using polarization studies. They
observed that spray coated substrates showed 57 % polarization resistance as that of 27 %
and 14 % for multilayer and single layer dip coatings due to less generation of defects after
solvent evaporation. Tan et al. [8] generated anodized layer on Mg alloy AZ91D followed
by deposition of single and double sol-gel layers using spray coating technique with number
of spray passes. Electrochemical studies have revealed that the barrier properties of
coatings got enhanced with the increased number of layers and passes due to elimination
of diffusion pathways of corrosive medium. Wei et al. [9] generated epoxy coatings on
AZ31B substrates using spray coating technique followed by deposition of hydroxydecyl
silane or perfluorodecyl silane. The contact angle and sliding angle studies have shown that
bilayer coating exhibited better superhydrophobicity which remained intact even after 70
days of immersion test and 35 days of neutral salt spray test. Due to reduced contact
between corrosive medium and substrate, the coatings could effectively provide long
lasting corrosion protection to AZ31B. Zhao et al. [10] deposited polyethyleneimine
solution on AZ31 substrates by spin coating followed by spin-spray layer-by-layer
assembly of silica and ceria nanoparticles. Electrochemical studies and hydrogen evolution
rates have revealed that coated substrates showed much lower corrosion current density and
lower hydrogen evolution as compared to bare substrates due to barrier properties of silica
and inhibitory action of ceria nanoparticles. Rosero-Navarro et al. [11] generated cerium-
based coatings synthesized form alcoholic sol-gel sols on aluminum (AA2024 and
AA3105) and magnesium alloys (AZ31 and AZ91) by dip coating and spray coating.
Electrochemical studies (196 h for both Al and Mg alloys) and salt spray tests (312 h for
Mg alloys and 960 h for Al alloys) have shown that cerium based coating systems were
more promising owing to the inhibition ability showed by cerium species. Number of
articles are available [12-14], where spray coating has been used for developing coatings
with different functionalities. However, to the best of our knowledge, there are no studies
reported for development of self-healing coatings based on sol-gel process on Mg alloys
using spray coating technique and its comparison with dip coating technique.

In our earlier investigations, only dip coating has been employed to generate the
coatings. Hence, it would be highly appropriate to compare and evaluate the performance
of dip coated and spray coated samples with respect to their corrosion resistance, keeping

in mind the feasibility of using these coatings for industrial applicability. Moreover, in all
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our previous experiments, the anticorrosion properties of the dip coated AZ91D substrates
were evaluated only by electrochemical experiments such as potentiodynamic polarization
and electrochemical impedance spectroscopic (EIS) analysis using aqueous corrosive
medium and not using accelerated tests. Therefore, in this chapter, in order to evaluate the
effect of coating techniques, the matrix (MAT) sol, clay matrix (CM) sol and Ce**-Zr*
loaded HNT based coatings generated by dip coating technique were compared with the
ones generated by spray coating technique and were evaluated for their long term corrosion
protection ability by employing accelerated tests like neutral salt spray test. Further,
coatings generated with dip coating technique was having thickness similar to that
generated by spray coating technique and properties compared for Ce3*-Zr** loaded HNT

based coatings.

6.2 Materials and Methods
6.2.1 Synthesis of sols

Synthesis of hybrid matrix sol and CM sol, synthesis of polymeric microcapsules and
loading of corrosion inhibitors, Ce**-Zr** in HNT were carried out as mentioned in section
3.2 of chapter 3. The polymeric microcapsules and 2 wt % of inhibitor loaded HNTs and

EHNTSs were dispersed in hybrid matrix sol to prepare the self-healing sol.

6.2.2 Generation of coatings with spray coating and multilayer dip coating technique

The substrate preparation was carried out as mentioned in section 3.2 of chapter 3.
Coatings were generated by using spray coating technique with spray gun
(DeVilbiss SRiPro TS1-08, Scottsdale, US) having orifice diameter of 0.8 mm at a pressure
of 2.5 bar and a distance of 200 mm. 3 layers of dip coating deposition at 1 mm/s withdrawal
speed was carried out to generate the coatings with thickness equivalent to that of spray
coating. The coatings on AZ91D substrates were cured by heat treatment in hot air oven at
130 °C for 1 h.

6.3 Characterization Techniques
6.3.1 Coating characterization

The surface morphology of both spray and multilayer dip coated substrates was
observed by using scanning electron microscope (SEM- Hitachi S3400N). The thickness
of coatings (spray and multilayer dip coated) as measured using Eddy Current PosiTector®

(DelFelsko Corporation, USA) was found to be around 14-20 um and confirmed using by
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SEM cross-sectional analysis. The corrosion protection ability of coatings based on HNT
encapsulated with different corrosion inhibitors was evaluated by using electrochemical
measurements such as EIS and potentiodynamic polarization as mentioned in section 3.3

of chapter 3.

6.3.2 Salt Spray tests (SST)

Salt spray tests were performed on bare and coated substrates according to ASTM B117
standard in NaCl solution of 0.85 M concentration for 168 h at 35 °C. In order to check the
consistency, two substrates for each corrosion inhibitor based coating were taken into the
consideration. The edges and back surface of the substrates were covered by using a
transparent adhesive tape. The substrates were vertically placed into the sample holder at
an angle of 15° as shown in Fig. 6.1. After removal from the chamber, the coupons were

rinsed with deionized water, dried and examined within 30 mins.

o m———

T [T
| & T

Figure 6.1: Arrangement of substrates with sample holder for SST

6.4 Results and Discussion
6.4.1 Morphology and thickness of coatings

Morphology of Ce3*-Zr** loaded HNT based coatings generated by spray coating and
multilayer dip coating technique was observed by SEM as shown in Fig. 6.2 (a) and (b).
Spray coated substrates were observed to have random and agglomerated distribution of
microcapsule capped HNTSs, whereas in case of dip coated substrates capped HNTs were
uniformly distributed all over the coated area with less agglomerates. The thickness of spray
and multilayer dip coatings was found to be around 14 to 20 um as observed from SEM
cross sectional analysis is shown in Fig. 6.2 (¢) & (d). The cross section of spray coated
substrates has shown non-uniform thickness and irregular distribution of coating as

compared to that of multilayer dip coated substrate. Elemental analysis obtained from
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SEM-EDS analysis revealed the presence of Si, C and O as coating compositions; Al and
Si as HNT compositions; and Ce and Zr as corrosion inhibitors loaded in HNT. Higher
coating thickness in case of spray coated and 3 layer dip coated can also be verified from
the wt % of substrate elements (Mg, Al and Zn) that are less when compared to that of
single layer dip coated substrates. Very less difference was observed in the weight % of
coating compositions (spray and multilayer dip coating), which could confirm that nearly
the same amount of mass has been deposited on substrates, using two different coating
techniques. Hence, effect of the coating morphology achieved from the two coating

techniques will be the parameter affecting the corrosion resistance.

ARCI 7.4mm x500 SE """ 100um ARCI 13.0mm x500 SE 50 um

Figure 6.2: Surface morphology (a) & (b) and SEM cross-sectional images (c) & (d) of
spray coated and multilayer dip coated AZ91D substrates
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Table 6.1: Elemental analysis (wt %) of dip coated, spray coated, 3 layer dip coated and

cross sections of spray coating and 3 layer dip coating obtained by SEM-EDS analysis

Cross section of 3 layer
Elements | Dip Coated | Spray Coated 3 layer dip Cross section of dip coating
(Wt %) | substrate substrate coated substrate | spray coating . , 2
Mg 53.47 9.89 3.01 - - - -
Al 4.72 1.46 1.26 2.31 1.40 1.23 1.12
Si 5.85 20.98 39.83 33.70 21.93 | 31.99 | 24.95
Zn 0.49 0.16 0.25 - - - -
C 26.63 55.02 38.34 32.01 56.95 | 35.51 | 46.93
@) 8.63 11.78 16.31 29.74 18.68 | 28.78 | 25.23
Ce 0.0 0.07 0.08 0.21 0.12 0.06 0.09
Zr 0.21 0.64 0.92 2.03 0.92 2.43 1.68

6.4.2 EIS studies

EIS measurements were performed for evaluation of the anticorrosion properties of
spray coated (MAT, CM and Ce3*-Zr**-HNT) and 3 layer dip coated (Ce®**-Zr**-HNT)
AZ91D samples after exposure to 0.6 M NaCl solution for various durations like 24 h, 72

h and 120 h. Electrochemical measurements were carried out as mentioned in section 3.3

of chapter 3.

The Nyquist plots for single layer dip coated; spray coated and 3 layer dip coated

AZ91D substrates exposed to 0.6 M NaCl solution for different durations are depicted in

Fig. 6.3 and Fig. 6.4 respectively, whereas the bode plots for spray coated and 3 layer dip

coated AZ91D substrates are depicted in Fig. 6.5. The corresponding fit data obtained by

using two time constant equivalent electric circuit (Fig. 6.7) are shown in Tables 6.2 and

6.3.
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Figure 6.3: Nyquist plots for uncoated and single layer dip coated AZ91D substrates
after (a) 24 h, (b) 72 h and (c) 120 h exposure to 0.6 M NaCl solution
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Figure 6.5: Bode plots for spray coated and 3 layer dip coated AZ91D substrates after
(@) 24 h, (b) 72 h and (c) 120 h of exposure to 0.6 M solution

As discussed in section 3.4.6 of chapter 3, MAT sol dip coated substrates have shown
better barrier properties till 72 h of exposure owing to the strong covalent bond between
AZ91D substrate and silane in the coating. However, with the prolonged durations of
exposure, the coating gets deteriorated and corrosion protection ability gets decreased.

After 24 h of exposure, spray coated MAT sol coatings have shown lower corrosion
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resistance as compared to that of dip coated substrates. This could be attributed to the fact
that in dip coating technique, coating wets the substrate uniformly, whereas in spray coating
technique, the sol droplets are sprayed on the substrate under the influence of compressed
air as shown in Fig. 6.6. Hence, in spray coated substrates, there may be some areas where
coating has deposited in the form of a very thin film, which gets deteriorated or can be

susceptible to corrosion in shorter time span.
Dip coating Spray coating

Uniformly wetted
coating on substrate

Uneven wetted
coating on substrate

Figure 6.6: Schematic view of dip and spray coated substrates

The corrosion protection ability of MAT sol spray coated substrates increased after 72
h of exposure, thereby indicating that the corrosive medium has penetrated at the coating-
substrate interface and formed a thin film of corrosion products which provided short term
corrosion protection. Spray coated CM sol based substrates showed similar corrosion
resistance behaviour as that of dip coated one. CM sol coated substrates have shown least
corrosion resistance after 72 h of exposure due to random distribution of HNTs within
coating matrix, as examined by Huttunen-Saarivirta et al. [15].

After 120 h of exposure, the corrosion resistance of CM sol coated substrates was
increased, which could be attributed to the formation of corrosion products underneath the
coatings due to the diffusion of corrosive medium through porous coatings. Dip coated
Ce**-Zr** loaded HNT based coatings (self-healing, SH) showed increase in the corrosion
resistance with increase in exposure durations due to sustained release of Ce3*-Zr** as
denoted in Table 6.2. In case of spray coated Ce3*-Zr*" loaded HNT based coatings, the
corrosion resistance was found to be lower than that of multilayer dip coatings after 24 h,
which got increased with prolonged exposure of 120 h as mentioned in Table 6.3. In case
of multilayer dip coated substrates, the corrosion resistance was found to increase till 72 h
of exposure and then decreased slightly after 120 h. This could be attributed to sealing of
pores in each layer by the subsequent layer, thereby providing a good barrier. However,
very less difference in the magnitudes of corrosion resistance of spray and multilayer dip
coating was observed. These results are further corroborated with salt spray tests.

In case of EIS studies, best suited electrical equivalent circuit was preferred for

analysing the impedance data of coated and bare substrates as depicted in Fig. 6.7.
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Figure 6.7: Equivalent electric circuits used to fit EIS data of (a) bare and (b) coated
substrates

In case of bare substrates (Fig. 6.7a), very thin porous oxide/hydroxide film is formed
after exposure to corrosive medium which provides negligible corrosion resistance.
Further, this thin film was removed during pretreatment of substrates. Hence, the results
were fitted with one-time constant circuit for bare substrates where, the charge transfer
resistance (Rqt) is in parallel with electrical double layer capacitance (CPEea) Which is in
series with solution resistance. For coated substrates, two-time constant circuit was used in
which the charge transfer resistance (Rct) is in parallel with electrical double layer
capacitance (CPEea)) which is in series with coating resistance (Rcoat) With Cecoat
corresponding to coating capacitance. Here, constant phase element is preferred over pure
capacitor as the Nyquist plots are deviating from ideal semi-circle behaviour. This non-
ideal frequency response could be associated with the inhomogeneity of the surface of
metal originating from interfacial phenomena or surface roughness. The magnitude of

pseudo capacitance was evaluated using following expression:
C=(QxR)*™(+R) (1)
Where, C is pseudo capacitance in F/cm?; Qo is Constant Phase Element in S-sec"/cm?;
n is frequency factor and R is resistance in Q.

Table 6.2: EIS fit data for bare and single layer dip coated substrates exposed to 0.6 M

NaCl solution for various durations

Ccoat/
Sl. | Exposure Rs Recoat Ret Cedal/CPE
_ Substrate CPE x>
No. Time Q.cm? Q.cm? Q.cm? Flcm?
Flcm?
Bare 291.5 - 3.7E6 - 1.5E-8 0.001
01 24 h MAT 234.9 2.6E4 5.2E6 15E-11 3.5E-8 0.0023
CM 106 4.3E4 1.7E6 14E-11 2.4E-8 0.0072
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SH 159.3 1.3E5 3.2E5 4.1E-6 4.5E-5 0.028
Bare 632.4 - 1.5E7 5.6E-8 0.0037
MAT 765.6 7.3E4 1.3E7 9.8E-12 7.8E-9 0.0038
02 72 h
CM 269.3 351.3 7.6E4 5. 7E-10 4.3E-6 0.0012
SH 230.1 2.0E5 1.1E7 8.3E-12 3.4E-8 0.0038
Bare 731.6 - 1.9E5 2.2E-10 | 0.0016
MAT 645.7 4.4E4 9.5E6 2.5E-11 2.3E-7 0.0027
03 120 h
CM 458.9 7.4E4 4.8E7 9.9E-12 2.1E-8 0.0023
SH 307.0 3.5E5 4.5E7 7.3E-12 2.7E-9 0.0061
Table 6.3: EIS fit data for spray coated and 3 layer dip coated AZ91D substrates after
exposure to 0.6 M NaCl solution
Ccoat/ xz
Sl. | Exposure Substrate Rs Recoat Ret CPE Ceal/CPE
No.| Time Q.cm? Q.cm? Q.cm? Flcm?
Flcm?
S-MAT 63.6 5.4E4 2.0E6 1.8E-11 5.5E-9 0.002
S-CM 99.9 3.4E5 1.6E7 7.1E-12 1.7E-9 0.005
S-Ce-Zr- 0.011
01 | 24h 27.6 1.2E6 27E7 | 52E-12 | 5.2E-11
HNT
3D-Ce-Zr- 0.0064
68.7 2.9E5 3.3E7 6.9E-12 | 4.3E-10
HNT
S-MAT 25.1 6.1E5 1.8E8 5.3E-12 9.2E-10 | 0.004
S-CM 96.9 8415 2.6E5 1.4E-8 6.5E-9 0.001
02 72 h
S- Ce-Zr- 0.006
38.1 1.1E6 1.2E8 5.5E-12 2.6E-11
HNT
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3D-Ce-Zr- 0.014
40.1 1.4E6 4.1E8 8.4E-12 | 7.7E-11
HNT
S-MAT 38.1 2654 8.7E5 14E-10 | 8.0E-5 | 0.001
S-CM 15.8 1.9E4 4.8E6 22E-11 | 8.2E-10 | 0.0004
S-Ce-Zr- 0.01
03 | 120h 10.1 1.2E6 1.1E8 5.8E-12 | 7.1E-11
HNT
3D-Ce-Zr- 0.0069
458 2.3E6 1.4E8 7.3E-12 | 2.6E-11
HNT
6.4.3 Salt spray tests

Atmospheric corrosion tests that are usually performed in automobile, aerospace and
other metallurgical industries were carried out to evaluate the anticorrosion properties of
bare and coated AZ91D substrates, as atmospheric corrosion can lead to serious damage
due to rain, fog and dew. SST of bare, dip and spray coated AZ91D substrates was carried
out according to ASTM B117 in 0.85 M NaCl solution for 168 h as shown in Fig. 6.8.

After 72 h of exposure, bare substrates were completely covered with the corrosion
products. MAT sol and CM sol dip coated substrates were corroded completely after 120 h
and hence are not displayed here. MAT sol and CM sol spray coated substrates showed
filiform type of corrosion and accumulation of corrosion products due to pitting in some
areas of substrate, respectively. Dip coated Ce**-Zr** loaded HNT based coatings were
observed to have some pits on the surface, where coating might have deteriorated after
exposure to corrosive medium for longer durations. In case of spray coated substrates, very
few corroded areas were observed after 168 h due to penetration of corrosive medium
through micropores developed after solvent evaporation during spray coating. Further, in
case of multilayer dip coated substrates, negligible pits were observed and there wasn’t any
visible accumulation of corrosion product on the surface. Hence, Ce®**-Zr**-HNT based 3
layer dip coated substrates have shown better anticorrosion properties as compared to single
layer dip coated and spray coated substrates from the salt spray tests and EIS measurements.
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Figure 6.8: Salt spray images of (a) uncoated, (b) MAT sol spray coated, (c) CM sol spray
coated, (d) Ce3*-Zr*" loaded HNT based sol dip coated, (€) Ce**-Zr** loaded HNT based sol
spray coated and (f) Ce**-Zr** loaded HNT based sol 3 layer dip coated AZ91D coupons
before and after 168 h of exposure to 0.85 M NaCl solution

Electrochemical studies and accelerated corrosion tests have revealed that, spray coated
substrates (MAT and CM sols) have shown better barrier properties as compared to dip
coated substrates up to 72 h of exposures, which could be attributed to higher thickness of
spray coatings and consequently the barrier properties. In case of Ce®**-Zr** loaded HNT
sol based coatings, single layer dip coated substrates have shown increase in the corrosion
resistance with the increase in exposure durations. Spray coated substrates were found to
give corrosion protection when corrosive medium diffuses through the micropores and
changes the localized pH, thereby leading to release of corrosion inhibitors and then
inhibition of corrosion. In case of multilayer dip coated substrates, the micropores of each
layer are covered by another layer, so that the corrosive medium cannot penetrate and reach
the substrate within shorter durations of exposure.
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Figure 6.9: Schematic representation of spray coating and multilayer dip coating on
AZ91D substrates

This could be elaborated through the schematic representation of spray coating and 3
layer dip coated substrates as depicted in Fig. 6.9. There could be micropores developed
after the evaporation of solvent in the coating matrix dispersed with inhibitor loaded HNTSs.
In case of multilayer dip coated substrates the porosity in one layer could be covered by
another one, thereby restricting or reducing the diffusion of corrosive species to the
substrate. The spray coated substrates have shown non-uniform surface morphology with
some areas having higher thickness (peaks) and some having lower thickness (valleys)
along with the micropores. The spray coated substrates could provide some barrier property
at the regions having higher thickness for less amount of time. However, when the low
thickness region gets exposed to the corrosive medium, the corrosive species penetrates
through the micropores and initiates the corrosion. At such areas, the corrosion inhibitor
releases from HNTSs due to change in localised pH upon corrosion initiation. Hence, it could
be concluded that multilayer dip coated substrates could give better corrosion protection as
compared to that of spray coated substrates owing to the restricted diffusion of corrosive
species through micropores. These coatings are further evaluated for their barrier property
when the corrosion is forced to take place by applying the external voltage in polarization

studies.

6.4.4 Potentiodynamic polarization measurements

Tafel plots obtained from potentiodynamic polarization studies for single layer dip
coated; spray coated and 3 layer dip coated AZ91D after 24 h, 72 h and 120 h of exposure
to 0.6 M NaCl solution are shown in Fig. 6.10 and Fig. 6.11 respectively. Lower corrosion

current of MAT sol spray coated substrates after 24 h of exposure could be attributed to the
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barrier properties of hybrid sol-gel matrix, which gets deteriorated with increase in the
exposure durations and showed highest corrosion current after 120 h. Polarization studies
of CM sol spray coated substrates have shown similar behaviour as that of EIS studies. The
coatings showed lower corrosion current after 24 h of immersion owing to the better barrier
properties of coatings. However, due to random distribution of HNTS in the coating matrix,
the corrosion current increases after 72 h and because of the formation of corrosion products
underneath the coatings as mentioned earlier, the corrosion current decreases after

prolonged exposure of 120 h as shown in Tables 6.4 and 6.5. After

1E-4 4 1E-4

1, Alcm?

1E-8 4

1, Alem?

1E-9

1E-10 -

1E-11 4

T T T T T T T T T T T
o - - e - il X 2 | ([ — i [ A (T S r— S T L
1.6 14 1.2 1.0 -08 -0.6 -04 -0.2 00 0.2 04 21 48 45 42 -09 0.6 -03 00 03

E, V (vs SCE)

E,V (vs SCE)

0.01 4
1E-3 +

(c)

—— Bare
—— MAT
——CM

1E4 ——SH

o~ 1E-54
£
5 1E-6 4
= 1E-7 o
1E-8 +
1E-9 4
1E-10 4
1E-11 4

1E'12 T T T T T T T T T
24 -21 18 15 12 -09 -06 -03 0.0 03

E, V (vs SCE)

Figure 6.10: Polarization plots of uncoated and single layer dip coated substrates exposed to
0.6 M NaCl solution after (a) 24 h, (b) 72 hand (c) 120 h

24 h of exposure, very less difference in the magnitudes of corrosion current for spray
coatings and multilayer dip coatings was observed, which could indicate that the initial
barrier properties of both coatings are similar before the diffusion of corrosive species
through the coatings. However, when corrosive species diffuses through the micropores of
spray coated substrates after 72 h and 120 h, corrosion initiates and release of inhibitors

from HNTs takes place due to change in localised pH. In case of multilayer dip coated
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substrates, as observed from Fig. 6 (a) & (b), the corrosive species could get diffused easily
through the uniform thin film having micropores as compared that of spray coated film and
hence multilayer films have shown higher corrosion current after prolonged exposure of
120 h.
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Figure 6.11: Polarization curves for spray coated and 3 layer dip coated AZ91D substrates

after exposure to 0.6 M NaCl solution

Table 6.4: Tafel fitting parameters for uncoated and single layer dip coated substrates

exposed to 0.6 M NaCl solution for various durations

Sl . Ecorr, V (VS
Exposure Time | Substrate lcorr, Alcm? Rp Q.cm?
No. SCE)
Bare -0.613 2.3E-8 1.9E6
MAT -0.715 1.5E-8 2.9E6
01 24 h
CM -0.505 6.3E-9 7.8E6
SH -0.590 2.1E-7 2.1E5
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Bare -0.834 5.2E-7 8.2E4

MAT -0.875 3.3E-7 1.4E5
02 72h

CM -0.486 3.9E-9 1.2E7

SH -1.131 2.5E-9 1.6E7

Bare -0.662 1.0E-6 1.1E5

MAT -0.846 2.5E-8 1.7E6
03 120 h

CM -1.506 1.2E-5 2.6E3

SH -0.316 2.7E-9 1.8E7

Table 6.5: Tafel fitting parameters for spray coated and 3 layer dip coated AZ91D

substrates
Sl Exposure Ecorr, V Rp
_ Substrate lcorr, Alcm?
No. Time (vs SCE) Q.cm?
S-MAT -0.777 1.4E-9 3.2E7
S-CM -0.805 3.9E-9 1.5E7
S-Ce-Zr-HNT -0.572 3.0E-9 2.8E6
01 24 h
3D-Ce-Zr-
-0.431 4.6E-9 9.2E6
HNT
S-MAT -0.785 5.7E-9 8.5E6
S-CM -0.681 8.8E-8 5.1E5
02 72h S-Ce-Zr-HNT | -0.608 1.0E-9 5.4E7
3D-Ce-Zr-
-0.466 1.1E-8 3.9E6
HNT
S-MAT -0.722 1.1E-7 4.3E5
03 120 h
S-CM -0.705 4.3E-9 7.9E6
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S-Ce-Zr-HNT -0.299 8.0E-9 5.3E6

3D-Ce-Zr-
HNT

-0.584 8.1E-8 5.5E5

It could be observed that potentiodynamic polarization studies have shown different
results than that of EIS and salt spray tests, where spray coated substrates have shown lower
corrosion current than multilayer dip coated substrates after prolonged exposure of 120 h.
This could be attributed to the corrosion inhibition provided by corrosion inhibitors
released from HNTSs due to change in localized pH, when the corrosive medium diffuses
through the micropores or the region where coating is thin as shown in Fig. 6.12. In
polarization measurements, the potential is applied in order to evaluate the corrosion
protection ability of coatings when the corrosion is initiated due to anodic reaction after
corrosive medium diffuses through the coating and reaches the substrate. In case of EIS
and salt spray tests (without artificial defect), the adhesion of coating and diffusional
characteristics of coatings with respect to corrosive medium are evaluated. Hence, the
actual corrosion protection ability of coatings is evaluated by using polarization studies
when any external defect occurs in the coating or after initialization of corrosion with

diffusion of corrosive species.
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Figure 6.12: Schematic representation of corrosion inhibition at the site of micropores in

spray coated substrate
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Table 6.6 compares the corrosion resistance obtained from EIS studies and corrosion
current evaluated from polarization measurements after 120 h of exposure to 0.6 M NaCl
solution for different coating compositions based on type of nanoclay (HNT, EHNT and
MMT), corrosion inhibitors (Ce3*-Zr**,HQ and MBT) and coating techniques (dip and
spray). It could be observed that among the dip coated substrates, single layer Ce**-Zr**
loaded HNT based coatings have shown better corrosion protection (highest corrosion
resistance and lowest corrosion current), which is one order lower than spray coated and
multilayer dip coated substrates. Since cationic Ce3*-Zr** encapsulated in HNTs have not
been used earlier as corrosion inhibitors for corrosion protection of Mg alloys, the results
of Ce**-Zr** directly dispersed into the coating matrix earlier reported by Phani et al. [16]
are compared with the results of this work. They have examined the effect of ceria-zirconia
(15 wt % each) dispersed in 2-propanol based sol-gel coatings on corrosion protection
ability of Mg alloys AZ91D and AZ31 using salt spray test for 96 h. It was found that as
casted AZ91D has shown least number of pits and damage to the coatings as compared to
other substrates. Han et al. [17] have developed ceria based conversion coatings on AZ91D
substrates under different conditions. The corrosion current after exposure to 0.6 M NaCl
solution was 7.5E-4 which is three orders higher than that mentioned in this work. Li et al.
[18] have developed zirconia based sol-gel conversion coating on AZ91D substrates. The
magnitude of the corrosion current obtained from polarization studies after 96 h in 0.6 M
NaCl (3.5 E-6) is higher than that obtained in present work (2.7E-9). Barranco et al. [19]
have developed sol-gel coatings containing Ce®* and Zr** ions on AZ91 substrates. It was
observed that hybrid sol-gel coatings doped with Ce®*" gave highest corrosion resistance
after 7 days in 0.5 M NapSO4 as compared to only hybrid coatings and Zr** doped organic
coating and the magnitude of corrosion resistance of hybrid sol-gel coatings doped with
Ce®" (3.1E4) is lower to that examined in this study (3.5E5).

Hence, from the aforementioned comparison of literature with present study, it could
be concluded that loading of cationic Ce®*" and Zr*" into the lumen of HNTSs is giving best
anticorrosion properties to the AZ91D substrates without any pretreatment or any

additional topcoat layer.
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Table 6.6: Comparison of corrosion resistance and corrosion current values of
different coating compositions on AZ91D substrates after 120 h of exposure to 0.6 M

NaCl solution
Coating Composition
: 3D- S-
Corrosion HNT EHNT MMT
Measurement | Bare HNT | HNT
. 3+_ 3+_
Entlty Ce3+_ Ce3+_ Ce Ce Ce3+_ Ce3+_
HQ | MBT HQ | MBT | ZzZr* Zr*
zr* zZr* zrt |zt
(IMM) | (IEM)
4.5 1.3 9.0 1.6 8.7 1.4 11
Ret (Q.cm?) 1.9E5 25E3| 2.3E5 | 2.8E6
E7 ES5 ES5 E4 ES5 E8 E8
2.7 1.6 2.7 5.5 3.7 1.2 5.6E- 8.1 8.0
leor (A/cM?) | 1.0E-6 3.1E-6
E-9 E-5 E-7 E-6 E-8 E-5 7 E-8 E-9
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Chapter-7

Conclusions and Future Scope

7.1 Overall Conclusions

Although sol-gel coatings have been widely used to provide enhanced barrier properties
and better adhesion to the substrates and top coats, these coatings are not able to provide
corrosion protection when a damage occurs due to mechanical impact or exposure to the
corrosive medium. Dispersion of inhibitor loaded/intercalated halloysite (HNT) and
montmorillonite (MMT) clay into sol-gel coatings was found to exhibit self-healing ability
and enhance their durability for prolonged corrosion protection of AZ91D. Following are

the summary and overall conclusions drawn from each studies.

Coatings based on HNT loaded with Ce3*-Zr*

Cationic corrosion inhibitors, Ce3*-Zr** were successfully loaded into the lumen of
HNTs, which could be confirmed from transmission electron microscopy (TEM), scanning
electron microscopy (SEM) in conjunction with energy dispersive spectroscopy (SEM-
EDS) and BET analysis. Hybrid matrix sol-based coatings could exhibit better barrier
properties (higher charge transfer resistance) of one order higher magnitude than HNT
dispersed matrix sol based coatings for shorter durations of exposure to 0.6 M NaCl
solution as observed from results of EIS and potentiodynamic polarization studies.
Coatings consisting of HNTs without any loaded corrosion inhibitor showed one order
lower corrosion resistance (charge transfer resistance) than self-healing (SH) coatings,
which may be due to porous nature of coatings resulting in the diffusion of corrosive
medium through coatings. Ce®*-Zr** loaded HNT based coatings could render improved
barrier properties for prolonged durations of exposure as observed from weight loss studies
and electrochemical measurements. The SH coatings have shown two orders higher
corrosion resistance and three orders lower corrosion current than bare substrates after
prolonged durations of exposure. Micro-Raman analysis confirmed the formation of
passive film of corrosion inhibitors released in the scribed area, thereby showing the self-
healing ability. Scanning vibrating electrode technique (SVET) analysis was used to
measure the localized change in anodic current density to confirm the self-healing ability
of coatings. It was observed that the scribed area of SH sol coated substrates has shown
progressive healing of defect (change of red color into green) after exposure to NaCl

solution thereby decreasing the anodic current density after 24 h, whereas, increase in
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anodic current of bare and matrix sol based substrates showed progressive corrosion of

substrates depicted by red color in current density maps.

Ce®-Zr* intercalated MMT based coatings

Ce**-Zr** as cationic corrosion inhibitors were intercalated into the interlayer spacing
of aluminum pillared MMT clay without affecting the layered structure. As-received MMT
dispersed matrix sol coatings showed better barrier properties during initial periods of
exposure to corrosive medium. Modification of the pillared clay by evacuation of corrosion
inhibitors mixture could provide better anticorrosion properties for prolonged durations of
exposure as observed from electrochemical measurements and weight loss experiments.
Corrosion inhibitor mixed MMT could provide corrosion protection up to some extent, but
the barrier property and corrosion inhibition activity of the coatings was found to deplete
with the increase in exposure time to corrosive medium. Electrochemical results showed
that inhibitor evacuated MMT (IEM) based coatings exhibited one order and three orders
higher corrosion resistance (with respect to charge transfer resistance) than inhibitor mixed
MMT (IMM) and MMT dispersed matrix sol based coatings, respectively. SVET
measurements confirmed that IEM sol coatings were able to provide autonomous healing
for prolonged exposures to corrosive medium showing lowest corrosion current density at
the defect site. SVET analysis showed drastic change in anodic current density (indicated
by change of red into blue color at defect area) of IEM based coatings after 1 h in the scribed
area after exposure to NaCl solution. After comparing the magnitudes of charge transfer
resistances of HNT (4.5E7) and MMT (2.8E6) based coatings, it was observed that HNT
based coatings are providing better prolonged corrosion protection than MMT based
coatings.

Corrosion resistance of different corrosion inhibitor loaded in HNT and EHNT

Acid treatment for etching the lumen of HNTS, increased the inhibitor loading capacity
without affecting the crystal structure of HNTs. TEM analysis confirmed the increase in
lumen diameter of etched HNTs (EHNT) by 40% - 60% and BET analysis confirmed that
higher amount of different corrosion inhibitors such as cationic Ce%*-zZr**, 8-
hydroxyquinoline (HQ) and 2-mercaptobenzothiazole (MBT) were loaded into the EHNTS.
The quantitative analysis of release of corrosion inhibitor from HNT and EHNT was carried
out using various semi-empirical kinetic models, and the Korsmeyer-Peppas model was
confirmed to be the best fit. Under conditions of neutral pH, electrochemical measurements

have shown that after prolonged duration of exposure, Ce**-Zr** based coatings have
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revealed better corrosion protection ability (two order higher corrosion resistance in terms
of charge transfer resistance than other two inhibitors) when loaded in HNT, whereas HQ
shown better corrosion protection properties (one order higher charge transfer resistance
than Ce3*-Zr** and two orders higher than MBT) when loaded in EHNT owing to higher
amount of loading. Polarization results followed the results obtained from EIS
measurements wherein Ce**-Zr** loaded in HNT showed four orders and two orders lower
corrosion current than HQ and MBT, respectively. HQ loaded in EHNT showed two orders

and three orders lower corrosion current than Ce**-Zr** and MBT, respectively

Effect of coating technique on anticorrosion properties

In order to evaluate the effect of coating technique, comparison of the corrosion
protection abilities of dip coated and spray coated substrates was carried out. Multilayer
dip coatings (3 layers) were carried out in order to generate the coating thickness similar to
that of spray coated samples. Multilayer dip coatings have shown better corrosion
resistance (one order higher charge transfer resistance for Ce3*-Zr** loaded HNTSs) as
compared to that of spray coatings as observed from electrochemical measurements. Salt
spray tests according to ASTM B117 for 168 h have shown that multilayer dip coatings

have better barrier properties than that of spray coatings.

7.2 Future Scope

The developed environment friendly self-healing coatings can be efficiently used as a
drop-in replacement to carcinogenic chromate based coatings for corrosion protection of
structural parts made using Mg alloys in automobile and aerospace industries. The coatings
could be further investigated for other metals/alloys in addition to varying the matrix
coating compositions, using other corrosion inhibitors, micro/nanocontainers, etc. The
efficiency of the coatings can be examined in actual environmental conditions by
developing commercial coating system (multilayer coating system) on AZ91D substrates.
Another functionality called superhydrophobicity can be generated in the coatings by
incorporating silica nanoparticles and fluorosilane precursors, which will decrease the

contact time of coatings with corrosive medium and enhance the efficiency of coatings.
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