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PREFACE

Surface modifications and coatings of metallic materials and structures are
one of the most important techniques for improving the functional performance of
the engineering components in real time applications and service in extreme
environmental conditions. Surface properties of a material decide its applicability
and durability regarding corrosion resistance, surface hardness, antibacterial
activity, mechanical stability, etc. Therefore, chemical or physical modifications of
surfaces to achieve superior performance have been widely used to attain the
benchmark for different applications. The surface coating is an important process
with wide acceptance to give a better appearance, properties, and advanced
functionalities. Pure metal or alloy, polymer, ceramic, and composite coatings with
the addition of micro or nano sized secondary particles can enhance strength and
stability of the material. The development of composite/nanocomposite coatings
on various surfaces based on electroless process has much interest among
researchers due to their enhanced mechanical, electrical, and magnetic properties
compared with their metallic or alloy counterparts. However, properties of the
product depend upon not only on the nature of secondary particle used but also
the specific characteristics of the matrix. Polymer matrix composite coatings are
widely used to improve the corrosion resistance of the metal. Depending on the
requirement of an end product, different reinforcements can be selected.

The first chapter gives a general introduction about recent developments in
micro and nanostructured metallic and polymeric composite coatings formed by
electroless and dip coating techniques, respectively. Main focus of the chapter is on
the properties of electroless nickel based metallic composite coatings as well as
commonly used polymer composite coatings. Metal/polymeric systems with
various reinforcements including micro or nano particles, one dimensional wires
and layered materials have been discussed.

In chapter 2 electroless Ni-B alloy and Ni-B-CeO2; nanocomposite coatings
were formed on 356 aluminium alloy surfaces. Ceria incorporation to Ni-B coating
reduces the average nodular grain size from 1150 nm to 650 nm and Ni crystallite
size from 15 nm to 9.97 nm. Ni-B-CeO2 nanocomposite shows remarkable

improvement in microhardness of 684 VHN compared to pure Ni-B coating with
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424 VHN. Enhanced wear resistance and reduction in friction coefficient are
observed for the nanocomposite coatings compared to 356 Al alloy and Ni-B alloy
coating. Potentiodynamic polarization measurements show a remarkable
reduction in the corrosion current density for ceria added nanocomposite coating
(2.48x10-Acm~2) than that of the particle-free counterpart (11.18x10-6Acm-2).
Uniform Ni-B-CeO2 composite coating was obtained on centrifugally cast A356
aluminium alloy cylinder liners which have potential applications in automotive
systems.

Chapter 3: A nickel boride-layered double hydroxide (Ni-B-LDH)
hydrophobic surface has fabricated on A356 aluminium alloy surface by electroless
method. The anti-corrosion and anti-wearing performances were studied with
varying amount, from 0 to 5 wt %, of LDH in the nickel boride matrix. The
composite coating with highest water contact angle having the value of 120° was
observed for Ni-B containing 0.5 wt % of LDH. This could be attributed to the
increased surface roughness offered by the LDH layers. Potentiodynamic
polarization measurements in 3.5 wt % NaCl solution indicate significant decrease
in the corrosion current density (icorr) values for LDH added composite coating
with a lowest of 3.96 x 10¢ A cm2 for 0.5 wt% of LDH. This may be due to the
combined effect of both coating hydrophobicity and feasibility for chloride ion
intake by ion exchange mechanism of LDH. Improved wear resistance was
obtained for composite coated aluminium with minimum wear rate for 1% LDH
added coating. Stable tribolayer formation in presence of LDH gave higher wear
resistance.

Chapter 4 introduces a modified layered double hydroxides (LDH) based
system for corrosion inhibition on dual actions by both active and passive
mechanism. Nickel aluminium layered double hydroxide (Ni-Al LDH) intercalated
with vanadate ion was further decorated with ceria nanoparticles to enhance the
corrosion protection efficiency. The corrosion inhibition efficiency of vanadate-
ceria modified LDH on A356 aluminum alloy was investigated by electrochemical
impedance spectroscopy (EIS) and immersion test. The bare metallic substrates in
3.5 wt % sodium chloride solution containing inhibitor loaded LDH were tested to
understand the inhibition mechanism. The modified LDH loaded epoxy composite

coatings were also made on A356 alloy to study the corrosion resistance in the real
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application. The results show that an enhancement of the corrosion protection can
be achieved by vanadate as well as ceria modification. Presence of stable ceria
nanoparticles passively protects the metal from corrosive anions and water
molecules. The release of vanadate ion during anion exchange of LDH with chloride
ion in the corrosive environment and formation of polymeric vanadate on the
surface actively protects the metal from further corrosion. The combined effect of
both vanadate and ceria incorporated with LDH exhibit the best anti-corrosion
property in the electrolyte as well as composite coating.

In chapter 5, phenolphthalein loaded Zn-Al layered double hydroxide (Zn-Al
LDH) was prepared and their corrosion sensing property was analysed. The
colour-change or fluorescing compounds were found to be sensitive to corrosion
processes by indicating the pH change associated with the cathodic or anodic
reaction that accompanies corrosion. The precise corrosion monitoring can be
achieved by the controlled release of corrosion sensing compounds from a nano
container at the beginning of corrosion process. LDH is a versatile material for
corrosion sensing compound loading with tuneable properties. The synthesized
LDH was characterized by scanning electron microscopy (SEM), Fourier transform
infrared (FT-IR) spectroscopy, Energy-dispersive X-ray spectroscopy (EDS), X-ray
photoelectron spectroscopy (XPS), and X-Ray Diffraction (XRD) analysis, which
confirm the formation of phenolphthalein modified LDH. Corrosion resistance
investigations by both potentiodynamic polarization analysis and electrochemical
impedance spectroscopy (EIS) indicate the applicability of modified LDH without
prompting the metallic corrosion. Pink coloration on the cathodic reaction sites on
metal surface indicate the feasibility of phenolphthalein loaded LDH as corrosion
sensing material. The modified LDH dispersed acrylic coated AZ91 alloy shows
pink colour formation during corrosion.

Summary of the thesis work is given in the 6t chapter which also includes

the future perspectives.
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Chapter 1

Introduction: Multifunctional Composite Coatings-An
overview

Abstract

The development of composite/nanocomposite coatings on metallic surfaces
based on various techniques has much interest among researchers due to their enhanced
mechanical, tribological, electrical, magnetic, optical and anti-corrosive properties
compared to the bare counterparts. These coatings have shown many applications in
automotive, aerospace and industrial fields with unique characteristics obtained by the
incorporation of secondary particles as reinforcement at micro or nanoscale in the
matrix. However, properties of the product depend upon not only the nature of secondary
particle used but also the specific characteristics of the matrix. Pure metal or alloy,
polymer, and ceramic matrix composite coatings with the addition of secondary particles
can enhance strength and stability of the material. This chapter reviews the recent
developments in micro and nanostructured metallic and polymeric composite coatings
formed by electroless coating and solution blending methods, respectively. The protective
behavior of different coating systems has surveyed. Finally, the scope and objectives of

the present work are defined at the end of this chapter.

1.1. Introduction

The surface properties of a material decide its applicability and durability
regarding corrosion resistance, surface hardness, antibacterial activity, and
mechanical stability towards wear and erosion. Therefore, chemical or physical
modifications of surfaces to achieve superior performance have been widely used to
attain the benchmark for different applications. Nowadays, several methods like

surface hardening, heat treatment, surface coatings, etc. are available to improve the

1
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exterior characteristics. However, the surface coating is an important process with
wide acceptance to give a better appearance, properties, and advanced functionalities.
Pure metal or alloy, polymer, ceramic, and composite coatings with the addition of
micro or nano sized secondary particles can enhance strength and stability of the
material.

Electroless process is a coating technique in which there is deposition of metal,
alloy or a composite on an activated surface by autocatalytic reduction of metallic ions
from the salt solution containing a reducing agent. Most of substrates can be plated by
this method, irrespective of their conductivity due to the nature of deposition, without
an external source of electrical current. Moreover, it is a better way for the complex
parts to plate completely over sharp edges and deep recesses, which is hard to plate
with electrolytic processes because of current density variations across the surface.l
Electroless deposition is different from other metal depositions such as displacement
deposition and contact deposition that are carried out without an outside electrical
current source.? Displacement deposition is a galvanic process in which the noble
metal ions (with more positive reduction potential) are reduced and deposited on the
surface of an active metal, without any reducing agent, by the dissolution of that metal.
Contact deposition is like electrochemical deposition with the exception that the
current is derived from the chemical reaction and not from an external current.

Polymeric coatings are made up of natural or synthetic polymers on the
substrate formed by curing or polymerization of resins, in the form of powder or
liquid, to the thin surface film. The coatings can be applied on any type of substrate
material to provide desired properties and protection. Epoxy, acrylics, polyurethane,
poly vinyl chloride, rubber, cellulose and silicone are commonly used for various
applications like corrosion resistance, household and biomedical appliances,
packaging, energy devices and decorative purposes. Different coating techniques have
been employed for the polymer coating. Dip coating, spin coating, spray coating,

printing and casting are some among them.3



Chapter 1 Multifunctional Composite Coatings-An overview

1.2. Electroless Metal Composite Coatings

Electroless process is a coating technique in which there is deposition of metal,
alloy or a composite on an activated surface by autocatalytic reduction of metallic ions
from the salt solution containing a reducing agent. Most of substrates can be plated by
this method, irrespective of their conductivity due to the nature of deposition, without
an external source of electrical current. Moreover, it is a better way for the complex
parts to plate completely over sharp edges and deep recesses, which is hard to plate
with electrolytic processes because of current density variations across the surface 1.

The electroless coating process was first noted by Liebig in 1835 related to the
reduction of Ag ion to Ag metal using aldehydes. In 1844, Wurtz observed a nickel
deposition from an aqueous salt solution in the presence of hypophosphite ion.2
However, it has gained the acceptance in various engineering sectors after Brenner
and Riddell, who introduced the term electroless metal deposition in 1946, made
nickel-tungsten alloy plating on inner walls of tubes.* Later, many researchers studied
the feasibility and usefulness of electroless metallic coatings such as Ni, Co, Cu, Ag, Au,
and Pd on different substrates. While most of the coatings were obtained as alloy
coating instead of pure metal owing to the presence of another element(s) derived
from the reducing agents and bath additives. It seems that most of the alloy coatings
got industrial embrace with many applications due to their improved mechanical
properties.

Electroless composite coatings are obtained by the co-deposition of second
phase particles along with the metal matrix on an activated substrate. Earlier, the
composite coatings had been made by incorporating micrometer size particles of
Al03 or SiC. However, the initial attempts at producing such deposits were
unsuccessful owing to the agglomeration of fine particles. Later, with the help of
suitable surfactants, stabilizers, and better stirring facility, electroless composite
coatings were prepared successfully. Synthesis of electroless composite coatings using
a variety of particles such as diamond for higher hardness®, ZrO; and Al>03 for
superior wear resistance and microhardness®?, B4C and SizN4 for wear and corrosion

resistance8, etc. have been explored.
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The possibility to incorporate smaller particles of nano size, within a
metal/alloy matrix has initiated a new generation of composite coatings referred to as
electroless nanocomposite coatings. These coatings exhibit enhanced mechanical,
physical and functional properties due to large interface and nanoscale effects.?
However, an extensive study is needed to understand the role of secondary particles
for protective application and their formation mechanism.

1.2.1. Basic aspects of electroless composite coatings

Autocatalytic deposition is a metal deposition process by controlled chemical
reaction that is catalyzed by the material being deposited in the presence of a reducing
agent. The chemical reactions occurring during electroless deposition are described in
equations (1.1) and (1.2):

Rn+t— R(+2)+ + ze- (1.1)

Mz + ze-—> M (1.2)
Where, ‘R’ and ‘M’ indicate reducing agent and the metal. The composite coatings
involve co-deposition of reinforcements during the autocatalytic deposition process

onto a substrate. The deposition process can be simply written as:

Metal ion +Reduction solution +Reinforcement — Composite solid +Oxidation solution

Since it is necessary to obtain the deposition at a desired surface, the substrate
material should be activated before immersion in the electroless bath. Depending on
the requirement of an end product, different metals can be selected for the deposition
on the substrate including multilayer coatings. For example, an electroless gold
coating on a nickel plated polyacrylonitrile (PAN) nanofibers improves the surface
texture for the potential application in wearable textile containing antibacterial and
wound healing properties.1® The schematic representation of surface activation and
deposition process is shown in Figure 1.1. The precise and detailed mechanisms of co-
deposition are discussed in section 1.2.4. Typical electroless plating baths of
composite coatings include a source of metal ions, a reducing agent(s), complexing
agent(s), stabilizer, buffering agent, reaction inhibitors and reinforcements.

Commonly used sources of metal ions, reducing and complexing agents are given in
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Table 1.1. The process is also controlled by certain parameters like temperature and

pH.

Pd(0)

1. Sensitization/Activation
of the surface

Sn** +Pd** > Sn** +Pd°

2. Electroless Ni Deposition ‘

7 Sn (IV1V)

3. Electroless Au Deposition

Figure 1.1: Schematic representation of electroless gold plating process on a nickel

coated poly acrylonitrile (PAN) nano fibers after tin-palladium activation.10

Table 1.1: Commonly used sources of metal ions, reducing and complexing agents.

Metal Salts used as metal Reducing agents

Complexing agents

source

Ni NiSO4, NiCly, Sodium hypophosphite, EDTA, citric, lactic,
Ni(CH3COO0)z2, Amino boranes, Sodium glycolic acids, sodium
Ni(H2PO2)2 borohydride, Hydrazine citrate, succinic acid,

Cu CuSO04, CuCly,
Cu(CN)2
Co CoS0y4, CoCl2

Formaldehyde, Sodium
hypophosphate

Sodium hypophosphite,
Amino boranes, Sodium
borohydride, Hydrazine

Au KAu(CN)2, KAuCly,
NazAu(S03)2
Ag AgNO3, NaAg(CN):

Formaldehyde, Hydrazine

Hydrazine, Rochelle salt,
glucose

sodium pyrophosphate
EDTA, glycolic acid,
Triethyl amine, cyanide
EDTA, citric acid,
sodium citrate, succinic
acid, sodium
pyrophosphate,
aminoacetate

Cyanide, citrate,
ethanolamine

Cyanide, ammonium
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1.2.2. Reinforcements

A wide range of particles such as synthetic and natural diamond, graphite,
graphene, multi/single walled carbon nanotube (CNT), polytetrafluoroethylene
(PTFE), MoS,, oxides of Al, Ce, Si, Ti, Th, and Zr; carbides of Si, B, Ti, W, and Cr; nitrides
of Si and B; and borides of Ti and Zr have been incorporated in the matrix.1? However,
size, shape, concentration, and dispersion of particles would influence the surface
morphology and characteristic properties of the plated material. Uneven distribution
of particles may give non-uniform, porous coatings. Therefore, selection of particles
and their uniform dispersion by proper agitation are needed to get required

properties. Frequently used reinforcements are given in Table 1.2.

Table 1.2: Commonly used reinforcements and their properties.

Category Reinforcements Characteristics

Carbon based CNTs, Graphite, Graphene Low electrical resistivity, Low friction
coefficient, Hydrophobicity,
Corrosion resistance

Diamond High hardness, Good polishing
properties
Inorganic Oxides (ZrOz, CeOz, Al;03) Corrosion resistance, Wear
Carbides (SiC, B4C) resistance, Microhardness

Other systems (Si3Ng, TiN, Low friction coefficient, Corrosion

WS2) resistance
Polymer/ PTFE Wear resistance, Low friction
Organic coefficient,

1.2.3. Pretreatments and surface activation

The electroless process differs from other metallic coating techniques
(electroplating, spray coating, vacuum metalizing, conversion coating and hot-dip
galvanizing) with the unique feature that the substrate itself initiates the autocatalytic
metal ion reduction process. Among a vast number of substrate materials, some of the

metals such as steel and aluminum become catalytic by the formation of a metal
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deposit in the electroless plating solution. While, other materials like plastics,
ceramics and certain metals (copper) are passive in nature. But, even naturally active
surfaces may become passive when contaminated by some residues or oxide layers.
Therefore proper surface preparation is required to initiate the electroless plating
process. Moreover, the properties of coated materials are associated with the
efficiency of the electroless process. Uniformity of final coating with required
thickness and properties show the effectiveness. These criteria can be achieved by the
choice of activated substrate material at suitable metal ion concentration and bath
parameters. On the other hand, electroless plating solutions are metastable; thus the
metal deposition is restricted to the catalytically active surface which lowers the
activation barrier of the reduction reaction.1? Surface cleaning prior to the activation
is necessary to eliminate unwanted dust particles and impurities like oxides on the
sample to be coated.

Many researchers studied the influence of pretreatment since the early stages
of electroless plating progress. Surface-to-coating bonds with high adhesion values
require thorough surface preparation.!3 Pretreatment steps for any substrate material
include machining, polishing, washing, and etching in general. After polishing, parts of
heavy solid particles like machine oil, grease, SiC particles, and buffering compounds
are washed with acetone. The remaining contaminants are removed by chemical
etching such as alkaline treatment/soak and acid pickling. Alkaline treatment with
sodium hydroxide can easily remove many of the superficial contaminants as their
hydroxides leading to the formation of a clean and activated surface for coating.
During the acid pickling, oxide films and other corrosion products of the metal are
removed by chemical reaction. Conventional pretreatment with chromium/(VI)-
containing solution, followed by activation in a hydrofluoric acid solution contains
some species harmful to human health and environment.* Nowadays, hydrochloric
acid or sulphuric acid is used as the pickling agent. In certain cases, nitric, hydrofluoric
or phosphoric acid, or mixtures of acids are used.

Surface sensitization and activation are further steps of substrate preparation.

In general, this activation is done by depositing any catalytically active metal on the
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surface. However, different approaches are used with respect to the nature of the
substrate and the metal to be coated. Etching in hydrochloric acid solution is enough
to activate steel samples.1>16 Zincation is necessary for good adhesion prior to
autocatalytic or electrolytic metal plating, especially for the surfaces of aluminium.
The principle behind the process is the formation of a deposit of zinc on the aluminum
surface by displacement from an alkaline zincate solution. The basic mechanism can
be explained by equation (1.3):

3Zn(0OH)42 + 2Al — 3Zn + 2A102" + 40H- + 4H20 (1.3)

Sensitization by immersing the parts in an acidic stannous chloride solution,
then rinsing and activation with an acidic solution of palladium chloride is also a
widely accepted procedure for aluminium. Fluoride activation in HF17 or (Chromium +
HF)8 is the general practice for magnesium alloys.

Surface activation of ceramics and polymers provide wettability of the surface
as a prerequisite for subsequent void-less covering and good adhesion of metal layers.
The surface cleaned particles or substrates are sensitized with Sn2+ ions followed by
activation with Pd?* to enhance the bondability between ceramic/polymer phases and
metallic ions. The activation process can be represented by the following equation;

Sn2++ Pd?* - Sn#* + Pd0 (1.4)
Other promising materials like carbon nanotubes and carbon fibers are activated by a
similar process.18-20
1.2.4. Composite coating mechanisms

Electroless composite coatings on a catalytic surface are formed by the
controlled chemical reduction of metallic ions by a reducing agent and co-deposition
of the dispersoids along with it. The deposit itself is catalytic enough for further
reduction reaction, and the reaction continues as long as either the surface remains in
contact with the bath solution or the entire solution gets depleted.2! Co-deposition by
electroless process with pure metal/ alloy coating can be made using various
dispersoids based on micro or nano-sized particles, short fibers, whiskers and

platelets.22
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Different mechanisms are proposed for particle incorporation in the electroless
metal matrix as in the case of electrodeposition. Guglielmi’s model?3 for the co-
deposition process occurring during electrolytic deposition is the widely accepted one.
According to this model, the co-deposition of particles is governed by a two-step
adsorption mechanism as shown in Figure 1.2. First step is the physical adsorption of
particles on the substrate surface. The dispersed particles in the bath are transported
to the surface by mechanical action and are loosely adsorbed. It is determined by the
particle flux at the interface of the substrate and the electrolyte, which is a function of

their concentration, size, and density.

' strong ! weak |
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Figure 1.2: Schematic representation of Guglielmi’s model electroless composite
coatings.

Physical adsorption of the particles is explained using the Langmuir adsorption
isotherm. Therefore, the surface coverage can be written as equation (1.5):

o=kC,/1+ kC, (1- 0) (1.5)

Where, o is surface coverage, k is adsorption coefficient, Cyis the volume of the
solid particles in the suspension bath, and 0 is the degree of the cathode surface
coverage with the particles finally embedded into the coating. In the second step, the

9
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particles are strongly adsorbed on the substrate in association with the
electrochemical reduction of metal matrix. This strong irreversible chemical
adsorption can be explained by Temkin adsorption.

However, Guglielmi’s co-deposition model does not discuss many relevant
factors, such as the type and size of the particles and the hydrodynamic conditions.
The studies to determine the impact of bath stirring with particles such as PTFE into
the nickel matrix24 reveal its importance. If the stirring is too weak or too intense, the
suspension may become heterogeneous due to the sedimentation or the centrifugal
force. Their effective concentration in the suspension may become lower and the
obtained coating will contain a smaller amount of the co-deposited particles.

The co-deposition mechanism for the micro and nano-sized particles in the
metal matrix is different. The micrometer-sized particles are deposited at the borders
and the edges of the metal crystallites, while the nanoparticles are incorporated inside
the metal crystals besides the borders and edges. Hence, the embedding mechanism of
the micro and nanoparticles could be characterized as “intercrystalline” and
“intracrystalline” respectively.2>

According to the Kariapper and Foster's2¢ model co-deposition mechanism, the
metal ion adsorption on particles is the most important step, and it practically
determines the possibility of obtaining a composite coating. The authors assumed that
it was necessary to get a positive charge on the particle for its deposition process.
Celis et al.2” and Fransaer et al.28 also considered the fact that the production of
composite coatings required adsorption of ions on solid particles in the plating bath
and the reduction of some ions of the deposited metal adsorbed on the particles of the
solid phase. This concept has been used to explain the nanoparticle co-deposition. The
schematic representation of the various stages of electroless nanocomposite coatings
is shown in Figure 1.3. When the nanoparticles are added to the plating bath, they will
be covered by an ionic cloud. The ion-adsorbed nanoparticles transport towards the
electrode surface by means of convection and diffusion. Finally, the ion-adsorbed

nanoparticles are reduced similarly as that of the metal ions and they get incorporated

10
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into the growing metal matrix. In addition to that most of the nanoparticles are in the

form of clusters following their agglomeration in the plating.
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Figure 1.3: Schematic representation of various stages of electroless nanocomposite
coatings.

The above mechanisms have been derived for electrodeposition of composite
coatings and, which is extended to electroless composite coating process. Few studies
particularly for electroless co-deposition behavior and mechanism of ultrafine
particles were also described below. Co-deposition of nanodiamond with the very
large specific surface area was investigated by Matsubara et al.2? The schematic
representation is given in the Figure 1.4. If the nanodiamond particles are adsorbed by
a large number of Ni-complex (a), the co-deposition becomes more because of the
higher incorporation of particles in the Ni-complex. On the contrary (b), if the ion
adsorption is less, the amount of co-deposition of particles becomes less. Such
adsorption of metal on the surface of a particle is a kind of interaction between a
particle and a metal ion. The high surface energy of the nanoparticle may enhance the

ion adsorption mechanism.
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Figure 1.4: Schematic representation of ion adsorption mechanism.2?

The mechanism for the deposition of Ni-P-TiO; nanocomposite was studied by
Hosseini et al.30 It is also in agreement with the above explained mechanisms behind
the co-deposition of nanoparticles. The process includes three stages: (i) the particles
are transferred primarily by forced convection (ii) the ion-adsorbed particles are
adsorbed loosely at the substrate surface and (iii) the particles are incorporated
irreversibly into the metal matrix by the reduction of some of the adsorbed ions on the
particle surface. As a result, when the inert nanoparticles of TiO; are absorbed by
metal ions, acquire positive surface charge and are possibly adsorbed on the electrode
surface. Further reduction of these metal ions results in strong adsorption of the
particles onto the metal matrix and the substrate.3! However, actual depositing
process can be far more complex than these assumptions due to the presence of
intermediate reactants and other adsorbed species such as organic surfactant, which

strongly influences the depositing process.
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1.3. Nickel composite coatings
1.3.1. Surface morphology and structural characteristics

Co-deposition of secondary particles along with metal matrix may or may not
change the surface morphology. The structure of electroless Ni-P-Si3sNs4 composite
coating was not influenced by the incorporation of particles in the matrix.32 A similar
observation has been observed by many researchers. X-ray diffraction pattern,
transmission electron micrograph, selected area electron diffraction pattern and
energy dispersive X-ray analysis of Ni-P/Ni-P composite coatings have shown the
insignificance of Si3N4, CeO2 and TiOz particles addition in the structure of the
electroless Ni-P deposits.33 On the other hand, the higher percentage of particles co-
deposition would lead to the additional peaks in the XRD pattern of composite coating.

Apachitei et al.3* observed the presence of SiC in as-plated electroless Ni-P-SiC

composite coating by XRD analysis.

C)

2 um

Figure 1.5: Back scatter scanning electron microscopy images of (a) Ni-P, Ni-
P/nanometer diamond depositions at various concentrations of nano-diamond in
electroless solution: (b) 0.5, (c) 1.0, (d) 4.0 g L-1.5
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Ni-P/nano-diamond composite deposition shows the consistency of surface
morphologies (Figure 1.5) with incorporated nanodiamond particles in Ni-P matrix.>
On the other hand, incorporation of micro/nano size particles into the electroless
coating can lead to the grain refinement by an increase in the number of nucleation
sites. Surface roughness occurs by the presence of many nodular protrusions over the
surfaces and changes the orientation of metal crystallites without influencing the
crystallite dimensions.3> These features can be altered by the size, shape, and
concentration of the second phase particle. Rabizadeh and Allahkaram observed a
spherical nodule formation on the Ni-P coating upon the addition of SiO;
nanoparticles.3¢ Addition of TiO2; nanoparticles induced a considerable reduction of
the nodular features Ni-P-TiO2 nanocomposite coating. Depending on an increase in
the concentration of TiO; nanoparticles in the bath, sub-micrometer nodules were
formed for 3 to 5 g L1 solution and for 7 to 9 g L1 bath, the size of the nodules was
again decreased.3” Effect of varying concentrations of nano-sized TiC in the surface
morphology of Ni-P coating on the low carbon steel substrate was studied by
Afroukhteh et al.38 It was observed that the morphology of coatings became smoother
in the presence of small quantity of TiC particles (0.01-0.1 g L-1) with a drastic
decrease of nodule size from 12 pm to 2 pm with particle free counterpart. Plating rate
was also influenced by the particle concentration. The highest deposition rate was
obtained for 0.3 g L-1 TiC in Ni-P coating, and it was very slow with lower amounts of
TiC (less than 0.1 g L-1). Particles deposition can also influence the surface energy
along with the surface roughness which in turn modifies the material characteristics.
The influence of surface energy components of substrates versus bacterial adhesion
has been investigated on Ni-P-TiO2-PTFE nanocomposite coatings with different
surface-energy components made by the electroless plating technique. The results
demonstrated that there was a strong correlation between bacterial
attachment/removal and the CQ ratio (ratio of Lifshitz-van der Waals (LW) a polar to
electron donor surface-energy components of substrates). The coatings with the

lowest CQ ratio showed the most inferior bacterial adhesion or the highest removal.3?
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The co-deposition of second phase particle depends not only on the
concentration but also their dispersion in the electroless bath. It can be achieved by
proper stirring or agitation of the electroless bath and the use of surfactants to
prevent agglomeration. Surfactants are often introduced to the solution containing the
particles to get a better dispersion, uniformity, and stability. lonic (both cationic and
anionic), non-ionic and polymeric surfactants have been used for several studies.
Sodium dodecyl sulfate (SDS), cetyltrimethyl ammonium bromide (CTAB)#0 and 1,3-
toloyl tri-ethanol ammonium chloride (TTAC)*4! are generally utilized for the
electroless deposition. Primarily surfactants act as dispersing agent for the secondary
particle. However, they could perform different roles when incorporated during
composite coating: a) modification of the surface charge by the surfactant monomers
or hemimicelle adsorbed on particles, b) wettability by the reduction in the surface
tension between the substrate and particles and, c) enhancement of the electrostatic
adsorption of suspended solids on the substrate. Electroless deposition of Ni-P-nano-
ZrO2 composite coatings in the presence of cationic, anionic, and nonionic surfactants
was investigated by Zielinska et al.#2 showing that surfactant type have a significant
effect on the deposition process. The addition of the cationic surfactant, DTAB, as the
suspension stabilizer reduces the number of free anions in the solution and practically
inhibits the conversion of hypophosphite ions to elementary phosphorus. In addition
to the influence of surfactant, composite coating in the presence of ultrasonication
would increase the uniform particle dispersion in the entire electrolyte.43
1.3.2. Corrosion resistance

Corrosion resistance of electroless composite coatings highly depends on the
nature of co-deposited particles. Enhanced corrosion resistance has been observed by
the addition of certain particles like SiC, CeO2, TiO2, and SiO2. Corrosion resistance
properties of the SiC added composite coatings had been subjected to many studies.
Farzaneh et al.#* made a Ni-P-SiC nanocomposite coating like Ni-P for use in saline
corrosive environments to improve the corrosion resistance of mild steel.
Potentiodynamic polarization curves (Figure 1.6) of the coatings reveal that the

corrosion performance of the Ni-P layer was improved by co-deposition of the SiC
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nanoparticles. However, SiC concentration higher than 2 g L-1 was negatively affected.
Heat treatment also enhanced the property of the Ni-P-SiC coating. The coating heat
treated at 400°C had the best performance of corrosion resistance compared to the as-

deposited and the heat treated samples at 700°C.
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Figure 1.6: Potentiodynamic polarization curves of Ni-P and Ni-P-SiC coatings at
varying concentrations of SiC.44

Electrochemical measurements showed that the annealed Ni-P/nano-TiO>
coatings had excellent corrosion resistance in 3.5 wt.% NaCl solution compared to Ni-
P coatings.#> Reduction of corrosion with Ni-P-TiO2 nanocomposite coatings prepared
by Hosseini et al.3? at optimized condition (10 g L1 TiO2) were 15 times better than
that of the pure copper substrate. Cheng-Kuo Lee*® made electroless Ni-P/nano-TiO2
and Ni-P/CNT composite coatings on 5083 aluminum alloy. The efficiency for
corrosion prevention of nanocomposite coatings was the maximum at 10 g L' nano-
TiO; and nano-CNT addition. Moreover, the property exhibited by Ni-P/CNT was
superior to the nano-TiO2 co-deposited coating. Studies on the corrosion resistance of
electroless Ni-P and Ni-P composite coatings with SizN4, CeOz and TiO: particles by
electrochemical impedance spectroscopy revealed that the coatings with SizN4 and
CeO2 have better properties than the Ti02.47

The corrosion resistance of NiP-Al,03 (4 g L1) coating is believed to be

improved by the rapid formation of continuous Ni hydroxide passive films at surface
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defects.*® According to Yu et al.#® Ni-P-SiO; and Ni-P-CeO2 composite coatings were
formed with strong corrosion and tarnish resistance. Less porosity density by
accommodation of nanoparticles in the matrix promoted the corrosion resistance. The
optimum concentration of nanodiamond particle in nickel phosphate coating
exhibited significant anticorrosive properties. Figure 1.7 shows the Nyquist
representation of electrochemical impedance spectroscopy studies and corresponding
equivalent circuit. Stable passive film formation in the presence of nanoparticles

especially at 100 mg L1 concentration gave highest charge transfer resistance 0.
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Figure 1.7: Nyquist plots for Ni-P coatings containing different concentration of
diamond nano particle (DNP) in 3.5 wt.% NaCl solution; fmax of semicircles was given.
Inset: equivalent circuits.50

Influence of particles added in electroless nickel composite coatings for
corrosion resistance has been explained in several reports. Schematic representation
of corrosion prevention mechanism by the addition of diamond nanoparticles in Ni-P
matrix and the corresponding SEM images of coating cross section were given in

Figure 1.8 and 1.9 respectively.50 The Ni-P coating cross-section exhibited long and
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straight grain boundaries which shorten the way of corroding agents to reach the
metallic surface. On the other hand, co-deposited nanoparticles act as obstacles in the
corrosion paths and stop the columnar growth.>! As much as the nanoparticle content
higher in the coating the corrosion paths become less straight and which result in

higher corrosion resistance of the composite coating.

corrosion paths s
a ; b corrosion paths

Wl

7] Sluster boundary
—tcluster boundary
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E .
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Figure 1.8: Schematics of coatings cross-section: (a) Ni-P and (b) Ni-P/DNP elucidates

the corrosion prevention by diamond nanoparticles.50

a

Figure 1.9: SEM images of the coatings cross-section: (a) Ni-P and (b) Ni-P/DNP.50
Table 1.3 provides an overall understanding of the corrosion resistance of

different reinforcements in the nickel matrix. Higher values of corrosion potential

(Ecorr), polarization resistance (Rp) and lower values for corrosion current density

(icorr) of each composite coating compared with the particle-free coating reveals the
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anticorrosion efficiency. Some of them have better properties while the others have
less which depends on the particles and coating stability. Although, the values may
vary for the same composite coating made by different groups owing to the changes in
the conditions and chosen substrate.

Table 1.3: Corrosion resistant characteristics of electroless nickel composite coatings.

Coating Optimum Ecorr fcorr Rp Reference
conc. of (V vs SCE) (nA.cm2) (ohm.cm?)
reinforcement
Ni-P - -0.662 2.51 29455 44
Ni-P-SiC 2glL1 -0.512 0.56 59784 44
Ni-P-TiO> 10 gLt -0.260 0.34 - 30
Ni-P - -0.838 6.36 - 46
Ni-P-TiO> 10 gLt -0.654 4.87 - 46
Ni-P-CNT 10 gLt -0.514 2.95 - 46
Ni-P-SiO2 2glL1 - - 3.14x108 52
Ni-P-ZrO- 25 mL L1 sol -0.321 0.37 53
Ni-P-ZrO- 5wt.% -0.361 0.96 61593 54
Ni-P-Al>03 6glL1 -0.354 0.59 32920 55
Ni-P-nano 100 mg L1 -0.380 0.85 12650 50
diamond
Ni-P-CeO> 8.10 wt.% - 0.37 90700 47
Ni-P-Si3N4 7.44 wt.% - 0.33 90525 47
Ni-P-TiO> 5.42 wt.% - 0.66 58991 47
Ni-P-PTFE 6-8 g L1 -0.384 3.70 - 56
Ni-P-MoS; 6-8g L1 -0.555 25.8 - 56
Ni-P-PTFE- 6-8 gL1each -0.681 85.8 - 56
MoS;
NiP - -0.808 7 - 8
Ni-P-B4C 4glt -1.031 84 - 8
Ni-B - -0.469 19 - 57
Ni-B-SiC 1gL1 -0.386 8.30 - 57
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1.3.3. Mechanical and tribological characteristics

The enhancement in mechanical and tribological properties of the coatings
depends on the type of second phase particles incorporated. Surface texture, coating
thickness, reinforcement, adhesion on the base material, compatibility between metal
matrix and the reinforcement, etc. would contribute to the specific properties of every
coating. It is well known that the wear resistance of the material is mainly affected by
the hardness, strength and friction coefficient. The wear resistance is proportional to
the hardness of coatings under the lower load. The relation between surface hardness
and wear resistance can be expressed using Archard’s equation (1.6):58

W = KLSH (1.6)

Where W is the wear volume, L is the applied load, S is the sliding distance, k is
the wear coefficient and H is the hardness of the materials. Hence higher hardness and
lower friction coefficient of the coating can help in improving the wear resistance.

Surface hardness is a major factor in components and semi-finished products
to control wear and tear process for practical uses. Electroless nickel has recognized
as a hard coating for tribology based applications. Since Ni-P and Ni-B are the major
contributors in industrial applications; the influence of phosphorous and boron in
nickel-based coatings are well established. During electroless Ni-P coatings, random
capturing of phosphorus along with nickel atoms occurs and the variation in the rate
of segregation of nickel and phosphorus atoms determines the crystallinity of the
resultant coating and which in turn decide the microhardness.>® If the required
phosphorus segregation is substantial, it will prevent the nucleation of face-centered
cubic nickel phase and this result in a disordered amorphous structure in as-deposited
condition.

Heat treatment of the coated samples allows the transformation of electroless
Ni-P coating from the disordered structure to an ordered arrangement of face-
centered cubic Ni and body-centered tetragonal NizP and NisP; hard phases. The
phosphides prevent the dislocation movement, thereby increasing the hardness
further. Hence, the hardness of electroless nickel coating is found to be increased with

the heat treatment up to a certain temperature above which the hardness is found to
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be decreased.®® The excessive annealing at very high temperature causes film
degradation with grain coarsening, which leads to surface brittleness and enhanced
dislocation propagation followed by the decrease in hardness of Ni-P.61 Borohydride
reduced Ni-B coatings show better hardness and wear resistance even in as-deposited
condition. Krishnaveni et al.62 observed that the Ni-B coating in as-plated condition
had the microhardness of the order of 570 (HVi00) and it was increased by heat
treatment up to a maximum of 908 (HV100) at 450°C for one hour. The increase in
hardness was obtained due to the precipitation of nickel borides, NizB and NizB.

The hardness of composite coating can be altered by both heat treatment and
the properties of secondary particles. Co-deposition of hard particles during
electroless coating is a general trend to obtain the surface with better hardness and
wear resistance. The properties are influenced by particle size, shape and
concentration. Wear resistance of Ni-P-Diamond coatings, with varying particles sizes
(3-6, 6-12, 20-40 micrometer) at different annealing temperatures (230, 350, and
400°C) for 2h was investigated by Reddy et al.?3 It was observed that Ni-P-C composite
coatings with finer diamond particles were more wear resistant than the larger
particles, since the bigger ones were less firmly held by the coatings. Heat treatment of
the coated sample shows high wear resistance after heating at 350°C due to the
diffusion of nickel into the substrate. The entire amorphous portion of the deposited
nickel gets converted into crystalline nickel and nickel phosphides. In a study of Ni-P-
Al203 coatings done by Alirezaei et al.®* detected that, while increasing the particles
content to 15 g L1 in the bath, the co- deposited particles increased to the maximum
value of 29 vol.% and consequently maximum hardness obtained approximately 1050

HVo.05 (Figure 1.10).
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Figure 1.10: Effect of heat treatment and particle concentration on the microhardness
of electroless Ni-P-Al,03 coatings.%*

Makkar et al.6566 studied the effect of TiO2 nanoparticles, obtained by both
chemical synthesis and mechanical milling, in the Ni-P matrix. The coefficient of
friction and specific wear rate of nanocomposite coatings was observed to be lower
than Ni-P coatings. SiC added electroless nickel composite coating also show superior
mechanical properties compared to particle free electroless nickel coating in both as-
deposited and heat-treated conditions.6”.68 Incorporation of SizN4 particles in the
composite coatings significantly improves the hardness and wear resistance.t?
Electroless Ni-P-gold nanocomposite coatings exhibited higher hardness, corrosion
resistance and uniformity than the particle-free coatings.”® Mechanical properties of
nickel boride coatings can significantly improve by the incorporation of TiO2 nano-
powder. The maximum Knoop microhardness was obtained with 2 g L-1 TiO2 nano-
powder addition. Further addition of TiO2 powder leads to a deterioration of
mechanical property due to the agglomeration of nanoparticles and break of coating
integrity 71. Incorporation of WC nanoparticles in composite coatings elevates the
wear resistance and microhardness with the increase of WC weight percentage?273
The influence of various particles in nickel boride coating to mechanical properties

was studied by Ekmekci et al.7# SiOz, Al203, TiO2, and CuO nanoparticles dispersed
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electroless Ni-B coated AISI-304 steel substrates showed an increase in the surface
nodularity. The nanocomposite coatings tend to have higher microhardness compared
with the coating without nanoparticles owing to the effect of dispersion strengthening
of ceramic particles in the matrix. Among the four particles, Al203 added composite

coating had the highest microhardness (Figure 1.11).
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Figure 1.11: Microhardness of substrate, Ni-B coating and the composite coatings
with different secondary particles.’#

Friction and wear are two kinds of responses from one tribosystem exactly
related to each other in each state of contact, although a whole, simple relationship
should not be expected.”> Hence, the friction coefficient of any material highly
influences the wear behavior and followed by their mechanical properties. The
presence of soft and layered materials along with metal deposition gives a broad range
of properties due to their precise behavior. Wang et al.7¢ found that under an
unlubricated condition, Ni-based CNT composite coatings exhibited higher wear
resistance and lower friction coefficient than Ni-P electroless coating. The self-
lubricating behavior of CNTs due to the short and tubular shape would allow easier
sliding or be rolling between the mating metal surfaces, resulting in the decrease in
the friction coefficient of the composite coatings. Percentage of particles added and

their distribution in the matrix was found to be the key factors in improving the
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frictional behavior of this composite coating. Ni-P-Si3sNs nanowire electroless
composite deposited on AZ31 Mg alloy showed a lower coefficient of friction and wear
rate in comparison with the conventional Ni-P coating (Figure 1.12). At an optimum
concentration of SizN4 nanowires (1.5 g L1), the composite coating had minimum
friction coefficient ~0.25 (Figure 1.12), which indicated the surface suffered a small
frictional shear force during wear test. Hence, it possesses the desirable wear
resistance. While, the nanowire concentrations exceeds 1.5 g L-1, the wear resistance
of composite coating decrease rapidly because of their agglomeration, which is easy to

occur brittle flaking off under external force.””
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Figure 1.12: Friction Coefficient of Ni-P-SizN4 nanowire electroless composite coating
with varying nanowire concentration.””

Use of WS> particles in the Ni-P coating decreased the hardness and modified
the wear behavior. As-plated Ni-P-WS; possess both abrasive and adhesive wear
mechanisms instead of severe adhesive wear for as-plated Ni-P coating. For heat
treated samples, the presence of WS in composite coating brings mild abrasive
wearing. Additionally, the coefficient of friction was reduced from above 0.6 to about
0.1 owing to the lubricating nature of the particle.”® Incorporation of graphene oxide
(GO) and reduced graphene oxide (rGO) in electroless nickel decreased the hardness
due to their soft nature.”? Tribology of the composite coating may vary with the
temperature of the system. For example, the average friction coefficient of Ni-P-MoS:
composite coating dropped at 500°C, and then slightly increased at 600°C. Higher
coefficient of friction at room temperature was explained by the presence of higher
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surface roughness due to the addition of the MoS», which exceeds the lubrication effect
of MoS:. In addition to that, the wear rates of Ni-P-MoS: composite coatings vary little
between 10-> and 10-* and the properties were the best at 400°C. The improvement of
tribological properties of the composite coatings at higher temperature was attributed
to the formation of lubricious oxide film composed of NiO and M00.8% This type of
“lubricious” coatings can be used as dry- low friction coatings between sliding
components, like a small-caliber automatic weapon, instead of using liquid lubricants
with an affinity of dirt, dust and fine sand to the surface.8!

Better wear resistance offered by the composite coatings based on layered
materials can be explained by their self-lubricating behavior. The schematic
representation in Figure 1.13 shows the lubricious tribolayer formation in composite
coating and its influence during the sliding motion in comparison with metallic
coating. While applying a load to the moving metallic coated sample, the surface
comes in contact with the counter disc resulting in a plastic deformation and coating
delamination. = Moreover, the composite coating exhibits a modified wearing
mechanism. As soon as the coating gets in contact with the hard surface, layered
reinforcements are partially transferred to the surface by adhesion. Due to adhesion
effects, some layers are dragged towards the contact area and prevent the direct
contact of the two sliding surfaces. A slight lift of the adhered layers induces a sliding
behavior with a lower coefficient of friction. Moreover, the elastic recovery of

compressed reinforcement after the stroke enhances the wear resistance.8?
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Figure 1.13: Schematic representation of lubricious tribolayer formation during the

sliding motion.

Role of hybrid particles

The combination of two different particles can incorporate in the same
composite coating to attain a broad range of features for various applications. Wu et
al.8384 studied the tribological behavior of electroless Ni-P-Graphite-SiC along with Ni-
P-SiC and Ni-P-Gr. Ni-P-Gr had lowest friction coefficient, and Ni-P-SiC had a higher
hardness. As a combined effect, Ni-P-Gr-SiC possessed excellent wear resistance
among the three composite coatings. It maintains the combination of unique
advantages of Ni-P-SiC with high load-bearing capacity and Ni-P-Gr with a low friction
coefficient. The graphite-rich mechanical mixed layer formed on the worn surface
during the analysis was responsible for the better antifriction properties, and SiC
particles mixed with graphite played a load-bearing role in protection from shearing
easily.

Mechanical properties of Ni-P-B4C-PTFE hybrid coating were investigated by
Dooz et al.8> Ni-P, Ni-P-PTFE, Ni-P-B4C and Ni-P-B4C-PTFE coatings were created on

Aluminum samples. Ni-P-PTFE composite coating had the lowest friction coefficient,

26



Chapter 1 Multifunctional Composite Coatings-An overview

and Ni-P-B4C composite coating had the highest hardness, and the Ni-P-B4+C-PTFE
hybrid coatings showed the best wear resistance. Adding Teflon particles leads to
reduced friction coefficient, and it is useful for slippery applications. Hard boron
carbide particles increased the coating hardness to 1260 Vickers, and it results in
improved wear resistance. PTFE particles are very soft so that they cannot prevent
dislocations as ceramic particles such as boron carbide do. Since the dislocations
easily peel particles from the surface. Therefore, plastic deformation (in micrometer-
scale) of PTFE composite becomes easier than coatings without particles. Besides,
boron carbide particles addition resulted in increased corrosion resistance while
PTFE particles decreased the corrosion resistance. Co-deposition of
polytetrafluoroethylene (PTFE) and MoS: particles with electroless nickel enhanced
their tribological properties. The particles contained in the composite coating were
increased by changing the specimen orientation from vertical to the horizontal
configuration. Moreover, change in phase structure during heat treatment improves
the wear resistance.8¢

The following table (Tablel.4) explains the features of different nickel-based

composite coatings in terms of tribology.
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Table 1.4: Hardness and tribological behaviour of electroless nickel composite coatings.

Coating Thickness Hardness (various Coefficient of Remarks References

(nm) units) friction

(average)
Ni-P- 20 - - Finer diamond 63
Diamond particles addition and
annealing at 350°C can
give more wear resistance.
Ni-P-Gr-SiC - Ni-P-SiC>Ni-P>Ni-P-Gr- Ni-P-SiC(0.23)>Ni- Ni-P-Gr-SiC coating show 8384
along with SiC(*830 p(0.15)>Ni-P-Gr- excellent wear resistance.
Ni-P-SiC and HVsoat 400°C)> Ni-P-Gr SiC (0.1)>Ni-P-
Ni-P-Gr Gr(0.06)
Ni-P-CNT 25 Ni-P(1095 HVs)) Ni-P> Self-lubrication of CNTs 76
Ni-P-CNT11.2 voL% Ni-P-CNT improves the wear
(1524 HVso) resistance.

Ni-P-B4C- 40 Ni-P 454 (1076wnT) Ni-P 0.44 Ni-P-B4C-PTFE 85
PTFE hybrid Ni-P-PTFE 190 (375#ur) Ni-P-PTFE 0.18 hybrid coatings showed
coating Ni-P-B4C 804 (1260ut) (at Ni-P-B4C 0.48 the best wear resistance.
Ni-P, Ni-P- 200 grams) Ni-P-B4C-PTFE
PTFE, Ni-P- 0.32
B4C
Ni-P-Al;03 25-30 Ni-P =850 HVy.05 Ni-P-Al203 - Abrasive wear is the most 64

Ni-P>Ni- 21050 HVq,s5 for 15 g L-1 at dominant mechanism of

P-Al203 400°C wear for Ni-P-Al>03

coatings.
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NiB-TiO2

Ni-P/SiO

nanocomposi

te
NiP-WC

Ni-P-SizNa4

NiP-SiC

Ni-P-SizNg
nanowire

10-15
NiB< NiB-
TiO2

25-30

%16 um

Q
—_
Ul

NiP 30-35
NiP-
SiCisg/L
40-45

~ 40-45

Knoop microhardness NiB= NiB-TiO2<NiB
629 HK(25 g), NiB-TiO2~ 735

HK(25 g) for 2 g L1 TiO2

TiO2 nano-powder
changes the surface
morphology from smooth
nodular-like structure to
rough nodules.

Ni-P-SiO2 shows better

Ni-P 830 HVo.3 Ni-P-Si0O2 (10 Ni-P>Ni-P-Si0O2

g/L) 700 HVp3at 270°C (0.4-0.45) wear resistance.

NiP-WC 19% higher than NiP  NiP 0.5 Formation of Ni3P phase

(as deposited) and 1150 HVsy  NiP-WC 0.13 (at and trapping of the

at 400°C 400°C) reinforced nanoparticles
gave higher mechanical
properties for annealed
coating at 400°C.

Ni-P 612 HV100 Ni-P< Abrasion wear mechanism

Ni-P-Si3Ny Ni-P-Si3Ny was observed for the

784 HV100 (as-plated) and coatings.

1078 HV1ip0 and 1173 HV100

respectively at 400°C

NiP ~ 350HKO0.1 - Surface roughness of the

NiP-SiCisg/L ¥ 500HKO.1 composite coating was
smaller than cast Al-Si
substrate.

Ni-P ~650 HV200 Ni-P-SizN4 Ni-P ~1.5 SizN4nanowire in the

nanowire 1.5 g/, ~790HV20o, Ni-P-SizNy composite coating induce

71

87

73

69

67

77
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Ni-P-TiO2

Ni-P-WS:

Ni-P-
graphene
oxide and Ni-
P-reduced
graphene
oxide

Ni-P-MoS; at
elevated
temperatures

~ 20

~15

~16.7

Ni-P 414
VHN &

815 VHN (HT at 400°C)
Ni-P-TiO;

510 VHN & 935 VHN (HT at
400°C)

Ni-P 850 HVsg
Ni-P-WS2480 HVso (HT at
400°C)

(100 g for 10 s) Ni-P 523 HV
and 806 HV (HT)

Ni-P- GO

235 HV & 530 HV (HT)
Ni-P-rGO

250 HV & 560 HV (HT)

nanowire 1.5
g/L"’O.Z 5

Ni-P 0.35
Ni-P-Ti02 0.25
(load:100gm
velocity: 0.1 m/s)

Ni-P 0.5-0.7
Ni-P-WS: 0.1

Ni-P-MoS,0.78
(RT)
0.27 (at 500°C)

low frictional shear force
during wear test, hence it
possesses the desirable
wear resistance.

The friction coefficient of
Ni-P-TiO; nanocomposites
increases with increasing
load and rotational speed

Soft WS particles act as
solid lubricant and reduce
friction coefficient and
hardness.

Soft material
reinforcement led to
decrease in hardness.

rGO reinforced EN
composite coating offer
better corrosion
resistance.

Lubricious oxide film
composed of NiO and
MoO3 at high temperature
improves the tribological
properties of the
composite coating.
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1.3.4. Industrial applications

Electroless metal and composite coatings are commonly used for industrial
applications due to formation of coating with uniform thickness regardless of
components geometry without any post finishing processes. Hence it is an
economically and industrially viable method for coating engineering components and
structures, especially with electroless nickel based alloy and composite coatings.
These functional deposits are practically applied for many applications in a wide range
of industries which include aerospace, automotive, chemical and petroleum, electrical
and electronics, marine, military, and mining.

In automotive industry, electroless nickel based composites are coated on parts
made of iron, steel, aluminum, copper, brass and other alloys; to protect them from
corrosion, to improve their abrasion and wear resistance, and to reduce friction
resistance. Hence it is applied on brakes, injectors, clutch, etc. In aerospace industry, it
is commonly used on fuel injection pumps, carburetors, ABS systems and clutch
systems, defrosting valves, aircraft engines, pump bodies, bolts etc. Recently black
electroless nickel plating has developed to serve the vital function of light and energy
absorption. It is also used for aesthetic purposes whenever an attractive black finish is
required. Since electroless nickel has a wide range of chemical resistance, it can be
used in chemical, petroleum and gas industries on different parts such as reactor
vessels, retaining rings, gaskets, separator parts, fasteners, bolts, compressor blades,
gas turbine absorption equipment, and pumps. Corrosion and abrasion resistance of
electroless nickel based coatings is used to make boring equipment and drill bits in
mining industry.

Electroless technique is also used to form metallic or composite deposits on
non-conducting materials like plastic and ceramics in electronic and computer
components. Especially, nickel coatings is suitable to protect the surfaces that contact
with cooling water against corrosion, plastic molds against abrasion, on maintenance

kits, conducting surfaces, and magnetic memory disks.
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1.4. Polymer Composite Coatings

Polymeric coatings are made up of natural or synthetic polymers on the
substrate formed by curing or polymerization of resins in the form of powder or liquid
to the thin surface film. The coatings can be applied on any type of substrate material
to provide desired properties and protection. Epoxy, acrylics, polyurethane, poly vinyl
chloride, rubber, cellulose and silicone are commonly used in various fields such as
protective coatings, household and biomedical appliances, packaging, energy devices
and decorative purposes. Different coating techniques have been employed for the
polymer coating. Dip coating, spin coating, spray coating, printing and casting are
some among them.3

Dip coating is a widely used technique for uniform polymer coating on the
substrate, which includes dipping of the substrate in resin or polymer melt followed
by pulled up in a controlled speed and finally drying. Figure 1.14 shows the steps
involved in the dip coating process. The coating thickness and properties can be
adjusted by changing resin concentration, dipping time, velocity, number of dips. More
the withdrawal speed, the evaporation rate of the solvent is greater than that of the
film shrinkage and more will be the coating thickness. At low rates, the trend is

inverted due to the drainage of the solution by gravitational force and better adhesion

P A% % NN
2% NN
e g NN

to the substrate.88

Dipping Wet layer Solvent
formation evaporation

Figure 1.14: Three major steps involved in the dip coating process.
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The polymer coatings exhibit low barrier properties, low hardness, low scratch
resistance, and high flammability compared to metallic and ceramic coatings that
restricts their applicability. Similarly, for outdoor coatings, the stability of polymers is
inadequate owing to the photodegradation in presence of sunlight. The major
disadvantage of polymer covering is their characteristic porousness to allow diffusion
of gases and water molecules towards the metal surface. To overcome this scenario,
polymer matrix composite coatings reinforced with hard and stiff materials metal
oxides.

Polymer composite coatings are applied on the material to achieve functional
or decorative layers on the surface. Acrylic, polypyrrole, polyamide, epoxy based
coatings for corrosion protection;8°-°1 polyurethane for abrasion resistance;? nylon
for textile and protection from chemicals;?3 polyethylene, polyester, polypropylene,
poly vinyl chloride, nylon, etc. for packaging and biocompatible polymers for disease
diagnosis and therapy®* have been developed. The reinforcements based on carbides
and silicates, carbon nanotubes and layered materials have been emerged to make
polymer composite coatings. The particles of TiOz, and ZnO in polyurethane/acrylic
silicone rubber coatings are used as UV blocking agents.?596 Nuraje et al.%7 introduced
graphene to polyurethane coating for improved weathering. Results revealed that the
addition of graphene increased resistance to UV degradation.

1.4.1. Polymer composite coatings for corrosion protection

Polymeric composite coatings have been known for corrosion protection.
Protective polymeric coatings are given to the metals and alloys to reduce the
corrosion process. The basic concepts of corrosion resistance improved by secondary
particles addition are similar to the nickel composite coatings, which are described in
previous section 1.3.2. However, depending on the nature of polymer matrix the
extent of activity as well as the anti-corrosion mechanism can be varied. Conductive
polymers such as polyaniline (PANI), polystyrene, polypyrrole, and polythiophene
provide anodic protection to the metal.?® Polyaniline-clay nanocomposite synthesized
by chemical oxidative polymerization showed better barrier properties than the PANI

coating.?? Additionally, the coupling between conducting polymer and metal led to an
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improved corrosion resistance. However, most of the polymeric coatings are integrally
porous after curing mainly due to solvent evaporation that fails to prevent the
corrosive species. Moreover, the coating damage by scratch, wearing or peeling can
trigger the corrosion protection failure. Incorporation of nano or micro materials in
polymer matrix can significantly improve their performance. These materials can
completely or moderately inhibit or heal the coating damages.

Different types of secondary particles have been used for the passive corrosion
protection by applying as polymer composite coating. A study on the corrosion
resistance of steel by polyaniline-glass flake (10%) composite in epoxy binder
indicates the passivation capacity of polyaniline highly influences the coating
property.100 0.5% of functionalized graphite nanoplatelets (20-40 nm) in epoxy nano-
coating with physical barrier characteristics gave an impressive corrosion inhibition
on carbon steel.191 ZrO; nanoparticles,192 silica nanoparticles-covered graphene oxide
nanohybrids (Si02-GO),103 3-aminopropyltriethoxysilane functionalized GO sheets
anchored on Al203 nanoparticles1%4 and amino functionalized graphene oxide (FGO)10>
considerably improved the corrosion performance of epoxy composite coating. The
sacrificial performance zinc rich epoxy coating was enhanced in presence of PANI
modified GO. GO-PANI species enhanced the electrical conductivity between steel
substrate and zinc particles.1 The epoxy coatings containing 3-
aminopropyltriethoxysine functionalized fullerene C60 (FC60) and graphene (FG)
were evaluated for the tribological as well as anti-corrosion performances. FC60-
epoxy coatings showed better tribological behavior than FG-epoxy coating while,
corrosion performance was just opposite.l197 Epoxy-MWCNT (multiwalled carbon
nanotubes) coating on Al alloy possessed higher wear and corrosion resistance.108
1.4.1.1. Inhibitor loaded polymer composite coatings

The corrosion process on polymer coated metal involves oxidation of metal as
anodic reaction and both polymer and oxygen reduction as cathodic reaction. Upon
polymer reduction, the release of doped anions and inhibitors can happen, which
improve the corrosion resistance of the coatings.3 The organic adsorptive inhibitors

such as 8-hydroxyquinoline, salicylaldoxime, and quinaldic acid can form a thin film of

34



Chapter 1 Multifunctional Composite Coatings-An overview

insoluble complexes in the corrosive environment, which suppress the release of ions
from the active intermetallic zones.199 Williams et al.110 showed that 2,5-dimercapto-
1,3,4- thiadiazolate (DMTD) was effective for inhibiting pitting corrosion of AA2024.
In another study by Poznyak et al.111 explicated the effective corrosion inhibition by
quinaldate and 2-mercaptobenzothiazolate owing to the stable layer formation on
copper-rich phases of AA2024 alloy. However, the organic compounds are prone to
photodegradation, which reduces the inhibiting properties upon time.112

Corrosion inhibition efficiency of inorganic anions, transition metal and rare
earth oxides were widely investigated. Iron-molybdate complex film generated from
PANI-Mo004%- coating on steel substrate offer higher corrosion resistance.l13 Optimum
concentration of vanadates in alkyd composite coating contains vanadate loaded Al-
Zn-hydrotalcite showed corrosion inhibition.114 Yasakau et al.l15 investigated the
inhibition efficiency of cerium molybdate nanowires added sol-gel coating on
aluminium alloy in NaCl solution. The release of both cerium and molybdate ions from
the coating reduced the corroding defects. The use of lithium salts has been proposed
as a potential replacement for chromates in organic coatings. Lithium salts have
shown protective properties on aluminium alloys by the formation of continuous
polycrystalline layer of Li-Al layered double hydroxide along with lithium aluminate,
which can act as pore filler on the surface under neutral salty environment.116117
1.4.1.2. Container based corrosion inhibitor loading

One of the ideal strategies to increase the efficiency of inhibitors is that the
encapsulation of the healing or inhibiting agents in micro or nanostructured capsules,
which are distributed in the polymeric matrix. The capsules actively release the
reactive agent and the released species repairs the coating. Different types of
containers and methodologies have been used for the corrosion inhibitor loading.

Formerly the polymerization of healing agents loaded in the microcapsules was
developed for active corrosion prevention. Dicyclopentadien and epoxy resin are some
of the examples. The catalysts for the reaction are distributed in the polymer. When a
scratch is formed, the container breaks and the healing agent will be released.118119

The schematic representation of healing mechanism is given in Figure 1.15.
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Unfortunately, once it gets released and polymerized, further supply of healing agents
for long time cannot be achieved. Hence, other external stimuli or the corrosion

process itself triggering inhibitor delivery systems were established.

Polymer matrix Catalyst Capsule of liquid monomer

. ‘QQ

Monomer flows into crack

Figure 1.15: Microcapsule based self-healing mechanism with encapsulated monomer
and a solid catalyst.120

In the last decade, different types of containers for controlled releasing of
corrosion inhibitor has been established.121.122 Mesoporous silica,123124 polyurethane
microcapsules,12> natural clays26127 and layered double hydroxides!28 are widely

used. Some of the inhibitor loaded container systems are given in Table 1.5.
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Table 1.5: List of different container loaded corrosion inhibitor systems in the

polymer coatings.

Multifunctional Composite Coatings-An overview

Coating

Container

Inhibitor

Reference

Epoxy

Epoxy on steel

Acrylic and
polyurethane On
copper

Epoxy on steel

PEO coatings on
Mg

Epoxy on steel

Epoxy and sol-
gel coating on
aluminium

Hybrid sol-gel
film on
aluminium

Hybrid
SiOx/ZrOy sol-gel
on Al alloy.

Silica-zirconia
hybrid film on Al

Poly(urea-formaldehyde)

Poly(urea-formaldehyde)

Halloysite clay nanotubes

Urea-formaldehyde

Halloysite nanotubes

Polystyrene-highly
branched polyethylenimine

Layered double hydroxides

Layered double hydroxides

Mesoporous Silica
Nanoparticles

Mesoporous silica
nanoparticles modified by
supramolecular nanovalves

SiO2-Polyelectrolyte
multilayers

Hollow mesoporous
zirconia nanospheres

endo- dicyclopentadiene
tungsten (VI) chloride
catalyst with a co-activator
(phenylacetylene)

Epoxy resin

Benzotriazole, 2-

mercaptobenzimidazole, and

2-mercaptobenzothiazole

Linseed oil

Benzotriazole

Benzotriazole

Vanadate,phosphate,and2-
mercaptobenzothiazolate

Quinaldate and 2-
mercaptobenzothiazolate

1H-benzotriazole

Benzotriazole

Benzotriazole

2-Mercaptobenzothiazole

129

130

131

132

133

134

135

136

137

138

139
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1.4.1.3. Layered double hydroxide (LDH)
Layered double hydroxides (LDH) are synthetic lamellar compounds and

commonly known as anionic or hydrotalcite-like clays. The basic chemical formula can

be written as [MZF_M3* (0H™),]**[(A™ )x.mH,0]*", where M2* is divalent, and M3+ is
n

trivalent cations, A™ represents anions.140.141
M2+: Divalent cation- Ca2*, Mg?*, Zn2*,Co2*Ni2* etc. (Lil* can also be

used)
M3+: Trivalent cation- Al3+, Cr3+, Fe3+, Co3+ ,Ni3* Mn3+ etc.
Ar :Inter layer anion- Cl-, NO3-, ClO4, CO32-, SO4% etc.
The overall charge of host layers is positive and hydrated exchangeable anions
for charge neutralization located in the interlayer gallery. The LDH structure consists
of edge-sharing M(OH)s octahedral and the vertexes containing hydroxide group

connect to form two dimensional sheets. Figure 1.16 represents the typical brucite like

structure of LDH.
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Figure 1.16: Structure of layered double hydroxide.142

LDH has wide applications as catalyst, precursors, acid absorbents, energy
storage materials, optics, and bio-active nano composites owing to their flexibility to
tune the metal-anion combinations within the layered structures. Corrosion

protection is one of the major applications, especially with Zn-Al, Ni-Al and Mg-Al
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based LDHs.143-147 Mechanical and flame retardant properties can be achieved by the
addition of halogen-free and environmental-friendly LDH as reinforcement.48 Nano-
Mg-Al-layered double hydroxide on cotton gained enhanced mechanical, UV
protection and flame retardancy at low cytotoxicity level.149 LDH-poly(lactide-co-
glycolic acid) (PLGA) film composite is relevant for the controlled release of
antibiotics.1>0 Controlled drug delivery is possible by the release of drugs intercalated
between LDH layers by easy preparation method and good biocompatibility.1>? LDH
has been investigated frequently for textile dye effluent removal!>2 and fiber-based

flexible super-capacitors or energy storage devices.1>3

1.5. Corrosion Sensing

Corrosion sensing is one of the most effective corrosion protection strategies
like corrosion retardation or inhibition. Corrosion sensing coatings are a type of active
coatings, which monitor the corrosion process on a material at the early stages of
deterioration. The material deterioration by corrosion is an electrochemical process
that influences local pH change on the material. Electrochemical reactions associated

with corrosion process are given as equations 1.7-1.9.

Cathodic reaction: 02 + 2H20 +4e~ —» 40H (1.7)
Anodic reaction: M — M"* +ne” (1.8)
M"™* + nH20 — M(OH), + nH* (1.9)

At the cathodic region, reduction reaction takes place and OH- will be released,
which increases the local pH. At the anodic region, oxidation reactions take place and
H- will be released, which decreases the local pH. Sensing of these reactions by pH
indicators can be utilized for the early detection of corrosion process. Fluorescent pH
indicators are also been developed for corrosion sensing applications.1>4

The pH-sensing compounds accompanied by colour change are generally used
to identify the pH increase related to cathodic reaction. Phenolphthalein is one of the
suitable examples for acid-base indicator, which show pink coloration at the alkaline
pH starting from 8.2 and bright purple at very high pH. Different corrosion sensing

indicators used to develop the polymer composite coatings on metals are given in
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Table 1.6. The sensing compound should be uniformly distributed as well as
compatible to the polymer matrix without reducing the barrier properties. However,
as in the case of corrosion inhibitors, the direct contact between pH indicators and the
matrix could reduce the coatings properties and trigger the corrosion.

Table 1.6: Corrosion sensing polymer composite coatings.

Substrate Indicator/Inhibitor Coating References

Aluminum Phenolphthalein, Acrylic 155
AA2024-T3 Bromothymol blue

Aluminum 8-hydroxyquinoline-5-sulfonic acid Polyester, 155
epoxy,
Polyurethane
Aluminum 8-hydroxyquinoline (oxine) Acrylic, epoxy 156
Al7075
Mg-AZ31, Phenolphthalein Acrylic 157
Al-2024
Aluminum Lumogallion, N,N'-bis-(salicylidene)- Epoxy/polyami 158
Al2024T3 2,3-diaminobenzofuran (SABF) and de coating

Phen Green™

Container based composite coating system developed by encapsulation of
active compounds in the container can provide a sensible on-time response. Porous
silica, polyurea, urea-formaldehyde, and melamine-formaldehyde microcapsules have
been used for encapsulation of phenolphthalein.157.159 Schematic representation of

corrosion sensing by microcapsule loaded phenolphthalein is given in Figure 1.17.

OH™

Figure 1.17: Schematic illustration of microcapsule encapsulated phenolphthalein

with pH, an indication of corrosion.160
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1.6. Scope and Objectives

Light metals and alloys are used in automotive, aerospace, structural and
industrial fields owing to their unique characteristics of low weight and high specific
strength. Though, the deterioration of materials followed by the properties during
continuous usage has substantial social and economic impact. Surface modifications
and coatings of metallic materials and structures are one of the most important
techniques for improving the functional performance of the engineering components
in real time applications and service in extreme environmental conditions. Currently,
several methods like surface hardening, heat treatment, and surface coatings are
available to improve the exterior characteristics. However, the surface coating is an
important process with wide acceptance to give a better appearance, properties, and
advanced functionalities. Multifunctional coatings with the primary objectives of wear
and corrosion resistance can be achieved by applying thin layers of less reactive
metals, alloys, polymers or composites on the metal surface. Different methods have
been adopted to develop the coatings such as electroless process, electroplating,
physical and chemical vapour deposition, dip coating, spray coating etc.

The development of composite/nanocomposite coatings on various surfaces
based on electroless process has much interest among researchers due to their
enhanced mechanical, tribological, electrical, and anti-corrosive properties compared
with their metallic or alloy counterparts. However, properties of the product depend
upon both the nature of secondary particle and the specific characteristics of the
matrix used. Electroless nickel as well as polymeric matrix composite coatings are
widely used to improve the properties of the metal. Depending on the requirement of
an end product, different reinforcements can be selected. The reinforcement can be a
one, two, three or zero dimensional species. Among the nanoparticle secondary
materials, ceria (CeOz) shows remarkable role in improving both mechanical and
electrochemical properties. On the other hand, two dimensional layered double
hydroxide (LDH) is well known for their anti-corrosive properties due to unique anion
exchange behavior. In the present thesis, few composite coatings are aimed based on

metal and polymer matrix systems for various applications and studied the
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characteristics based on morphological, structural, tribological, anti-corrosive and

corrosion sensing properties.

The major objectives are:

Development of electroless Nickel boride (Ni-B) alloy and Ni-B-CeO2 composite
coating on aluminium A356 alloy (composition: Al-7Si-0.35Mg in wt.%) to
investigate the surface morphology, coating composition, corrosion resistance,
microhardness, and tribology.

Formation of Ni-B-LDH composite coating on A356 alloy and optimisation of
coating parameters to get better wear and corrosion resistance.

Synthesis of inhibitor loaded LDH by vanadate intercalation followed by
nanoceria decoration for higher anti-corrosive properties.

Development of phenolphthalein loaded LDH container to make polymer

composite coating on light alloys for corrosion sensing applications.
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Chapter 2

Effect of nanoceria in electroless nickel boride
coating on Aluminium A356 alloy
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Abstract

Nickel-based coatings on aluminium with specific surface properties are of great
interest for anti-corrosive, anti-wearing, and self-lubricating applications. In the present
study electroless Ni-B alloy and Ni-B-CeO; nanocomposite coatings were formed on 356
aluminium alloy surfaces. Ceria incorporation to Ni-B coating reduces the average
nodular grain size from 1150 nm to 650 nm and Ni crystallite size from 15 nm to 9.97
nm. Ni-B-CeO; nanocomposite shows remarkable improvement in microhardness of ~
684 VHN compared to pure Ni-B coating with ~ 424 VHN. Enhanced wear resistance and
reduction in friction coefficient are observed for the nanocomposite coatings compared
to 356 Al alloy and Ni-B alloy coating. Potentiodynamic polarization measurements show
a remarkable reduction in the corrosion current density for ceria added nanocomposite
coating (2.48 x 10-° A cm2) than that of the particle-free counterpart (11.18 x 10-¢ A cm-
2). Uniform Ni-B-CeOz composite coating was obtained on centrifugally cast A356 (Al-7Si-
0.35Mg wt.%) aluminium alloy cylinder liners which have potential applications in

automotive systems.
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2.1. Introduction

Aluminium alloys are used extensively in various sectors with a range of
products from basic infrastructure to aerospace applications. However, the
degradation of them by continuous use and under the influence of aggressive
environment like sea water has significant social and economic concern. It is a global
issue that severely affects a large number of industries such as construction,
automotive, oil refinery, shipping, and general engineering. The protection of them
from corrosion and wear has been an active area of research under materials science
for many years. Surface coatings with thin layers of less reactive metals, alloys or
composites can act as a protective barrier. Various techniques like electroplating,
electroless deposition, physical or chemical vapour deposition, and spray coating have
been used with varying success. Unfortunately, most of the metallic coatings are
inherently porous and uneven with a little shielding against corrosion and wearing.
These issues have largely been overcome with the development of electroless nickel
plating.12 Electroless nickel coatings possess improved tribological properties as well
as corrosion resistance.3* Moreover, this is a favourable method to plate any material
with complex shapes.

Borohydride-reduced electroless nickel coating has been widely accepted due
to its advantages like uniformity in thickness, significant resistance to wear and
corrosion,® electrical properties,® ductility, and lubricating behaviour over other
coatings. As-deposited nickel boride coatings composed of amorphous Ni-B and
microcrystalline nickel, and the amorphous nature increases with increase in boron
content.” The difference in boron content as low, mid and high concentrations can
alter the hardness and wear process.8

Development of nickel boride composite coatings by co-deposition of
secondary particles (reinforcements) from electroless bath has received a great
interest owing to the enhancement of properties over electroless nickel-boron alloy
coating.?10 The electroless composite coatings formed using different particles has
different effects. Accordingly, diamond for higher hardness and wear resistance,11.12

TiO for improved wear resistance and microhardness,!3 SiC and Si3N4 for wear and
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corrosion resistancel415 have been investigated. Ni-B-SiC composite coatings from
alkaline bath had higher corrosion resistance.1®

Most of the coating properties like microhardness, hydrophobicity,
hydrophilicity, corrosion resistance and scratch resistance depend on the surface
texture. Uniformly distributed nanoparticles can induce significant grain refinement in
coatings. Studies show that microhardness of Ni-P-SiO; increases with decrease in
grain size of the matrix.1” The presence of SiC nanoparticles in electrodeposited Ni
coatings influences the nickel grain growth and led to the grain refinement and higher
erosion-corrosion resistance.l® Addition of Al203 into Ni matrix gave significant
enhancement of wear resistance and mechanical properties.120 Though there are
many reinforcement choices, CeOz shows remarkable role in improving both
mechanical?! and electrochemical properties.22 Electrodeposited Ni-B/Ni-P-CeO2
coatings exhibited superior hardness and corrosion protection efficiency.23 However,
the influence of CeO2 nanoparticles on the properties of electroless nickel-boride
coatings has not yet studied well. In the present study, the effect of CeO2 particles on
nickel-boride coating by electroless deposition of Ni-B-CeO; on aluminium 356 alloy
surfaces was investigated concerning the surface morphology, coating composition,
corrosion resistance, microhardness, and tribology. The composite coatings are
deposited over the cylinder liners for evaluating its uniformity in engineering
components.
2.2. Material and Methods
2.2.1. Materials

Nickel chloride (98%), ceria (99.95%), thiourea (99%), ferric chloride (96%),
lactic acid (85%), sodium chloride (99%) and ammonia (30%) used were purchased
from Sigma-Aldrich Co. Ltd., USA. Other chemicals; disodium
ethylenediaminetetraacetate dihydrate (Na:EDTA-98%), sodium sulphite (97%),
NaOH (97%), and sodium borohydride (98%) were obtained from S D Fine-Chem Ltd.,

India. The chemicals were used without purification for all the studies.
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2.2.2. Coating preparation

Aluminium (A356) alloy substrates with 30x20x3 mm dimension were used for
electroless deposition. The aluminium alloy pieces were polished with SiC abrasive
paper (to 1000 grit) and ultrasonically cleaned in acetone. The cleaned substrate was
etched with basic (20 g L't NaOH) and acidic (100 g L1 H2SO4 and 25 g L-1 HCI)
solutions (1 minute each) for the removal of surface impurities and metal oxides.
Surface cleaned strips were introduced to a zincate solution containing zinc oxide
(62.5 g L1), sodium potassium tartrate (7.5 g L1), sodium sulphite (0.25 g L1),
anhydrous ferric chloride (5 g L-1), and sodium hydroxide (6.25 g L-1) for 1 minute and
dipped in a diluted nitric acid solution to remove the excess surface adsorbed Zn?2*
ions. The zincation was repeated for 20 seconds to provide better activation. The
surface was further sensitized using acidic SnClz (5 g L? SnClz and 30 mL L-1 HCI)
solution followed by activation with acidic PdCl; (0.01 g L1 PdCl; and 5 mL L-1 HCI)
solution. The sensitized substrate was introduced into the electroless plating solution
for 1 hour at pH 8.5 to get a uniform surface coating with a considerable thickness
under ultrasonic agitation (40 Hz). Ammonia solution was used to attain the alkaline
pH of 8.5. The bath constituents and process parameters used for coating are given in

Table 2.1.

Table 2.1: Electroless Ni-B-CeO2 bath constituents and parameters.

Bath constituents Concentration /
and parameters values

Nickel chloride 9gL1
NazEDTA 10g L1

Sodium borohydride 4gl1t

Lactic acid 10 mL L1
Thiourea 0.4glL1

Ceria 0.1glL1

Bath temperature 60°C
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2.2.3. Characterizations
2.2.3.1. Structural analyses

The surface morphologies of electroless Ni-B and Ni-B-CeO: coatings were
observed with scanning electron microscopy, SEM (JEOL, Japan). The elemental
composition was identified using energy-dispersive X-ray spectroscopy, EDS (Hitachi)
attached with SEM (Zeiss EVO 18 cryo-SEM). Further, changes in surface texture and
roughness were analysed with atomic force microscopy (AFM) analysis under ambient
conditions using the Bruker Multimode AFM-3COCF (Germany) in the tapping mode.
X-ray diffraction, XRD (PANalytical, Netherlands) in the range from 20° to 70° (26
angles) by Cu Ka radiation used to determine the crystallite size of nickel. The
chemical composition was studied using X-ray photoelectron spectroscopy, XPS (PHI
5000 Versa Probe II) with Al Ka radiation. CasaXPS software was used to calculate the
relative percentage of each element present in the coating. The binding energy (BE)
was measured with reference to the C 1s line of the adventitious carbon at 285.0 eV.
All the surface studies were carried out on a 5x5 mm sample taken from the coated
substrate. Coating thickness was measured from the SEM image of the coating cross-
section. The samples were vertically mounted in the acrylic polymer and polished to a

mirror finished surface.
2.2.3.2. Electrochemical measurements

Corrosion behaviour was measured by electrochemical impedance
spectroscopy (EIS) and potentiodynamic polarization test at room temperature in 3.5
wt% NaCl solution with a three-electrode electrochemical cell (CHI608E). The coated
specimen withlcm? exposed surface was used as the working electrode; saturated
calomel and a platinum grid were taken as the reference and counter electrodes
respectively. The specimens were kept in the electrolyte for 20 min prior to the
experiment for attaining their stable open circuit potential (OCP). The
potentiodynamic scan was done at a rate of 1 mV/s from -200 mV to +200 mV
concerning the OCP values. The corrosion potential (Ecorr vs. SCE) and corrosion

current density (icorr) of each sample were obtained from the applied potential vs.
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current (Tafel) plot. EIS measurements were done at their OCP in the frequency from
104to 10-! Hz with amplitude of 10 mV. The data were fitted by EC-Lab software with

corresponding equivalent electrical circuits.

2.2.3.3. Hardness measurements

The Vickers micro-hardness tester (Clemex) was used to measure hardness on
the coated A356 alloy surface under the indentation of 50 gf with an indentation speed
of 50 um/s and 15 s dwell time. Hardness measurements at five different locations of

the specimen were done and the average value was taken.
2.2.3.4. Pin on disc wear testing

Pin on disc wear testing machine (TR-20, DUCOM) was used to measure the
wear rate and coefficient of friction at the dry condition. The measurements were
done for coated samples as well as bare A356 alloy surface after heat-treatment
(300°C for 2hrs). The pins with 6 mm diameter and 30 mm length were used against
EN31 high carbon alloy steel disc (d = 80 mm). The A356 alloy pins were coated with
Ni-B alloy and Ni-B-CeO; composite followed by heat treatment at 300°C. Wear tests
were done at a sliding velocity of 0.4 m/s under 5, 10 and 20 N standard loads up to

500 m distance at room temperature.
2.3. Results and Discussion

2.3.1. Surface morphology and elemental composition

SEM micrographs of electroless Ni-B alloy and Ni-B-CeOz nanocomposite
coatings deposited on A356 aluminium alloy are given in Figure 2.1a and Figure 2.1b,
respectively. The deposits exhibit similar morphologies with a typical nodular surface
texture. However, the dimension of nodules in the nanocomposite coating is smaller
than that in the Ni-B, which indicates the induced grain refinement during the co-
deposition of ceria nanoparticles with nickel boride. The addition of CeO; particles
influences the deposition mechanism by increasing the number of active sites to start
the metal matrix deposition as the nucleation centre for electroless process.2

Simultaneously, the incorporation of nanoparticles at the boundaries of nickel
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crystallites can reduce the nodular grain size and become denser than the electroless
Ni-B coating. Elemental composition analysis (Figure 2.1c & 2.1d) of Ni-B alloy
possesses nickel (~ 90%) as the major elemental contribution and boron (~ 3.5%)
with relatively low concentration. The composite coating surface gave additional peak
corresponding to cerium from ceria along with nickel and boron. Approximately 0.3%
cerium present in the coating by co-deposition of ceria nanoparticles. It has been
confirmed that the nanoparticles were successfully incorporated into the
nanocomposite coating surface. Figure 2.2 represents the cross-sectional SEM image of
Ni-B-CeO2 composite coatings depicting the average coating thickness of 40 um and
EDS mapping gives the elemental distribution of nickel, boron, and cerium in the

coating.

Element Weight% Atomic% [Ny | d ) Element Weight% Atomic%

BK 3.78 16.83 "4 B K 1.30 4.35

Al K 4.40 7.85 0K 18.05 40.93

Ni K 91.82 75.31 ) Al K 6.86 9.22

Ni K 73.51 45.42

CelL 0.29 0.08
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Figure 2.1: SEM micrograph of the surface and Energy-dispersive X-ray spectroscopy:
(a & c) Ni-B alloy, (b & d) Ni-B-CeO2 composite coatings.
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Figure 2.2: Cross-sectional SEM image of Ni-B-CeO2 nanocomposite coating and the

EDS mapping.

2.3.2. AFM analysis

The AFM images of Ni-B and Ni-B-CeOz composite coated surfaces are shown in
Figure 2.3a and 2.3b, respectively. It gives clear evidence for the changes in surface
roughness and grain refinement for the nanocomposite coatings. The section profile
through the nodular grains on the coated surface provides the accurate measurement
of their size. The typical height topography measurement along the line drawn is
displayed in the AFM image. The grain size was measured between two cross marks in
the image. Measurements at various locations are made, and the average size is
determined. The average nodular grain size of Ni-B coating is 1150 nm, and it has
significantly reduced to 650 nm for the nanoparticle added coating. The surface
roughness of the nanocomposite coating got reduced by co-depositing 0.1 g L1 of CeO:
in compared with the alloy coating. The Rq values are 239 nm and 154 nm for Ni-B
alloy and Ni-B-CeO; coatings respectively. Uniform distribution of co-deposited CeO:
nanoparticles brings smooth, uniform, compact and less porous nanocomposite

coating compared to Ni-B coating. At higher concentrations of ceria in the coating,
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surface roughness value increased to 199 nm and 294 nm for 0.2 g L-1and 0.5 g L1 of

CeO2 concentration respectively.

o

1.9 KM 1200

100t ,1.05 pm 1.34 uym

800 =

600

mm,
)
2

0 pm

X {pm})
1.9 um
(b) et p—r
1000 - 0.61 pm 0.74pm
s00| 2 <>
£ 600
;" 400
200 /\
U a
0 pm 0 i 2 3 s 5 6
X (um)

Figure 2.3: AFM height images: (a) Ni-B alloy and (b) Ni-B-CeO: nanocomposite

coatings.
2.3.3. X-ray diffraction studies

X-ray diffraction patterns of Ni-B and Ni-B-CeO: after heat treatment (300°C)
are shown in Figure 2.4 to analyse the crystallite size of nickel deposit. The
characteristic reflection corresponding to Ni (111) plane is observed at 26=44.7°.
Formation of microcrystalline NisB phases at 49.21°, 52.88° was also identified to the
crystal planes (113), (212). The peaks at 38.44° and 65.09° represent the crystal
planes (111), and (220) of aluminium substrate.252¢ Presence of CeO: in the
nanocomposite coating cannot be observed with X-ray diffraction patterns owing to
their low concentration. Crystallite size (grain size) of the coatings was calculated by

the Scherrer equation (Equation (2.1)) using the diffraction peak of Ni (111).
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Dp =(KA) /(B Cos 0) (2.1)

Where, Dp = Average crystallite size, K = 0.9 is the Scherrer constant, 8 = full
width at half maximum of the peak, 6 = Bragg angle, A = X-ray wavelength. The grain
size measurements indicate that Ni-B coatings (14.96 nm) have large grain size
compared to Ni-B- CeO2 composite coatings (9.97 nm). Incorporation of ceria particles
into the Ni-B matrix refines its crystallite size by providing many heterogeneous

nucleation sites for the crystal growth.2?
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Figure 2.4: XRD of Ni-B and Ni-B-CeO2 nanocomposite coatings. Enlarged portion of
Ni(111) peak is shown as inset.

2.3.4. XPS analysis

X-ray photoelectron spectroscopy (XPS) technique was employed to find the
chemical states of all elements in composite coated (as-deposited) sample. The survey

spectrum of Ni-B-CeOz (Figure 2.5a) also certifies the presence of Ni, B, Ce, and O;
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which is consistent with the SEM and EDS results. Percentage of elements calculated
by CasaXPS software indicates the presence of ~ 73% of nickel, ~ 3.7% of boron, ~
18% of oxygen, and 0.79% of cerium in composite coating. Three broad peaks in the
range of 600 eV to 800 eV represent Ni auger peaks corresponding to Ni LMM, Ni
LMM1, and Ni LMM?2 transitions.282% The high-resolution spectrum of Ni 2p (Figure
2.5b) shows the primary and secondary peaks corresponding to Ni 2p3,2 and Ni 2p1,2
spin-orbit energy levels and hence the Ni ion is in zero oxidation state. The secondary
peaks observed at higher binding energies represent the satellite peaks. Boron present
as both zero (189 eV) and ““3’ (192 eV) states, as amorphous borides and oxidized
states (Figure 2.5c) similar to the previous reports on sodium borohydride-reduced
nickel system.30 The XPS spectrum of cerium (Ce 3d) in Ni-B-ceria film is given in
Figure 2.5d. The spectrum is complex instead of four characteristic peaks for 3d3,> and
3ds,2 states of Ce(IV) and Ce(IIl) owing to the spin-orbit splitting.31 Therefore, six and
four peaks assigned for Ce** and Ce3*respectively.32 According to Burroughs et al.,33
the peaks named as v, v", v'"" and u, u", u" represent 3ds,> and 3ds,2 of Ce(IV) and the
peaks titled vo, v' and uo, u' for 3ds,2 and 3d3,2 of Ce(IlI) oxidation state respectively.
The existence of both oxidation states indicates the presence of non-stoichiometric
cerium oxide, mainly as CeOz and Ce203. Figure 2.5e shows the XPS spectrum of O 1s
region. The broad peak consists of lattice oxygen in both Ce(IV) and Ce(III) oxides, and

adsorbed oxygen in different forms on the surface.34
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Figure 2.5: XPS survey spectrum of NiB-CeO2 (a), high-resolution spectrum of Ni 2p
(b), B1s(c), Ce 3d (d), O 1s (e).
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2.3.5. Electrochemical characterization for corrosion analyses

Figure 2.6 shows the potentiodynamic polarization curves (Tafel plots) of
samples by plotting the potential scanned from cathodic region to the anodic region
vs. logarithm of current density. The values of corrosion current density (icorr) and
corrosion potential (Ecorr), obtained by the extrapolation of cathodic and anodic sides
are given in Table 2.2. Variation of Ecor value towards more positive direction and the
lower icorr indicates the corrosion prevention of coatings, especially for the composite
plating. Presence of ceria nanoparticles in the coating leads to a substantial reduction
in the icorr values of the Ni-B from 11.18 x 10® A cm™ to 2.482 x 10® A cm2. The
corresponding shift of the graph towards the left-hand side was observed. The
reduction in icorr values of the coated samples indicates the decreased ionic diffusion
on the surface during the corrosion process.3> The anodic polarization curves of bare
aluminium and nickel boride coating exhibited an active dissolution phenomenon
whereas the ceria added sample had significant passivation behaviour. Moreover, the
composite coating is more cathodic to the other samples and possesses excellent
corrosion protection. Influence of ceria concentration in corrosion resistance shows
that the higher concentration of 0.2 gl.-1 and 0.5 gL-1 nanoparticles slightly reduces the
corrosion resistance with an increase in corrosion current density of 7.58 x 10-°A cm-

and 12.56 x 10-°A cm-2respectively (Figure 2.7).
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Figure 2.6: Tafel plots of (a) A356 alloy, (b) Ni-B coatings and (c) Ni-B-CeO; composite

coatings at a scan rate of 1ImV/s.

Table 2.2: Ecorr, S, fa and icorr values obtained from potentiodynamic polarization

scan.

Sample ID  Ecorr (Vvs. SCE) fc(mV/decade) B.(mV/decade) icorr (A cm-2)

A356 -0.808 1.257 4.412 16.87 x 106
Ni-B -0.802 6.658 17.57 11.18x 10
Ni-B-CeO2 -0.693 5.063 9.748 2.482 x 106
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Figure 2.7: Tafel plots of Ni-B-CeO2 composite coatings at different concentrations of
0.2 gL-1and 0.5 gL-1at a scan rate of 1mV/s.

EIS measurements are represented as Nyquist plot (Figure 2.8a) and Bode plots
(Figure 2.8b). From the Nyquist plot, loops correspond to aluminium alloy surface and
Ni-B coating show single capacitive arc at all range of frequencies. The capacitive arc is
observed by the presence of double layer capacitance formation at the sample-
electrolyte interface and metal dissolution, and the diameter represents the charge
transfer resistance (Rct). At higher frequencies, the resistance is attributed to the
solution resistance (Rs). Non-homogeneous double layer capacitance is represented as
the constant phase element (CPE), instead of a pure capacitor. The corresponding
equivalent electrical circuit used for the fitting is given in Figure 2.9, and the values of
each component are specified in Table 2.3. Ni-B-CeOz nanocomposite coating has an
additional capacitive loop at high to middle frequencies due to the protective film
containing nanostructured cerium oxide particles.3¢ Since the low-frequency region is
associated with the corrosion process, the largest loop diameter for composite coating
reveal the improvement in corrosion resistance of Ni-B-CeO>. However, the R of Ni-B
doesn’t have any considerable improvement in comparison with the bare material.

The secondary particle added coating have the highest charge transfer resistance (Rct
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values: Al - 1358.5 ohm, Ni-B - 1525.16 ohm and Ni-B-CeO2 - 6054.9 ohm) compared
with the particle-free counterpart and aluminium alloy, implying increased corrosion
resistance of the composite coating.

To investigate in detail, bode plots of the samples are shown in Figure 2.8b,
phase angle vs. log f. The phase angle plot of nickel boride coating has single phase
maximum as for bare aluminium alloy. But the frequency range has shifted towards
the lower value due to the presence of relatively noble Ni-B alloy. For nanocomposite
coated sample, the capacitance behaviour exhibited for a wide frequency range with
two time constants overlying at medium and low frequencies. The asymmetry of the
peak may due to the overlapping of two relaxation processes with similar capacitance
values as explained with the equivalent circuit. Additional barrier property exhibited
by ceria added coatings may be due to the inert characteristics of the particles towards
the corrosive ions and the water molecules. This particle could induce zig-zagging of
the path for ion movement towards the metallic surface.3” Grain refinement offered by
the nanoparticles further increases the path length of aggressive ionic species.
Moreover, conversion of oxygen deficient ceria nanoparticle with the Ce3* ion to more
stable Ce#** in the presence of corrosive environment can attribute to the anti-

corrosion behaviour.
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Figure 2.8: Nyquist (a) and Bode, phase angle vs. log f (b) plots of A356 alloy, Ni-B
coatings and Ni-B-CeO2 composite coatings at their OCP with amplitude of 10 mV in
the frequency range from104to10-1Hz.
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Figure 2.9: Equivalent electrical circuit model used to fit the EIS data; (a) A356 alloy
and Ni-B coatings and (b) Ni-B-CeO2; composite coatings.

Table 2.3: The fitted values of EIS measurements of the samples using equivalent

circuits shown in the Figure 2.9.

Sample ID A356 Ni-B Ni-B-CeO:
Rs(Q2 cm?) 11.84 41.37 30.72
Rt (2 cm?) 1289 1669 4386
Rc (2 cm?) _ _ 2754

CPE (S /Qcm?) 13.21x 105 26.1x 105 25.4 x 105
CPE. (S" /Q cm?) _ 21.7 x 105

n 0.919 1 0.804

2.3.6. Hardness behaviour

The microhardness obtained for ceria added composite coating shows
exceptional high hardness values of ~ 684 VHN compared to base alloy and pure Ni-B
coating with the Vickers hardness of ~ 105 VHN and ~ 424 VHN respectively (Figure

2.10). Grain boundary immobilization by the nanoparticles and the dispersion
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strengthening may improve the hardness for composite coating.38 However, Ni-B
coating itself gave a considerable enhancement in the hardness due to the random
incorporation of boron with nickel. Microhardness values of the samples increase in
the order of base alloy < pure Ni-B < Ni-B-CeO2 composite coating.
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Figure 2.10: Vickers microhardness values of the samples under the indentation of 50

gf with a speed 50 um/s.

2.3.7. Tribological Characteristics

Variation in the wear rates of samples with different loadings by the pin on disc
method is given in Figure 2.11a. It is observed that the nanocomposite coating system
exhibits the lowest wear rate when compared with nickel coating, which is smaller
than the bare aluminium alloy. Wear rates of all the samples increases with increase in
loading. At higher loads, ceria added nanocomposite exhibits significantly lower wear
rate. The fragments of nickel matrix and reinforcements from the coating along with
iron debris from the counter surface may lead to the formation of a mechanically
mixed or an intermediate layer at higher loads. Presence of mechanically mixed layer

over the mating disc during sliding results in avoiding direct contact with the alloy,
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which reduces material removal from the sample under the steady state of wear.
Moreover, the interfacial bond strength between the Ni-B and the particles play a vital
role in the wear process.3? Therefore, the lower wear rate under higher load could be
explained by the decreased grain size of the matrix, reinforcement hardening effect
and better integrity of ceria particle in the matrix as compared to the alloy.

Figure 2.11b, 2.11c, and 2.11d show the worn surface morphology
corresponding to A356 alloy, Ni-B and Ni-B-CeO; nanocomposite coatings. Long and
deep grooves formed on the surface of the aluminium alloy due to continuous abrasion
from a large fragment adhered to the counter face from the specimen. Sliding wear
debris is present along the sliding direction on the surface of A356, which has resulted
from the high wear rate by cutting or plastic deformation. On the other hand, the
nanocomposite coated surface after sliding becomes smoother, and the grooves are

smaller and fewer, resulting in a decrease in the wear rate.
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Figure 2.11: (a) Wear rate as a function of load applied (b) SEM micrograph of the
worn surface of A356 (c) Ni-B and (d) Ni-B-CeOzcoating after pin-on-disk wear testing.
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Ni-B-CeO2 nanocomposite coatings show the lowest coefficient of friction (COF)
values (0.531) as given in Figure 2.12. The Ni-B and aluminium alloy samples show
relatively higher values with an average of 0.610 and 0.639 respectively. The presence
of nanoparticles and grain refinement observed in the deposited nanocomposite may
provide the lowest coefficient of friction values for them compared with their particle

free counterpart.

0.8
c 0.7 4
o
S
02
-
)
+« 0.6
c
Q
02
5 ey
O 05+ —
0.4 -
A356 NiB NiB-CeO2
Systems

Figure 2.12: Friction coefficients of A356, NiB and NiB-CeO2 coatings during sliding at
0.4 m/s velocity under 2N load.

2.3.8. Ni-B-CeO2 nanocomposite coatings on cylinder liner

The developed ceria nanocomposite coating has been applied successfully on
the cylinder liners by the electroless process under ultrasonication. Figure 2.13 shows
the photographs of uncoated (2.13a) and Ni-B-CeO: coated (13b) aluminium A356
alloy cylinder liners. A silvery grey colored composite coating was obtained uniformly

on the entire surface of the cylinder liner.
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Figure 2.13: (a) Uncoated and (b) electroless NiB-CeOz coated A356 Piston cylinders.
2.4. Conclusions

Ni-B and Ni-B-CeO2 nanocomposite films were effectively deposited on A356
aluminium alloy by the electroless process. Ni-B-CeO2 composite coating shows finer
nodular grain size and Ni crystallite size than the particle-free coatings as the grain
growth starts from the ceria particles. XPS studies confirmed the co-existence of Ce**
and Ce3* oxides in the nanocomposite coating. The nanocomposite coating exhibited
better barrier effect in a corrosive environment in the presence of ceria nanoparticles,
and the corrosion current density was reduced to 2.48 x 10® A cm2 from that of the
particle-free counterpart 11.18 x 10® A cm=. Grain refinement offered by the
nanoparticles could induce zig-zagging of the path for ion movement towards the
metallic surface. Additionally, oxidation of ceria nanoparticle with Ce3* ion present in
the coating to more stable Ce#* in the corrosive environment can attribute the anti-
corrosion behaviour. Higher microhardness (~ 684 VHN for composite coating and ~
424 VHN for pure Ni-B), enhanced wear resistance and low friction coefficient are
observed for the nanocomposite coating. Smaller grain size and better integrity effect
of ceria particle in the matrix has contributed to the coating stability. Nickel boride
composite coatings are uniformly applied over the centrifugally cast aluminium alloy

cylinder liner.
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Chapter 3

Morphology and characteristics of electroless nickel
boride-Layered double hydroxide composite coating
on Aluminium A356 alloy
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Abstract

A nickel boride-layered double hydroxide (Ni-B-LDH) hydrophobic surface has
fabricated on A356 aluminium alloy surface by electroless method. The anti-corrosion
and anti-wearing performances were studied with varying amount, from 0 to 5 wt.%, of
LDH in the nickel boride matrix. The composite coating with highest water contact angle
having the value of 120° was observed for Ni-B containing 0.5 wt.% of LDH. This could be
attributed to the increased surface roughness offered by the LDH layers.
Potentiodynamic polarization measurements in 3.5 wt.% NaCl solution indicate
significant decrease in the corrosion current density (icor) values for LDH added
composite coating with a lowest of 3.96 x 10 A cm< for 0.5 wt.% of LDH. This may be
due to the combined effect of both coating hydrophobicity and feasibility for chloride ion
intake by ion exchange mechanism of LDHs. Improved wear resistance was obtained for
composite coated aluminium with minimum wear rate for 1% LDH added coating. Stable

tribolayer formation in presence of LDH gave higher wear resistance.
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3.1. Introduction

Aluminium alloys are potential lightweight materials used for multifunctional
applications including structural, automotive, aerospace, building, and household
sectors owing to their characteristic features of low density, high specific strength and
flexibility. However, these materials and their components experience failures during
service owing to wearing and corrosion.! High wear rate and deterioration of passive
aluminium oxide film by aggressive environments have great concern.?3 Surface
protective coatings based on electroless nickel boride (Ni-B) can provide improved
wear resistance, controlled frictional behaviour and resistance to corrosion.*8 The
columnar morphology of Ni-B deposit helps to retain liquid lubricants under adhesive
wearing conditions.? However, wear debris and dust particles from the surroundings
entrapped in the lubricants can trigger the material removal.1? To avoid this situation,
solid state lubricious nickel-based coatings have been established.11-14

Metallic composite coating in presence of secondary particles (metal oxides,
carbides and nitrides), nanotubes, layered materials etc. have been developed for
improvement in tribological behaviour and corrosion resistance.l> Electrochemical
redox reaction occurring in presence of an electrolyte on the metal surface is the main
reason for corrosion mechanism. Hence, reducing the availability of moisture or any
electrolyte at the metal surface has the major concern regarding corrosion process.
The coatings with thin layers of hydrophobic behaviour can successfully prevent
electrolyte path towards base substrate. Hydrophobic nickel film by electrodeposition
method can reach the water contact angle as high as 160.3 * 1.5°. Rough
cauliflower/thorn-like surface texture allow trapping air below the water droplet and
can prevent the liquid to reach the copper substrate.16-19 Secondary modification of
nickel coating with stearic acid202! or myristic acid?2 possess super-hydrophobic
property showing excellent self-cleaning as well as anticorrosion performance.
Hydrophobic composite coatings of Nickel- polytetrafluoroethylene (PTFE)23 and an
anticorrosive three-layer Ni-P, TiO2/Zn0O and octadecyltrimethoxysilane (ODS)324 are

also been developed.
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Layered double hydroxide is one of the prospective reinforcements to make
multifunctional composite coatings. LDH reinforced polymer matrix composite
coatings exhibits anti-corrosive nature due to their anion-exchange behaviour2526 and
anti-wearing by sliding of nanoplatelets.2” Besides, in-situ bare LDH deposits on metal
surfaces are also studied.?® However, the studies on LDH metallic nanocomposite
coatings are very few. Zn-Al LDH nanoplatelets incorporated in the nickel matrix by
electrodeposition exhibit higher corrosion resistance than pure nickel.2® A water-
based lubricant made up of oleylamine-modified Ni-Al LDH nanoplatelets give
excellent tribological properties. The nanoplatelets form an interlayer of lubricating
film at the contact area to avoid direct collision.?” LDH-based polymer matrix
composite coating resulted in an outstanding resistance to stone chips for automotive
applications.39 LDH-polyurethane powder coating shows higher hardness, resistance
to cupping and scratch with other properties like higher contact angle and lower
surface free energy.3!

In the present work, a metallic composite coating composed of nickel boride
matrix and Ni-Al LDH as the reinforcement was aimed to get more reliable wear and
corrosion resistance. The effect of Ni-Al LDH on Ni-B coating was investigated by
electroless deposition of nickel-boride alloy and nickel-boride-LDH composite
coatings on aluminium A356 alloy (Al-7Si-0.35Mg) with varying percentages of LDH.
The coating morphology was determined by scanning electron microscopy (SEM). X-
ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD) were used for
elemental composition and structural characterisations, respectively. Water contact
angle measurements were done to find out the hydrophobicity of the coatings.
Potentiodynamic polarisation measurements and electrochemical impedance
spectroscopy were carried out for corrosion resistance studies.

3.2. Experimental
3.2.1. Materials

Nickel chloride (98%), aluminium nitrate (98.5%), nickel nitrate (98%),
ammonia (30%), thiourea (99%), lactic acid (85%), ferric chloride (96%), and sodium
chloride (99%) were bought from Sigma-Aldrich Co. Ltd., USA. Sodium dodecyl
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sulfonate and NaCl (99%) were purchased from Merck, India. Other chemicals; sodium
borohydride (98%), disodium ethylenediaminetetraacetate dehydrate (Na;EDTA-
98%), sodium sulphite (97%), and NaOH (97%), were procured from SD Fine
chemicals, India. The chemicals as obtained were used for the synthesis and coatings.
3.2.2. Ni-Al LDH Synthesis

Ni-Al LDH synthesis was carried out in a two-neck round bottom flask under
nitrogen atmosphere by the co-precipitation method. Aluminium nitrate, nickel
nitrate, and urea were dissolved in distilled water to get the concentrations of 5, 10
and 35 mM, respectively. Then the round bottom flask containing the solution was
kept at 100 °C under continuous stirring for 24 h. The precipitate obtained was
washed with hot distilled water to remove unreacted ions and vacuum dried for 24 h

at 60 °C.
3.2.3. Coating preparation

Ni-B-LDH composite coatings and Ni-B alloy coating were done on 30x20x3
mm A356 aluminium alloy strip. The strips were polished up to 1000 grit size SiC
abrasive paper and cleaned under ultrasonication with acetone. Alkaline etching (20
g/L NaOH) and acid pickling (100 g/L H2SO4 and 25 g/L HCl) were done for 1 minute
to remove the other impurities and aluminium oxide. The washed alloy were kept for
zincation in a solution containing zinc oxide- 62.5 g/L, sodium sulphate-0.25 g/L,
sodium potassium tartrate-7.5 g/L, NaOH-6.25 g/L, and anhydrous ferric chloride-5
g/L for 2 minute and rinse with dilute HNO3 for eliminating the excess Zn2* ions from
the surface. Further, the Zn-activated alloy was treated with SnCl; solution (5 g/L
SnCl; dissolved in 25 g/L HCI) and PdCl; solution (0.01 g/L PdCl; dissolved in 5 g/L
HCI). The zinc and palladium activated substrate was used for electroless plating.
Sodium borohydride, NaBHs (4 g/L) was added as drops for 1 h at pH 8.5 under
agitation by magnetic stirring. The alkaline pH was attained by adding ammonia
solution to the bath. All the coating parameters and constituents of Ni-B LDH bath are
given in Table 3.1.
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Table 3.1:Ni-B LDH bath parameters and constituents.

Bath constituents Concentration /
/ parameters values

Nickel chloride 10 g/L
NazEDTA 10 g/L

Sodium borohydride 4g/L

Lactic acid 10 mL/L
Thiourea 0.4g/L

LDH 0.1,0.2,0.4 & 1g/L
Bath temperature 60°C

pH of solution 8.5

Magnetic stirring 1000 rpm

3.2.4. Sample analysis
3.2.4.1. Surface characterizations

The surface morphology of LDH, Ni-B coating and LDH co-deposited Ni-B
coatings by the electroless process were studied using SEM, TEM (JEOL 2010
transmission electron microscope), X-ray diffraction (XEUSS SAXS/WAXS system,
Germany), EDS, and FTIR. The instrumental specifications are given in section 2.2.3.1
of chapter 2. All the characterizations on the coated surface were carried out on a 5x5
mm sample taken from the coated material. The coating surface roughness was

measured using profilometer (Bruker DektakXT profilometer, Germany).

3.2.4.2. Contact angle measurements

Hydrophobicity of the coated specimens was measured by KRUSS drop shape
analyzer (DSA30) using distilled water of 4 pL drop size with automatic multi-liquid
dispenser, monochromatic cold light source and accompanying software. The average

of three droplets at different places of a sample has been used to get the contact angle.
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3.2.4.3. Corrosion analysis

Corrosion performance of the coated as well as uncoated samples at ambient
conditions in 3.5 wt.% NaCl solution was measured by a conventional three-electrode
cell using CH Instruments electrochemical workstation (CHI608E) as explained in
chapter 2.
3.2.4.4. Pin on disc wear analysis

Dry wear rate of the composite coatings were measured by a pin on disc wear
analysis machine (TR-20, DUCOM). Aluminium substrate, Ni-B alloy and Ni-B-LDH
composite coated (as deposited) pins with 30 mm length and 6 mm diameter were the
specimens. High carbon EN31 steel alloy disc was the moving counter surface. The
disc was cleaned with acetone prior to each test. The tests were conducted with
applied loads of 1, 2 and 5 N at sliding speed of 0.4 m/s upto 500 meters at laboratory
conditions. The wear rates were calculated by weighing the pins after and before the
test. The equation used was, specific wear rate, k = AP/FL. Where AP is the change in

weight (kg), F is the load given (N) and L is the sliding distance (m).
3.3. Results and discussion

3.3.1. Ni-Al LDH reinforcement
3.3.1.1. Morphology

Scanning electron micrograph and transmission electron micrograph of
synthesised LDH are given in Figure 3.1. Two-dimensional plate-like layered structure
with 600-700 nm diameter and 10-15 nanometres thickness was obtained. The EDS
analysis (given as inset of Figure 3.1a) shows the Ni-Al LDH composed of Ni, Al, N and
0. Aluminium and nickel are in the ratio of 1:2 as for a typical layered double
hydroxide.32 Presence of nitrogen is due to the intercalated nitrate ion and the oxygen

from nitrate ion as well as water molecules between the layers.
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Figure 3.1: (a) SEM and (b) TEM micrographs of synthesised Ni-Al LDH.

3.3.1.2. Structural analysis

Fourier-transform infrared spectrum and X-ray diffraction pattern of
synthesised Ni-Al LDH are shown in Figure 3.2a and Figure 3.2b, respectively. The IR
spectrum consist of a broad band at 3468 cm-1 corresponds to the hydroxyl stretching
mode of metal hydroxide host layer and water molecules present in the gallery space. A
low intensity band at 1630 cm-!represents H-O-H bending mode of interlayer H20.33
Existence of nitrate ion can be detected as the sharp band at 1383 cm-1by the
antisymmetric stretching vibrations.3* The peak at 610 cm-1! is attributed to the bending
of M-OH bond. From the XRD pattern, the crystalline layered structure with
characteristic peaks corresponding to (003), (006) and (012) planes are observed.
Based on the Bragg’'s law, the d-spacing calculated from points of fundamental
reflection (003) is 0.76 nm, which indicate the nitrate ions are lying parallel to the

metal-hydroxide layer.3>
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Figure 3.2: (a) FTIR and (b) XRD of synthesised Ni-Al LDH.
3.3.2. Ni-B-LDH composite coating
3.3.2.1. Coating morphology

Figure 3.3 shows the SEM images of aluminium substrate (a), Ni-B coating (b)
and Ni-B-LDH composite coatings with varying percentages of LDH (c-f). The Ni-B
coating exhibit typical nodular surface same as the previous studies.!> 0.5 wt.% of LDH
addition in Ni-B matrix doesn’t give significant change in the surface morphology.
However, the co-deposition of LDH increases the number of nucleation centers to
begin the deposition process. Additionally, it is important to give a final Ni-B covering
on top of the composite deposit to get more compactable surface. Otherwise some of
the reinforcements loosely adhere on the coating, which may reduce the coating
properties. Incorporation of 1 wt.% LDH give a modified denser surface than
electroless Ni-B coating. Layered materials at boundaries of nickel crystallites can hold
them together to form an evener structure. 2 wt.% and 5 wt.% LDH addition produce
large quantity of agglomerates within the composite coating as presented in the

Figure 3.3e and 3.3f.
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Figure 3.3: SEM micrographs of the surface texture of (a) A356 alloy, (b) electroless
Ni-B, (c) Ni-B-0.5% LDH, (d) Ni-B-1% LDH, (e) Ni-B-2% LDH and (f) Ni-B-5% LDH

composite coatings.
3.3.2.2. XRD analysis

X-ray diffraction patterns of prepared Ni-B-1%LDH composite coated
aluminium alloy surface and Ni-Al LDH are shown in Figure 3.4. Smaller percentage of
reinforcement could not produce identifiable peaks of layered structure. The
characteristic reflections of (003), (006) and (012) planes of crystalline LDH are also

observed for the composite coated sample, which confirms the presence of LDH in the
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composite coating. One more peak at 260 = 28.41° is due to the presence of silicon

(111) plane which is present in A356 alloy.

(003) = _DH
— Composite coating

(006) (012)
Si

Intensity (a.u.)

_

5 10 15 20 25 30 35
2 Theta (degree)

Figure 3.4: X-ray diffraction patterns: (a) Ni-Al LDH and (b) Ni-B-LDH coating.
3.3.2.3. XPS analysis

The composition of Ni-B LDH composite coating was further studied by X-ray
photoelectron spectroscopy (XPS). Presence of Ni, B, Al, N, and O is confirmed from the
survey spectrum (Figure 3.5a). Three broad peaks observed between 600 eV to 800
eV denote Ni LMM, Ni LMM1, and Ni LMM2 transitions of Ni auger peaks.'> An
additional peak corresponding to C 1s generated from the background is used as the

reference line.
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Figure 3.5: XPS (a) survey spectrum of Ni-B-LDH and high-resolution spectra of (b) Ni

2p, (c) B 1s, (d) Al 2p, and (e) N

1s.
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The high resolution spectrum of Ni 2p (Figure 3.5b) exhibits peaks
corresponding to metallic (Ni%) as well as oxidised state (Ni2*) of nickel. Upon
deconvolution, the peaks centred at 853.43 eV and 871.46 eV represents the elemental
nickel of amorphous Ni-B alloy.3¢ Typical Ni2* peaks at 855.96 eV (Ni(OH)2) and
874.16 eV for Ni 2p3/2 and Ni 2p1/2 states were observed along with two satellite
bands of complex nickel at 861.56 eV and 879.38 eV.37 The oxidised nickel is observed
due to the incorporated LDH as well as some of the NiO formation on the surface.36:38
Boron exists as elemental, B?, and oxidized state, B3+, resulting from the oxidation by
atmospheric oxygen.3° B 1s spectrum (Figure 3.5c) consists of two bands at 189.2
ascribed for B? of NiB alloy and 191.96 eV for B3+ of boron oxide.#? The higher energy
shift of elemental boron in the composite coating compared to pure boron (187.1 eV)
signifying the partial electron transfer from boron to the nickel.#! The bonding
electrons of boron occupy vacant d-orbitals of nickel, making the B electron-deficient
and the Ni metal electron-enriched.3¢ Deconvoluted Al 2p spectra (Figure 3.5d) exhibit
a peak at 74.03 eV for Al3* of LDH and another small one at 72.5 eV for Al° of substrate
material. Peak corresponding to N 1s (Figure 3.5e) from intercalated nitrate ion of the

LDH is observed at 399.26 eV.42
3.3.2.4. Surface roughness

Surface roughness values of the samples are given in Figure 3.6. The composite
coatings roughness values are higher than the LDH-free counterpart and aluminium
alloy substrate. Presence of bulky layers induces more coarseness to the deposits.
Increase in the LDH percentage gradually increases the surface roughness. 5 wt.% of
LDH added composite coating exhibit a very high value due to the surface adsorbed

agglomerated layered double hydroxides.
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Figure 3.6: Average surface roughness of aluminium alloy and composite coatings

containing 0 to 5 % of LDH.
3.3.2.5. Contact angle measurements

Corrosion resistance of a material highly depends on hydrophobicity owing to
the unavailability of electrolytes at the surface. Hence the wettability test by contact
angle measurements was done to find out the effect of LDH in Ni-B-LDH composite
coatings at different weight percentages of LDH. Figure 3.7 illustrates the water
contact angle of Al-alloy, Ni-B coated and composite coated surfaces as deposited
condition. The water contact angle of A356 alloy surface is 84.5+2° and the Ni-B alloy
coating give a slight increase to 96+3°. The Ni-B-LDH composite coating contains 0.5
wt.% LDH shows the highest contact angle of 120+2°. However, it is observed that the
values are decreased in presence of higher amounts of LDHs in the coating. That is, 1
wt.% LDH possesses 106+4°, 2 wt.% has 85+3°, and 5 wt.% shows 46+4°. This
suggests that the higher surface roughness offered by the LDH induced grains

increases the quantity of air to be trapped between water and solid surface.#3 Further
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increase of LDH percentage in the composite coating brings the hydrophilic
characteristics of LDHs to the coating instead of surface roughness based
hydrophobicity. At very low percentage of LDH, they can be completely covered by
thin layer of Ni-B deposit. Increase in LDH wt.% lead to the agglomeration and they
may physically adsorb on the surface instead of co-deposition along with nickel

boride, which in turn decrease the hydrophobic behaviour.
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Figure 3.7: Water contact angle of aluminium alloy and composite coatings containing
0to 5 % of LDH.

3.3.2.6. Electrochemical corrosion measurements

Electrochemical impedance spectroscopy and potentiodynamic polarization
measurements were done to study the electrochemical behaviour of corrosion process
of bare aluminium alloy, Ni-B coating and Ni-B-LDH composite coatings. Figure 3.8
shows the potentiodynamic polarization curves (Tafel plots) of samples. The values of
corrosion potential, Ecorr and corrosion current density, icor obtained by extrapolation
of cathodic and anodic curves have shown in Table 3.2. The E. value of bare

aluminium alloy is -0.807 V vs. SCE and the Ni-B coating has a comparable value, while

88



Chapter 3 Electroless Ni-B-LDH composite coating

the composite coated containing 0.5 wt.% of LDH changed slightly to a negative
potential. However, more amount of LDH addition shifted the Ec towards more
positive potential and the value increases with increase in LDH percentage. Though
the Ecorr value shifted to negative side, 0.5 LDH composite exhibited large passivation
region compared to higher weight percentages. The breakdown potential (Ebreax)
values were obtained at -0.676, -0.684 and -0.713 V vs. SCE for 0.5, 1 and 2 wt.% of
LDH respectively. This may be due to the effective prevention of aggressive anions by
dispersed LDH towards the metal surface, which signifying the self-healing property of
the coating by reducing the anodic reactions till the Epreak potential.#* The corrosion
resistance of a material is inversely proportional to the ico values. The icorr of 0.5 LDH
Ni-B composite coating has the lowest among all the samples with a value of 3.962 x
10-¢ A cm-2. It is around one order transformation from the corrosion current density
of bare aluminium (27.86 x 10-® A cm-2). All the coatings show better anticorrosion
performance than the aluminium alloy (Table 3.2). Though the LDH addition gives
higher corrosion resistance, more weight percentage reduces the performance owing

to the LDH agglomeration as well as lower hydrophobicity.
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Figure 3.8: Tafel plots of aluminium alloy, Ni-B and Ni-B-LDH (0.5 - 5 wt.% of LDH)

composite coatings.
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Table 3.2: Ecorr Vs. SCE and icorr values calculated from the Tafel plot.

Sample ID Ecorr (Vvs.SCE)  icorr (A cm2)

A356 -0.807 27.86x10-¢
NiB -0.808 9.970x 10-6
0.5wt.% LDH -0.846 3.962x 10
1wt% LDH  -0.828 8.464x 106
2wt%LDH  -0.794 17.05x 10
5wt%LDH  -0.726 21.27 x 106

Nyquist plots of EIS measurements exhibited in Figure 3.9. The graphs
corresponding to aluminium alloy and Ni-B coated surface show a capacitive behavior
at the high frequency and a Warburg diffusional behavior at the low frequency.
However, the charge transfer resistance (Rc) of Ni-B coating (1665 (1 cm?) is slightly
greater than the bare material (1152 Q cm?). For Ni-B-LDH nanocomposite coating,
formation of two capacitive loops at high and middle frequencies represents the
coating capacitance and the double layer capacitance respectively. The first loop at
high to medium frequency region could be attributed to the barrier effect of LDH by
ion exchange behavior. The second loop at medium to low frequency relates to the
charge transfer resistance. The LDH could also induce zig-zagging of water and ionic
transport towards the substrate like any other layered reinforcements.*> Since, low
frequency response is related to corrosion phenomena, probably due to the
deformation of coatings; different loop diameters for each sample with the largest by
composite coating containing 0.5 wt.% of LDH clearly reveal the improvement in
corrosion resistance. The R values of composite coating concerning the LDH wt.% is
in the order of 5% LDH (1539 Q. cm?) < 2% LDH (1911 Q2 cm?) < 1% LDH (4320 Q cm?)
< 0.5% LDH (8247 Q cm?) > 0% LDH (1665 Q cm?2).
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Figure 3.9: Nyquist plots of aluminium alloy, Ni-B and Ni-B-LDH (0.5-5 wt.% of LDH)
composite coatings.
3.3.2.7. Anti-corrosion mechanism

Probable anti-corrosion mechanism of Ni-B-LDH composite coating is given as
Figure 3.10. The mechanism includes two stages; firstly, the LDHs can act as an
obstacle for aggressive anions as well as water molecules to reach the metal surface
and secondly, they can capture corrosive Cl- ions and release NO3 ions by ion
exchange property. Tedim et al.#¢ also observed that the nitrate-intercalated LDHs are
efficient chloride nanotraps by anion-exchange process. Therefore, the LDHs can delay

coating degradation and the corrosion process.
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Figure 3.10: Schematic demonstration of the anti-corrosion mechanism of Ni-B-LDH

composite coating.
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3.3.2.8. Wear analysis

Specific wear rates of coated and uncoated samples under different loadings
are given in Figure 3.11. It is identified that the composite coated systems exhibit
lesser wear rate with negligible weight change compared to Ni-B and aluminium alloy.
The wear rate of each sample increases by increase of applied load. The debris from
the Ni-B-LDH coating and the counter steel disc have resulted in the formation of an
intermediate tribolayer, which prevents direct contact of aluminium and counter
surface.” 0.5 wt.% of LDH itself give considerable improvement of wear resistance.
Maximum wear resistance is observed for 1 wt.% LDH reinforced NiB composite
coating. Further addition of LDH up to 5 wt.% sows slight reduction in the property,
which is due to the delamination of tribolayer by agglomerated layers. The interfacial
bonding between nickel matrix and the 1 wt.% LDHs were more compactable as seen

in surface morphology (Figure 1).
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Figure 3.11: Wear rates of aluminium alloy and composite coatings containing 0 to 5

% of LDH samples as a function of applied load.
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SEM micrographs of wear tracks observed at the sample surface after the wear
test with 2N applied load are shown in Figure 3.12. Aluminium alloy exhibited severe
wear containing delamination and continuous grooves on the surface. This
observation could be attributed to abrasive wearing of comparatively soft aluminium
pin by hard steel disc. Ni-B coated sample also show deep grooves on the surface due
to the material removal. The material removal produces wear debris and some of
them are roughly attached to the Al surface, which is due to the higher wear rate and
plastic deformation. The material removal and long grooves formation indicates the

bare and Ni-B coated aluminium surface follow the abrasive wear mechanism.48

Figure 3.12: SEM micrographs of the worn out surface aluminium alloy and

composite coatings containing 0 to 5 % of LDH at an applied load 2 N.

The EDS analysis (Figure 3.13) shows the particles are composed of nickel,
aluminium and iron as their oxides. On the other hand, the wear tracks are hardly
visible for Ni-B-LDH composite coatings. Addition of 0.5 wt.% LDH itself give
considerable improvement by showing only shallow grooves formation. Most of the
wear debris is remain adhered on the surface to form a compacted mechanically
mixed layer (MML). Mechanically mixed composite tribolayer formed by LDH as well
as oxides of nickel and aluminium (EDS is given in Figure 3.13) enhances the wear

performance. 1% LDH NiB composite coating produced a continuous tribolayer
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between two mating surfaces. The tribolayer formation for the composite coatings
designates adhesive wear mechanism instead of abrasive wear. Sliding of two surfaces
over this layer reduces the wear rate.#? The EDS analysis clearly shows MML
formation with lesser amount of aluminium due to the stable intermediate layer
containing LDH. Higher percentage (2 and 5 wt.%) of LDH loading leads to deformed
and discontinuous tribolayer owing to the presence of agglomerated layered double

hydroxides in the coating. However, the grooves are minor by mild wearing.
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Figure 3.13: EDS spectra of the worn out surface aluminium alloy and composite

coatings containing 0 to 5 % of LDH at an applied load 2 N.

3.4. Conclusions

Ni-B alloy and Ni-B-LDH composite coatings were made effectively on the
surface of activated aluminium A356 alloy by autocatalytic reduction mechanism.
Uniform nodular surface texture has observed for the coatings. X-ray diffraction
patterns show the effective incorporation of LDH into the Ni-B matrix. The corrosion
resistance of aluminium alloy has increased significantly for composite coatings
compared to Ni-B alloy coating. Better corrosion prevention by the surface layer of
LDH added coating may be due to its hydrophobicity and ion exchange capacity in
presence of NaCl solution. LDH may enhance the barrier property by zig-zagging the
movement of corrosive species towards the metal surface. Maximum corrosion

resistance and hydrophobicity were observed for 0.5 wt.% of LDH addition in nickel
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matrix. The wear studies on as coated sample showed a considerable improvement in
wear resistance compared to that of bare alloy substrate. Maximum wear resistance
was observed for 1 wt.% of LDH addition in nickel matrix. The composite coating

produced a continuous tribolayer between two surfaces.
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Chapter 4
Layered double hydroxide-Ceria hybrid Reinforced

Epoxy Composite Coating for corrosion resistance
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Abstract
The present study introduces a modified layered double hydroxide (LDH) based

system for corrosion inhibition on dual actions by both active and passive mechanism.
Nickel aluminium layered double hydroxide (Ni-Al LDH) intercalated with vanadate ion
was further decorated with ceria nanoparticles to enhance the corrosion protection
efficiency. The modifications of LDH were confirmed by scanning electron microscopy
(SEM), X-ray diffraction (XRD), infrared (IR) and Raman spectroscopy. We have
investigated the effect of nanoceria decoration on Ni-Al LDH for the corrosion inhibition
efficiency with and without intercalation of vanadate species on A356 aluminum alloy by
electrochemical analysis and immersion test. The bare metallic substrates in 3.5 wt %
sodium chloride solution containing inhibitor loaded LDH were tested to understand the

inhibition mechanism. The presence of stable ceria nanoparticles layer can be an
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effective cathode, which passively protects the metal from corrosive anions and water
molecules. The release of vanadate species during anion exchange of LDH with chloride
ion in the corrosive environment and formation of polymeric vanadate on the surface
actively protects the metal from further corrosion. These results show that an
enhancement of the corrosion protection can be achieved by the combination of
nanoceria decoration as well as vanadate intercalation on LDH. The modified LDH
loaded epoxy composite coatings were also made on A356 alloy to study the corrosion
resistance in the real application.
4.1. Introduction

Aluminum and its alloys are considered as one of the potential lightweight
materials applied in automotive, aerospace, marine, food packaging, electronics and
industrial sectors due to their low density, high strength, and economic viability.
However, the service durability is limited by their high chemical activity and poor
corrosion resistance in the harsh environment. The presence of aggressive ions,
surface defects, erosion and mechanical fatigue can trigger the corrosion by removal
of the protective oxide layer from the aluminium surface.l-* Generally, different
coating materials such as polymer coatings, metallic deposits, ceramic and composite
coatings are used to enhance the corrosion resistance of Al alloys.>-7 In the last decade,
preparation of inhibitor loaded container based smart composite coatings for
controlled releasing of corrosion inhibitors has been established.8? Mesoporous
silica, 1011 polyurethane microcapsules,’? natural clays!314 and layered double
hydroxides!> are widely used as the containers.

Layered double hydroxides (LDH) are synthetic layered materials and
commonly known as hydrotalcite or anionic clays. The basic chemical formula can be

written as [MZ5, M3t (0OH™),]*"[(A™)x.mH,0]*", where M2+ is divalent, and M3+ is
n

trivalent cations, A™ represents anions for charge neutralization.1617 The octahedral
layers made up of positively charged metal hydroxides and the counter anions as well
as water molecules present in the gallery space.1® Moreover, the flexibility in tuning

the metals and anions made the LDH very attractive for different applications.1® LDH
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has been used as an environmental-friendly filler for the preparation of polymer
composites to enhance the properties like mechanical strength, UV protection, flame
retardancy, dye effluent removal controlled release of antibiotics or drugs and energy
storage.20-26

The LDH have been widely accepted for corrosion protection by virtue of their
unique anion-exchange capacity.2’-31 When LDH is in contact with corrosive medium
(sodium chloride solution), two processes can occur. In the first case, the chloride ions
exchange with interlayer anions and the other case is water molecule adsorption,
which reduces the corrosion process.32 However, while increasing the immersion
time; the anti-corrosion activity can be reduced by the coating deformation due to the
diffusion of oxygen and aggressive chloride ions33 These challenges can be reduced by
the use of inhibitor loaded LDH instead of simple carbonate or nitrate-based ones. The
release of inhibitors during ion exchange mechanism induces active corrosion
protection on the metallic substrate. Significant contributions were made in this area
by the groups of Zheludkevich and Tedim, and they have demonstrated that the
improvement of corrosion inhibition can be achieved via intercalated active anions
such as phosphate, vanadate, 2-mercaptobenzothiazolate and quinaldate in Mg-Al or
Zn-Al LDH.1534 Depending on the inhibitor anions, the extent of protection action may
be varied. Among the different choice of inhibitors, vanadate shows good inhibition
efficiency. The vanadate loaded LDH can be an active source of vanadate to provide
continuous corrosion protection.!> On the other hand, oxides of rare-earth elements,
in particular ceria, are able to provide corrosion resistance. Cerium salts and oxide
nanoparticles have been used to make protective coatings by various methods.3536
Stable ceria particles can reduce the penetration of corrosive species towards the
substrate material. Additionally, the nonstotiometric CeO2 particles can show a
passivation behavior with or without change in the corrosion potential region. In the
presence of nanoceria the passivity range increases and that reduces the film
breakdown process under chloride attack.3” It was also proposed that the CeO; layer

can act as a cathode, which involved in the corrosion reaction mechanism.38 Similarly
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our previous work on Ni-B-ceria composite coating indicates the induced corrosion
protection in the presence of nanoceria on A356 alloy.3°

The combinations of two or more corrosion inhibitors have shown a synergistic
anticorrosion effect. LDH modification by combining different anionic systems!> as
well as anionic and cerium based systems, cerium salt and cerium molybdate, for
preventing aggressive anions have been developed.0-43 However, a decrease in the
activity of organic inhibitors owing to the photodegradation can occur during long
term application.#4#4> Though different combinations were tried, a completely
inorganic system that explicit the effect of nanoceria decoration as well as vanadate
intercalation and their collective mechanistic aspects were not yet been discussed.

Herein, we present a single container system of LDH having intercalated
vanadate and decorated ceria nanoparticles as inhibitors. A one step method for ceria
nanoparticle decoration on Ni-Al nitrate LDH in addition to inhibitor loaded Ni-Al
vanadate LDH for dual action in corrosion protection was investigated. The overall
LDH modification process is shown in the schematic (Figure 4.1). For that, Ni-Al NO3
LDH was prepared first, and ion exchanged with vanadate. Subsequently, sodium
dodecyl sulfonate (SDS) dispersed ceria nanoparticles were decorated on the
positively charged layer surface. The structure of synthesized LDH was characterized
by X-ray diffraction (XRD), Fourier transform infrared spectra (FTIR), Raman
spectroscopy, scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The corrosion resistance was measured by potentiodynamic
polarization measurements, electrochemical impedance spectroscopy (EIS) and
immersion test. The corrosion protection efficiency is increased significantly. Modified
LDH added epoxy composite coatings were also made on aluminium A356 alloys to

analyze the protection efficiency for practical applications.
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Figure 4.1: Schematic representation of inhibitor loaded LDH modification.
4.2. Experimental
4.2.1. Materials

Metal salts (aluminium nitrate AI(NO3)3*9H20, 98.5% and nickel nitrate
Ni(NO3)2:6H20, 98%), anhydrous 1-Butanol (99.8%) and CeO: particles (99.95%) with
50 nm average particle size were obtained from Sigma-Aldrich Co. Ltd., USA. Urea
(99%), ammonium vanadate, NaCl (99%) and sodium dodecyl sulfonate were
purchased from Merck, India. Epoxy monomer, diglycidyl ether of bisphenol A
(DGEBA), was bought from Thermofisher scientific, India. Vantico, India supplied
commercially available hardener, HY951. The chemicals were used as such without
purification. Aluminium A356 alloy (Sargam Metals, India) casting with Al-7Si-0.35Mg
(in wt.%) composition without any post-treatment was taken for the substrate
preparation.
4.2.2. Substrate preparation

A356 aluminium alloy strip with 30x20x3 mm dimension was used as the
substrate material for the corrosion studies and coatings. The aluminium alloy pieces
were polished up to 1000 grit size SiC abrasive paper and washed with acetone under

ultrasonication.
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4.2.3. Ni-Al Nitrate LDH Synthesis

Ni-Al Nitrate LDH (Ni-Al NO3 LDH) synthesis was done by the co-precipitation
process in a round bottom flask connected with a reflux condenser under nitrogen
atmosphere. The procedure is given in chapter 3, section 3.2.2.
4.2.4. Vanadate intercalation

The ion exchange was carried out in a round bottom flask under the nitrogen
atmosphere at ambient conditions. Dried LDH powder was added to the ammonium
vanadate salt solution in the weight ratio of 2:1. The mixture was stirred for 24 h, and
the final precipitate was washed, and then dried in a vacuum oven.
4.2.5. Ceria decoration

Firstly, ceria nanoparticles were dispersed in SDS and sonicated for 1 h for
better distribution. LDH was taken in a round bottom flask and ceria dispersion was
added into it (LDH: Ceria::10:1). The mixture was stirred for 24 h under nitrogen flow
at room temperature. The final precipitate was washed, dried, and used for the
corrosion analysis.
4.2.6. Epoxy LDH composite coating

0.2 g of LDH powder was dispersed in 10 mL butanol, the solvent used for
epoxy resin dilution. 10 g of the DGEBA (monomer) added to it and stirred well for 10
min to obtain a uniform distribution of LDH. Then 10 g of HY951 (hardener) was
mixed with epoxy and stirred for 5 min. Dip coating was carried out using this 1 wt%
LDH mixture on A356 alloy surface. The coated samples were cured for one week.
4.2.7. Characterizations
4.2.7.1. Structural analysis

The surface morphology, chemical analysis, and structure of prepared LDH
were determined by different techniques as given in section 2.2.3.1 (chapter 2).
4.2.7.2. Electrochemical measurements

Corrosion behavior of the alloy in different electrolytes was carried out by the
electrochemical system with a conventional three-electrode cell (CHI608E). The
aluminium alloy was taken as the working electrode (1 cm? exposed surfaces);

saturated calomel electrode as the reference and a platinum grid was used as the
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counter electrode. Different electrolytes made of dispersed LDHs (0.1 wt%) in 3.5
wt% NaCl solution was taken in the cell. The samples were kept in the electrolytes for
20 min to attain stable open circuit potential (OCP). Impedance was measured at the
OCP with peak-to-peak amplitude of 10 mV in the frequency range from 105to 102
Hz. The data were fitted by EC-Lab software with equivalent circuits and the
corresponding values of circuit elements were obtained. The potentiodynamic scan
was done from -200 mV to +200 mV with reference to the OCP values at a rate of 1
mV/s. The corrosion current density (icorr) and corrosion potential (Ecorr vs. SCE) of
each electrolyte were calculated from the Tafel plot.
4.2.7.3. Immersion Test
A356 aluminium alloy with 10x10x3 mm dimension was used for immersion

test. The polished samples were hung in the 3.5 wt% NaCl solution taken in a 250 mL
beaker for 32 days without any disturbance. The electrolytes were varied for five
different samples by introducing 0.1 wt% of Ni-Al nitrate, Ni-Al vanadate, Ni-Al
nitrate-CeO2, and Ni-Al vanadate-CeO; along with pure NaCl solution. The samples
took from the beaker after 32 days and washed with 70% nitric acid to remove the
oxides from the surface. Cleaned strips were dried, and weight loss was measured.
4.3. Results and Discussion
4.3.1. SEM Analysis

The morphology of the LDHs was examined by SEM and corresponding elemental
compositions of the LDH were analyzed by EDS and are presented in Figure 4.2.
Typical two-dimensional flake morphology can be seen with a thickness of few tens of
nanometers and lateral dimensions of 700-800 nm. Dried powders exhibit
agglomerated microstructure and most of the platelets being stacked on top of each
other. Presence of vanadium after vanadate intercalation, i.e., V, O, Al and Ni in Ni-Al
vanadate LDH, instead of nitrogen indicate the successive modification and which is
observed from EDS analysis (Figure 4.2d). The ceria modified samples have LDH
layers with nanoparticle deposition at their sides and edges (Figure 4.2e). Ni-Al

vanadate-CeO; retains more number of particles compared to Ni-Al nitrate-CeOx.
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Figure 4.2: SEM and EDS analysis of (a,c) Ni-Al nitrate, (b,d) Ni-Al vanadate, (e,g) Ni-
Al nitrate-CeO2 and (f,h) Ni-Al vanadate-CeOx.
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4.3.2. FTIR

The modification of LDH with vanadate is identified by the ATR-FTIR spectra in the
range of 450-4000 cm™! (Figure 4.3). A broad band centered at 3468 cm™1 is assigned to
the stretching mode of the hydroxyl group (vOH) of the metal hydroxide layer and
interlayer water molecules. Broadening of this peak indicates the presence of hydrogen
bonding by interlayer water molecules of the hydrotalcite structure. The increase of
peak intensity after vanadation is due to the hydrated VO(OH)3zand VO(OH)3(OHz2)2
formation in the aqueous medium during ion exchange.#¢ The peak at 1630
cm-1 corresponds to the H-O-H bending vibration of water molecules.*” The presence of
nitrate group can be observed as the sharp peak at 1383 cm-!for antisymmetric
stretching of the nitrate anion present the LDH before vanadate ion exchange. After ion
exchange, this peak intensity drastically decreased, which indicates the removal of nitrate
anion from the gallery (the enlarged spectrum is shown as inset). However, the shoulder
band corresponds to a small amount of interlayer carbonate ion at 1362 cm-! does not
change even after vanadate exchange. An additional band at 903 cm~1 after ion exchange is
connected with the v1(VOx) symmetric stretching vibrations.*8 The peak at 600 cm-! can

be attributed to the Al-OH and Ni-Al-OH bending vibrations.*?
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Figure 4.3: Infrared spectra of (a) Ni-Al nitrate and (b) Ni-Al vanadate. The enlarged
portion of the peaks corresponding to anionic species from 1650 cm1 to 1150 cm1 is

shown as an inset.
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4.3.3. Raman analysis

The nature of gallery anions in the LDH samples was characterized by Raman
spectroscopy. The spectra taken for NH4VO3salt, parent LDH NOs, and LDH VOy are
shown in Figure 4.4. The Raman peaks for NH4VO3 were observed at 928, 896, 648
and 497 cm'l. The bands are assigned to free V=0 symmetric and asymmetric
stretching as well as bridged V-O-V asymmetric and symmetric stretching vibrations,
respectively.>0 Based on the Raman bands, it is speculated here that a chain like
(VO3)n™ anions are present instead of monomeric VO3 ion. The parent LDH NO3 shows
only one peak at 1035 cm™! with a shoulder corresponding to the nitrate and small
quantity of carbonate symmetric stretching vibrations.>! For the vanadate modified
LDH sample, a broad band at 680-900 cm-1was obtained and it is due to the V-0-V
stretching vibrations of two-dimensional distorted polymeric vanadates.>2 Therefore,
the vanadates are intercalated as their polymerized form. However, the band is shifted
to the low-frequency region comparing with polyvanadates formation on the metallic
surfaces as per previous reports.>3 This band shift may be due to the feasibility to
stabilize the vanadates by forming hydrogen bonding between oxygen present in the

vanadate and hydroxyl group of the positively charged layers.

—— ammonium vanadate
—— Ni-Al NO3

. 928
—— Ni-AI VO,

Polymeric form

648

Raman intensity (a.u.)
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Figure 4.4: Raman spectra of (a) ammonium vanadate, (b) Ni-Al Nitrate and (c) Ni-Al
Vanadate.
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4.3.4. XRD analysis

The X-ray diffraction patterns of Ni-Al NO3 (as synthesized), Ni-Al VOx (after anion
exchange) and Ni-Al NO3-CeO2 (after ceria modification) are shown in Figure 4.5. The
patterns show the characteristic reflections for single-phase LDH. According to
Bragg’s law, the d-spacing was calculated as 0.76 nm from the position of the (003)
reflection. Two-dimensional distorted polymeric vanadate intercalated sample shows
only small increase in the d-value (0.04 nm) to 0.80 nm. A similar observation was
noticed by Tedim et al.’> and Guo et al.>* for vanadate intercalated Zn-Al and Mg-Al
LDHs. However, some of the polymeric vanadates may adsorb on the layer surface.
The ion-exchanged LDH has a broad and low-intensity peak compared to the parent
Ni-Al NOs, which could be attributed to some disorder in the lamellar structure and
higher atomic scattering factor of vanadium.>* There is no peak (110) shifting was
observed for both the parent LDH-nitrate and LDH-vanadate indicating that the ion
exchange has not affected the structure of the hydroxide layers.4? The ceria decorated
samples have additional peaks of (111), (200) and (311) corresponding to ceria

nanoparticles which confirm the formation of CeO2 modified LDH.

2 — Ni-AINO3
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Figure 4.5: X-ray diffractions patterns of (a) Ni-Al Nitrate, (b) Ni-Al Vanadate and (c)
Ni-Al Nitrate -CeOz LDHs.
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4.3.5. Corrosion analysis
4.3.5.1. Effect of ceria nanoparticles decoration on Ni-Al Nitrate LDH

The electrochemical behavior of A356 alloy in 3.5 wt. % NaCl solution
containing Ni-Al nitrate LDH, ceria nanoparticles, a physical mixture of Ni-Al nitrate
LDH & ceria particles and CeO2 decorated Ni-Al nitrate LDH after 24 h of immersion
was carried by potentiodynamic polarization measurements. Figure 4.6 shows the
Tafel plots of the samples by plotting the logarithm of current density Vs. the applied
potential with reference to the OCP. Corrosion potential (Ecorr) as well as corrosion
current density (icorr) values are given in Table 4.1. The presence of ceria
nanoparticles resulted in a significant increase in the Ecorr values indicates their noble
behavior. Corresponding shift of the graph towards the upper side was observed. The
passive corrosion protection of nanoceria reduces the tendency for corrosion reaction
on the metal surface. On the other hand, the presence of LDH resulted in the reduction
of icorr values indicates the decreased ionic diffusion on the surface during the
corrosion process. The physical mixture of LDH and ceria nanoparticles showed lower
corrosion performance, which might be due to the self-agglomeration of both the
dispersoids. The ceria decorated one is more cathodic to the other samples and

possesses excellent corrosion protection due to the influence of nanoparticles on LDH.
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Figure 4.6: Tafel plots of A356 alloy in different inhibitor added 3.5% NaCl solution at

a scan rate of 1ImV/s.
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Table 4.1: Ecorr, and icorr values obtained from potentiodynamic polarization scan.

Sample ID Ecorr (Vvs. SCE)  icorr (A cm2)
A356 -1.091 4.574x 106
LDH -1.113 1.130x 106
Ceria -0.798 1.191x 10
Mixed LDH & CeO2  -0.876 2.041x 106
CeOzdecorated LDH -0.726 0.737 x 10-6

4.3.5.2. Effect of nanoceria decoration on Ni-Al vanadate LDH

The electrochemical behavior of as prepared and modified samples was carried
out by electrochemical impedance spectroscopy. Since EIS provides more reasonable
indication of active inhibition mechanism and effectiveness. Figure 4.7 shows the
Nyquist representations of EIS measurements. The loop corresponds to aluminium
alloy surface in 3.5 wt% NaCl solution alone (without LDH) shows a capacitive arc at
high and intermediate frequencies followed by an inductive arc at low frequencies.
The diameter of the loop denotes the charge transfer resistance (R.t) at the metal-
solution interface. At higher frequencies, the resistance is ascribed to the electrolyte
bulk resistance (Rs). The inductance loop at very low frequency may be due to the pit
formation on the metal surface.>> The equivalent electrical circuit to represent the
electrochemical characteristics of aluminium alloy in NaCl alone is given in Figure
4.8a. In this circuit, CPE is the constant phase element of the electrical double layer to
fit the impedance behavior of non-homogeneous capacitance. It is used when a non-
ideal frequency response is present instead of a pure capacitor to compensate the
non-homogeneity in the system.>¢ Inductive behavior is given as ‘L’. Corresponding
fitted values of every element in the equivalent circuit from EC-Lab software are given

in Table 4.2.
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The Nyquist plots (Figure 4.7) observed for the specimen in contact with
electrolytes containing LDH have two capacitive loops at high and medium
frequencies followed by a Warburg element. The two capacitive elements present in
the fitted electrical circuit represent the presence of two loops (Figure 4.8b). The first
loop from high to medium frequency regions could be attributed to a protective film
formation with the LDH nanolayers on the alloy surface during the analysis. The
parallel combination of film resistance (Rf) and film capacitance (CPEf) represents
impedance with the interface reaction between the electrolytic solution and the
adsorbed LDH film as an additional barrier property. The second one from medium to
low frequency might be attributed to the charge transfer resistance. Warburg element
represents a kind of resistance to mass transfer due to the oxide layer formed on the
metal surface. Since, the low-frequency response is related to corrosion phenomena,
probably due to the deterioration of coatings; different loop diameters for each system
with the largest by vanadate as well as ceria modified LDH reveal the improvement in

corrosion resistance.

6000
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5000 1 —e— NiAl NO3
e 4000_ —a— NijAl NO3C802
g : —v— NiAl VO3
£ 30001 _ 3
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Figure 4.7: Nyquist plots of the samples at their open circuit potential with a peak-to-
peak amplitude of 10 mV in the frequency range from104 to10-2Hz.
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Figure 4.8: Equivalent electrical circuit for A356 corrosion behavior in 3.5 wt% NaCl

alone (a) and LDH added solution (b).

Table 4.2: The fitted values of the samples corresponding to the equivalent circuits

given as Figure 4.8.

Sample ID NacCl Ni-AI NO3 Ni-Al NOs- Ni-Al VOx  Ni-Al VOx-
CeO2 CeO

Rs() cm?) 11.84 11.37 10.72 12.35 12.78

Ret (2 cm?) 389 669 864 1657 3101

CPE (S~ /Q 13.21x10- 26.1x10- 25.4x 106 14.7 x 10- 5.43 x 10-5

cm?) 6 6 5

n 0.919 0.966 1 0.922 0.943

W(Q cm?) - 1.60 x 104 4.54 x 104 254 x105 6.17 x 105

Rr (2 cm?) - 530 1454 1801 2801

CPE: (S /Q - 2.2x104% 2.76x 104 491 x10- 4.46x 10+

cm?) 4

n - 0.892 0.926 1 1

L (H) 368 - - - -

The bode plots are shown in Figure 4.9; log Z vs. log f (a) and phase angle vs. log

f (b). The resistance spectra of Bode plots depicts an increase in impedance (log Z)
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value in the order of Ni-Al vanadate-CeO2 > Ni-Al vanadate > Ni-Al nitrate-CeO2 > Ni-Al
nitrate > NaCl alone. The phase angle plots are similar to each other except for the
sample in solution without LDH. For NaCl alone, the spectrum has one phase
maximum at the medium frequency and an inductive shift towards negative phase
angle at the lower frequency. The inductance may be offered by the pitting corrosion
or the detachment of the protective oxide layer from the metal surface. The presence
of LDH in the solution prevents the pit formation even at lower frequency region. In
addition to that, the LDHs with different modifications do not change the corrosion
mechanism. But the frequency range was shifted to the smaller value owing to the
existence of relatively noble CeO2 and vanadate inhibitor. Vanadate intercalated
solution exhibited the capacitance behavior for a wide frequency range at the medium
and low-frequency region, which indicates the polyvanadate itself give considerable
improvement. The peak may compose of two relaxation processes due to LDH and
double layer capacitance overlapped each other. The overlapping of these time
constants may be originated from similar values of capacitances of both the
capacitance offered by the modified LDH and the double electrochemical layer in the

areas where direct contact of the electrolyte.

(a) —=— NaCl 120 4 ) —=— NaCl
—e— Ni-Al NO:,, 100 4 —e— NiAl N03
— 44 . - — . -
NE —— Ni-Al N03C602 g 804 —a— NiAl N03Ce02
g —— Ni-AI VO3 é”
5 3 ——Ni-AIVO3Ce0, [
2: g
(]
N 24 9
2 &
1

log (f, Hz) log (f, Hz)
Figure 4.9. Bode plots of A356 corrosion behaviour in 3.5 wt% NacCl alone and LDH
added solutions (a) log Z vs. log f and (b) phase angle vs. log f.
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4.3.5.3. Immersion test

Long term immersion test provides more reliable information about corrosion
resistance in a real aggressive environment. Figure 4.10 represents the average
corrosion rates of aluminium samples in LDH dispersed 3.5 wt% NaCl solutions
calculated after 32 days of immersion. The average corrosion rate values are 0.399,
0.313, 0.258, 0.094, 0.078 mm/y for samples kept in NaCl, NaCl with Ni-Al NO3, NaCl
with Ni-Al NO3-CeOz, NaCl with Ni-Al VOy, and NaCl with Ni-Al VOx-CeO2, respectively.
Presence of unmodified LDH itself gives a considerable decrease in corrosion rate.
Further, each of the modifications gives additional performance towards anticorrosive
effect. Active vanadium species significantly influences the property than the
nanoparticles when they are present in the electrolyte. However, the electrolyte
having LDHs after both the modifications gave the lowest corrosion rate with more

than 80% enhancement in anti-corrosion performance.

0.5
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10.399 +0.023 N NiAI NO5
-~ 041 S NiAl NO3CeO,
2 ! E=NiAIvo,
: ] O D NiAl VO, CeO,
Py 0.3 ] 0.258  0.017
o
©
h L
[ f
o 0.2-
(7)) i
o
= ]
3 ] 0.094 + 0.004
O 0.1- 0.078 + 0.008
0.0 -

Figure 4.10: Corrosion rate of A356 alloy in different electrolytes calculated from
weight loss measurement after 32 days immersion test.

Figure 4.11 shows the SEM images of metallic surfaces (Inset: photograph of the
immersed samples after the test) after cleaning of corrosion products. Aluminium

immersed in NaCl suffered from severe localized pitting corrosion, which led to a large
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quantity of material removal. As a result, bigger pores are seen on the surface. The
samples kept in Ni-Al nitrate and Ni-Al nitrate-CeO2 produced smaller pits and ceria
deposited LDH had lesser number of pits comparing to the particle-free counterpart.
The vanadate loaded LDHs did not allow the material loss from the surface except a
few tiny pores. Presence of ceria nanoparticle further improved the stability of the

material.

NiAI NO:;Ce . -
- : Ay~

-

Figure 4.11: SEM images of the A356 surface after Immersion test for 32 days (after

the removal of corrosion products).
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4.3.5.4. Raman analysis

The Raman spectra consist of vanadate modified LDH and aluminium substrate
after immersion test are given in Figure 4.12. Both the systems exhibit broad bands
corresponding to the polymeric vanadate. However, the band for LDH was observed
between 680 cm! and 900 cm-! as explained in section 4.3.3. Whereas, the band for
polyvanadate on the metal surface was obtained between 870 cm1 to 1000 cm-
consistent with the previous reports®3. The two-dimensional distorted polymeric
vanadates consists of nonstoichiometric mixed oxidation states of vanadium, which
are responsible for the parallel oxidation reaction instead of metal corrosion reactions

to improve the anticorrosion property 5257,

680 900 ——|In LDH
- On metal surface

870 1000

et M)

Raman intensity (a.u.)

600 800 1000 1200

Wavenumber cm'1

Figure 4.12: Raman spectra of (a) NiAl-Vanadate and (b) A356 alloy surface after
immersion.
4.3.6. Corrosion Mechanism

When the surface of a metal is in contact with an electrolyte, redox reactions
will occur and the corrosion can happen. In the presence of sodium chloride solution,

the chloride ion triggers the oxidation process. The anion-exchange property of LDH
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can be used to immobilize the chloride ion and act as an anionic scavenger. For
inhibitor loaded LDHs, the release of anionic inhibitors can be activated by chloride
ion exchange and thereby playing a dual action: entrapment of aggressive chloride
ions and release of inhibitors as shown in Figure 4.13. The released anionic inhibitors
then reach the metal surface and actively protect the surface delamination. Here the
vanadium species reduce the cathodic reaction rate by decreasing the oxygen
reduction reaction at neutral pH. Correspondingly, the metal oxidation reaction also
diminishes.57 The vanadate ions are in the polymeric form on the aluminium surface
after immersion test. A thin layer of aluminium oxide formation during corrosion
analysis holding the polyvanadate and prevents further corrosion.#¢ Ceria
nanoparticles decorated on the LDH surface can act as a physical barrier to the
corrosive medium towards the metal surface. The nanoparticles layer can also be an
effective cathode, which protects the metal from corrosive anions and water
molecules. This property could be attributed to the inert behavior of the nano-ceria in
the corrosive environment. Moreover, ceria nanoparticles behave like an obstacle to

induce zig-zagging of corrosive ionic movement towards the substrate.>8

«ewes: Polyvanadate Q: Carbonate O: ClI- @: CeO, /: SDS @ : H,0

Figure 4.13: Schematic representation of the proposed corrosion protection

mechanism.

4.3.7. Corrosion Protection of Epoxy- LDH Composite Coatings on A356 alloy
The influence of LDH modification for corrosion resistance in a coating

application was measured by preparing epoxy composite coating on the A356 alloy
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surface. Composite coating was obtained with a uniform thickness, which is reliable
for anticorrosive applications. Figure 4.14 shows the SEM images of epoxy alone (a)
and LDH epoxy composite coating (b) cross-section. Both of them have a comparable
thickness of ~ 22 um and ~ 19 um for polymer and composite coating respectively.
Good coating adhesion on the metal substrate and less porosity can enhance the

corrosion protection behavior.

Figure 4.14: Cross-sectional SEM image of (a) Epoxy and (b) Epoxy LDH composite
coating.

Modified LDH nanocontainers loaded with vanadate and ceria dispersed in
epoxy and the corrosion resistance was measured. Bode plots of EIS studies with pure
epoxy, epoxy-Ni-Al nitrate, epoxy-Ni-Al vanadate, epoxy-Ni-Al nitrate-Ce0Oz, epoxy-Ni-
Al vanadate-CeOz are given in Figure 4.15. The pure epoxy coating shows the lowest
impedance. The addition of LDH to the coating layer increases the corrosion resistance
matching with the order of inhibitor’s performance. Thus, the combining effect of

different inhibitors in LDH exhibited the highest impedance value.
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Figure 4.15: Bode plots of epoxy composite coated A356 alloy corrosion behaviour in
3.5 wt% NaCl solution.
4.4. Conclusions

Ni-Al NO3z LDH was synthesized successfully by co-precipitation method and it
was further modified by vanadate via ion exchange method. Ceria nanoparticles were
decorated on the layers by simple one step method. SEM images show the platelet-like
structure of synthesized LDH. FTIR and Raman spectroscopy analyses confirm the
effective ion exchange and vanadate inhibitor loading as their polymeric form into the
Ni-Al LDH. X-ray diffraction patterns demonstrate the LDH formation as well as ceria
decoration. The corrosion resistance of aluminium alloy has increased significantly in
the presence of LDH in the electrolyte by order of Ni-Al VOx-CeO2 > Ni-Al VOx > Ni-Al
NO3-CeOz > Ni-Al NO3 > NaCl without LDH. Better corrosion prevention of LDH added
coating might be due to its ion exchange capacity with Cl- ion and the active corrosion
prevention by the formation of polymeric vanadate on the metal surface. Ceria added
LDH again enhance the barrier property by zig-zagging the movement of corrosive
species towards the metal surface as well as their passive behaviour. The combined

effect of active and passive corrosion inhibition gave the best anticorrosion property.
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Chapter 5

Layered double hydroxide for corrosion sensing
applications on light metal alloys

no.
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Abstract

The precise corrosion monitoring can be achieved by the controlled release of
corrosion sensing compounds from a container by indicating the pH change associated
with the cathodic or anodic reaction that accompanies corrosion. Layered double
hydroxide (LDH) is a versatile material for loading the corrosion sensing compounds. In
the present study, Zn-Al LDH was used as the container to load phenolphthalein for
corrosion sensing applications on light alloys. The synthesized Zn-Al phph LDH was
characterized by SEM, FT-IR, EDS, XPS, and XRD analysis, which confirm the formation of
phenolphthalein modified LDH. Corrosion resistance investigations in NaCl solution by
potentiodynamic polarization analysis and electrochemical impedance spectroscopy
(EIS) indicate that the phenolphthalein loaded LDH can be utilized to make composite
coatings on metals without prompting the corrosion. During the corrosion analysis the
pink coloration on the cathodic reaction sites on metal surface indicate the feasibility of
phenolphthalein loaded LDH as corrosion sensing material on magnesium AZ31 alloy
(Mg-2.83A1-0.98Zn-0.108Mn), while the corrosion sensing on aluminium alloy could not
be achieved in presence of Zn-Al phph LDH. The modified LDH dispersed acrylic coated

AZ31 alloy also shows pink colour formation upon corrosion.
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5.1. Introduction

Corrosion is a destructive process by which the metallic materials are
converted to their more stable oxides, hydroxides or sulphides. It is a major challenge
on the safety and economic aspect. Various methodologies have been adopted to
control the corrosion, such as selecting corrosion resistant materials, anodizing,
galvanization and applying protective coatings. However, metal deterioration is an
inevitable mechanism. Recently, coatings that can sense the early stages of corrosion
process have developed as an additional precaution. The corrosion sensing can
improve the functionality, performance and average life span of the metallic materials
by providing timely maintenance. Corrosion monitoring can be achieved by the
coatings containing organic or inorganic additives having the ability to response
towards different types of environmental stimuli.! Change in pH or temperature,
mechanical action, radiation, redox reactions and presence of heavy metals or
chemicals can be act as external stimuli to induce an easily detectable colour or
fluorescence change.?

Corrosion is an electrochemical process that influences local pH change on the
material.3 Incorporation of pH indicators in the coatings is an easy method for
detecting early state corrosion to ensure change in colour by change in localized pH
owing to the oxidation or reduction reaction. The anodic regions possess lower pH
and the cathodic regions exhibit higher pH. Both color and fluorescent pH indicators
have been incorporated into coating systems for corrosion sensing applications.*> The
pH-sensing compounds are mainly used to detect the pH increase associated with
cathodic reaction that accompanies the anodic corrosion reaction. In the coating, the
sensing compound should be homogeneously dispersed as well as compatible without
compromising the barrier properties. Zhang and Frankel®> made pH sensing acrylic
coating on aluminum by incorporating phenolphthalein, bromothymol blue, 7-
hydroxycoumarin and coumarin compounds. The former two are colour changing and
other two are fluorescent compounds. Phenolphthalein is an acid-base indicator which
begins to show pink colour at the alkaline pH of 8.2 onwards and exhibit a bright

purple in very high pH. However, the direct contact between pH indicators and the
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matrix could reduce the coatings properties and trigger the corrosion. Additionally,
deactivation or untimely sensing may occur by the interaction with coating matrix.
Incorporation of active compounds into coating after its encapsulation or
immobilization in micro or nano capsule helps to overcome the drawbacks of direct
incorporation.”

Container based composite coating system developed by encapsulation of
active corrosion sensing compounds in a container that can provide a sensible on-time
response. Phenolphthalein encapsulations have been carried out with different
containers such as urea-formaldehyde, melamine-formaldehyde, porous silica and
polyurea microcapsules. The micro-sized polyurea capsules could load 12 wt% of
phenolphthalein and were able to indicate corrosion initiation processes by a pink
coloration at the cathodic areas on aluminium and magnesium alloys.* Mesoporous
silica containers were synthesized for active compound loading in the coating
formulation, since the silica shell reduces the damaging interaction of phenolphthalein
with the coating.8° Li et al.l0 prepared a corrosion sensing urethane coating by
incorporating high-pH responsive polymer based oil-core and water-core
microcapsules encapsulated with phenolphthalein indicator.

Layered double hydroxides are a class of lamellar compounds that consist of
positively charged brucite like host layers and hydrated exchangeable anions located
in the interlayer gallery for charge balance. LDH has been widely accepted as the
container for different types of anions/molecules by the reason of the prominent
anion-exchange capacity. The functional ions loaded LDH are used for better catalytic
activity,! higher supercapacitive behavior,!? precise drug delivery,1314 etc. owing to
their stability, low toxicity and biocompatibility. LDH were also investigated as
reinforcements in anticorrosion coatings or as polymer composites. Super
hydrophobic laurate intercalated LDH film provides corrosion protection of the coated
metal substrate.l> However, LDH has not yet been considered as the container for
corrosion sensing compound.

In the present investigation, phenolphthalein modified Zn-Al layered double

hydroxide was synthesized to understand their corrosion sensing properties.
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Chemical and structural analyses were done to determine the interaction of
phenolphthalein with layered double hydroxides. Influence of phenolphthalein in the
structural characteristics, corrosion performance and corrosion sensing behavior on
AZ31 magnesium alloy substrates were studied. The modified LDH based acrylic
composite coating on metallic substrates was intended for applications in structural

and engineering components.

5.2. Experimental

5.2.1. Materials

Zn(N03)2.6H20 (98%), Al(NO3)3.9H20 (98.5%) and phenolphthalein were
bought from Sigma-Aldrich Co. Ltd., USA. NaOH (97%), were procured from SD Fine
chemicals, India. NaCl (99%) were purchased from Merck, India. The chemicals as

obtained were used for the synthesis and coatings.

5.2.2.Zn-Al phph LDH synthesis

Zn(NO3)2.6H20 and AI(NO3)3.9H20 in 2:1 weight ratio were dissolved in
distilled water to get 5 mM and 10 mM solutions, respectively. 5 wt% of
phenolphthalein powder was added to 1:1 ethanol-water mixture and made the
solution. The phenolphthalein solution was added to the salt solution slowly under
vigorous stirring at room temperature for 24hr. The reaction was carried out in a
round bottom flask under nitrogen atmosphere by co-precipitation method at
different pH values; pH8, pH10 and pH12. pH of the reacting mixture was maintained
by adding NaOH solution. The precipitate gained was washed with hot distilled water
until the solution become neutral. The neutral precipitate was again washed with

ethanol to remove unreacted phenolphthalein and dried.
5.2.3. Acrylic-LDH composite coating

A356 aluminium (Al-7Si-0.35Mg wt.%) and AZ31 magnesium alloys were taken
as the substrate materials for corrosion sensing and corrosion resistance studies. The

strips were polished using SiC abrasive paper up to 1000 grit size and cleaned with
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acetone by ultra-sonication. The cleaned and dried strips were used for the coating.
Modified LDH dispersed in commercially available acrylic monomer and dip coated on

the polished substrate.

5.2.4. Sample analysis
5.2.4.1. Zn-Al phph LDH characterization

Structural and morphological studies of modified LDH were done by SEM, XRD,
EDS, XPS, and FTIR. The details of instrumental methods are given in chapter 2,
section 2.2.3.1.

5.2.4.2. Corrosion analysis

Corrosion performance of A356 alloy and AZ31 alloy samples at ambient
conditions was measured by a conventional three-electrode cell in 3.5 wt% NaCl and 1
wt% NaCl solutions, respectively. The instrumentation set up measurement
parameters are same as explained in chapter 2, section 2.2.3.2. The measurements
were conducted on bare alloys in the electrolyte containing dispersed LDH to analyze
the electrochemical behavior. The samples were exposed to electrolyte (3.5/1 wt.%

NaCl or 0.05 wt % of LDH +3.5/1 wt.% NacCl) for about 30 minutes to stabilize the OCP.
5.2.4.3. Corrosion sensing

Corrosion sensing of the phenolphthalein loaded LDH was carried out in three
different ways. First, the activity on bare A356/AZ31 alloy in NaCl solution: the strips
were immersed in 3.5/1wt % NaCl solution containing dispersed Zn-Al phph LDH.
Second, on Zn-Al phph LDH loaded acrylic paint in 1wt % NaOH solution and third on
Zn-Al phph LDH-acrylic composite coated AZ31 alloy in 1wt % NaCl solution. The

colour change was observed visually and captured by a digital camera.
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5.3. Results and Discussion

5.3.1. SEM Analysis

SEM images and EDS spectra of Zn-Al LDH and Zn-Al phph LDH synthesized by
co-precipitation method at pH10 is given in Figure 5.1. The SEM images show an
aggregated LDH structure, since the nucleation is very fast in presence of strong base
(NaOH).16 Adsorption of bulky phenolphthalein molecule at the sides and edges of the
layers leads to produce less agglomerations for Zn-Al phph LDH compared to the
nitrate intercalated LDH.17 Elemental composition analysis indicates the presence of
Zn, Al, N and O in the prepared Zn-Al LDH. The weight percentages are given in the
table as inset. The elemental composition of Zn-Al phph LDH comprises of Zn, Al, N, O
and C. Sharp decrease in the weight percentage of nitrogen and the presence of carbon
in the modified LDH designate successive removal of nitrate group and

phenolphthalein incorporation.

|_Element | Weight% |
O 72
EN ss.47
(Al RYRY

| Element | Weight% |
21.36

I 2222

I 10.76

0 2 4
Full Scale 1668 cts Cursor: 0.000

Figure 5.1: SEM image and EDS spectra of Zn-Al LDH (a:1&b1) and Zn-Al phph LDH
(a2&bz).
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5.3.2. XRD Analysis

Figure 5.2 shows the X-ray diffraction patterns of Zn-Al LDH, Zn-Al phph LDH
prepared at different pH condition. The unmodified LDH has peaks at 26 = 9.89°,
19.97° and 34.45° corresponding to (003), (006) and (012) planes, respectively;
typical reflections for nitrate intercalated Zn-Al LDH with d-spacing of 0.89 nm.1819
Phenolphthalein modified LDH possess an upshift in peak position compared to the
unmodified one. At pH8 and pH10 the modified LDHs have peaks at 26 = 10.16°,
20.13° and 34.45° analogous to the (003), (006) and (012) planes, respectively. The d-
spacing calculated based on (003) plane by Bragg’s equation is reduced from 0.89 nm
to 0.87 nm. An additional small peak at 11.55° is generated and its intensity is
increased with increase in alkaline pH. This could be attributed the layer collapse by
removal of water from the interlayer space at very higher pH. When phenolphthalein
is present, the intensity of (003) peak increased while, full width at half maximum
(FWHM) decreased. Small FWHM after the modification indicates the more crystalline
nature of LDH.20

At pH12 Zn-Al phph LDH exhibit (003), (006) and (012) planes reflections at
260 = 11.65°, 23.71° and 34.45°, consistently. The d-spacing again decreased to 0.759
nm. If metal hydroxide layer thickness is 0.477 nm,2! the gallery height can be
estimated as 0.293 nm, which is lesser than the phenolphthalein diameter (0.6 nm).
This is resulted from the strong interaction between the layers and the guest
molecule. It also indicates that the phenolphthalein does not distribute as free
molecule/ion in the interlamellar spacing while, it may grafted or hydrogen bonded to
the metal hydroxide framework. The d-spacing of grafted system is comparable to that

described for carbonate-LDH.22.23
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—— Zn-AINO3 LDH
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Figure 5.2: XRD pattern of Zn-Al LDH and Zn-Al phph LDH synthesized at different
pH.

5.3.3. FTIR Analysis

ATR-FTIR spectra of Zn-Al LDH and Zn-Al phph LDH are given in Figure 5.3. A
broad band centered at 3440 cm™! is assigned to the stretching mode of hydroxyl
group (-OH) on the LDH host layers and interlayer water molecules. Broadening of
this peak indicates the presence of hydrogen bonding by interlayer water molecules of
the hydrocalcite structure. The peak at 1630 cm~! corresponds to the H-O-H bending
vibration of water molecules.2# The spectra for Zn-Al phph LDH provide a clear
evidence of phenolphthalein modification by showing additional peaks than the pure
LDH. However, washing with ethanol removed most of the weakly adsorbed
phenolphthalein molecules from the sample. Strong peak at 764 cm-! is due to the
stretching vibrations of aromatic C-H bond. Bands representing C=0 bond and C-O
bond, appear in the region 1741 cm1and 1218 cm respectively. The C=0 absorption
band for phenolphthalein modified LDH possess a higher value comparing to pure

phenolphthalein (1731 cm1). This change may be due to the increases the strain of
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lactone ring generated by the interaction with the LDH.2> The peak at 1550 cm is
corresponding to aromatic C=C stretching vibrations. Strong peak at 1345 cm-1 may be
due to the symmetric stretching of carboxylate ion formed in the alkaline medium.
Different peaks generated between 500-1000 cm-! is due to the presence of aromatic
structure.26

As the pH increased the contraction of peak at 3,440 cm! (-OH stretching) and
diminishing of peak at 1630 cm-1 (H-O-H bending) were observed, which indicates the
removal of water at high pH.2” Additionally, the water molecules may replace by
phenolphthalein molecule.?8 The intermolecular hydrogen bonding can still remain
with phenolphthalein and small quantity of water molecules that maintain the -OH

vibration at 3,440 cm™1.29

Zn-Al NO3 LDH

—— Zn-Al phph LDH pH8
—— Zn-Al phph LDH pH10
—— Zn-Al phph LDH pH12
—— phph

R
N

4000 3500 3000 2500 2000 1500 1000 500

Trasmittance (a.u.)

Wavenumber (cm'1)

Figure 5.3: FTIR spectra of Zn-Al LDH, Zn-Al phph LDH synthesized at different pH
and phenolphthalein.

133



Phenolphthalein-LDH for corrosion sensing Chapter 5

5.3.4. XPS Analysis

The chemical composition of Zn-Al phph LDH was analyzed by X-ray
photoelectron spectroscopy (XPS). The survey spectrum given in Figure 5.4a
confirmed that the modified LDH was mainly composed of Zn, Al, C and O. The high
resolution Zn 2p spectra of LDH shown in Figure 5.4b can be divided into two peaks
located at 1021.5 eV and 1044.59 eV, representing Zn 2p3,2 and Zn 2pi1/2 of Zn?*,
respectively. The XPS spectrum of Al 2p (Figure 5.4c) was observed at the binding
energy of 74.65 eV corresponding to Al3*. The results represent the formation of LDH
as given in previous reports instead of simple physical mixture.3031

The deconvoluted C1s peak (Figure 5.4d) consists of three kinds of carbon at
different environments. The peak at 284.64 eV for C-C/C-H, 286.6 eV for C-OH and
288.8 eV for 0-C=0 of the phenolphthalein group. A broad and asymmetric O1s
spectrum (Figure 5.4e) comprises three components corresponding to the -OH at
531.4 eV, -C=0 at 529.9 eV and hydrogen bonded -O-H--O group.32 The hydrogen
bonding may be resulted by the grafting of phenolphthalein on LDH layers as well as

water molecule interaction.
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Figure 5.4: XPS survey spectrum of (a) Zn-Al phph LDH, high-resolution spectrum of
(b) Zn 2p, (c) Al 2p, (d) C 1s,and (e) O 1s.
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5.3.5. Corrosion Studies

5.3.5.1. Potentiodynamic polarization measurements

Corrosion analysis was carried out to find out the feasibility of Zn-Al phph LDH
for the sensing applications, without altering the barrier properties. The LDH particles
were dispersed in NaCl solution, which was used as the electrolyte for the test on both
aluminium A356 alloy (in 3,5 wt% NaCl) and magnesium AZ31 alloy (in 1 wt% NaCl).
The potentiodynamic polarization curves for all the samples scanned from cathodic
side to anodic side with reference to their OCP (open circuit potential) values are
shown in Figure 5.5a (A356) and Figure 5.5b (AZ31) . Tafel plot is obtained by plotting
the logarithm of current density Vs. Potential behavior. The corrosion current density
(icorr) and corrosion potential (Ecorr) were measured from the plot with reference to
the standard calomel electrode, which are presented in Table 5.1. The icorr value of
A356 in NaCl solution alone is 27.79 x 10-¢ Acm-2 that is reduced to 5.960 x10-°Acm-
and 3.322 x10-® Acm-2 for Zn-Al LDH in NaCl and Zn-Al phph LDH in 3.5 wt% NaCl
solution, respectively. For AZ31 alloy, the icorr value in NaCl solution alone is 44.46
x10-6¢ Acm2 that is reduced to 8.023 x10-°Acm2 and 31.86 x10-¢ Acm2 for Zn-Al LDH
in NaCl and Zn-Al phph LDH in 1 wt% NacCl solution, respectively. Lower corrosion
current density indicates the corrosion resistance by the addition of LDH particles.
The decrease in current intensity is due to the low chemical reaction in LDH added
solution. It can be concluded that the corrosion resistances of LDH in NaCl solution are
higher than that of NaCl alone 33. This may be due to the ion exchange behavior of LDH

between intercalated anion and the chloride ion present in the electrolyte.34
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Figure 5.5: Tafel plot of (a) A356 alloy in 3.5 wt% and (b) AAZ31 alloy in 1wt% NacCl
alone, NaCl solution containing 0.05 wt% of Zn-Al LDH, and NaCl solution containing

0.05 wt% of Zn-Al phph LDH.

Table 5.1: Ecorr and icorr values obtained from potentiodynamic polarization scan given

in Figure 5.5.

A356 Alloy AZ31 Alloy
Sample ID Ecorr (Vvs.SCE)  icorr (A cm2) Ecorr (VVs.  lcorr (A cm2)
SCE)
NaCl alone -0.831 27.79 x 106 -1.514 4446 x 106
Zn-Al NO3 LDH -0.773 5.960x 10-¢ -0.534 8.023x 106
Zn-Al phph LDH -0.791 3.322x10¢ -1.506 31.86x 10-¢

5.3.5.2. Electrochemical Impedance Spectroscopy (EIS)

Figure 5.6 shows the Nyquist representations of EIS measurements done on
A356 alloy (a) and AZ31 alloy (b). The loops corresponding to aluminum alloy surface
in all the solutions (3.5 wt% NaCl alone, Zn-Al LDH and Zn-Al phph LDH) show a
capacitive arc at the given frequency range. The capacitive arc observed by the

combined effect of double layer capacitance and metal dissolution, and its diameter
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represents the charge transfer resistance (R.) at the metal-solution interface. For
magnesium alloy, an inductive loop at very low frequency is observed due to the
pitting corrosion 35. The increase in loop diameter by the addition of LDH indicates
better corrosion protection the electrolyte than the pure NaCl solution. The presence
of phenolphthalein could not increase the corrosion performance instead it was
slightly decreased and the difference is more visible on AZ31 alloy. This may be due to
the lower ion exchange capacity of bulky phenolphthalein molecule anchored LDH

with corrosive chloride ions. However, the corrosion inhibition efficiencies are

comparable.
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Figure 5.6: Nyquist plots of the samples at their open circuit potential with a peak-to-
peak amplitude of 10 mV in the frequency range from (a) 104 to10-2 Hz for A356 and
(b) 104 to10-1Hz for AZ31.

The bode plots between log Z and log f are given in Figure 5.7a for A356 and
Figure 5.5b for AZ31 alloy. The resistance spectra of Bode plots depicts the increase in
impedance (log Z) values are in the order of NaCl alone < Zn-Al phph LDH < Zn-Al LDH

as explained above.
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Figure 5.7: Bode plots of (a) A356 corrosion behaviour in 3.5 wt% NaCl and (b) AZ31
in 1 wt% NaCl alone and LDH added solutions (log Z vs. log f)

5.3.6. Corrosion Sensing

The strips of aluminium A356 and magnesium AZ31 alloys were polished with
SiC paper up to 1000 grit size and cleaned with acetone under ultrasonication. The
cleaned samples were immersed in a solution containing Zn-Al phph LDH in 3.5 wt%
NaCl solution.

For AZ31 alloy, the dried strip was kept in the 1wt % NaCl solution taken in a
petri dish for ten minutes. Within 30 seconds magnesium starts corroding and
produces pink coloration. Figure 5.8 shows the colour change after 2 minutes (a) and
10 minutes (b) on the metal. The pink colour is observed at the cathode and the anodic
site becomes colourless that can be explained as equations 5.1-5.3 that representing
the corrosion reaction. The local pH at the anode will decrease and at the cathode will
increase. Hence, increase in pH at cathode will produce pink coloration in presence of

phenolphthalein released from the LDH container.

Cathodic reaction: 05+ 2H»0 + 4e~ - 40H" (5.1)
Anodic reaction: Mg — Mg?* + 2e~ (5.2)
Mg** + 2H,0 — Mg(OH), + 2H* (5.3)
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For A356 alloy, the colored spots were not appeared even after 24 hours of
immersion (Figure 5.8c), while the corrosion has been started by that time. This
suggests that the slow corrosion rate of aluminium alloy could not specifically spot the
cathodic reaction site by the pink coloration due to the diffusion of hydroxyl ions in

the NaCl solution.*

Figure 5.8: Photographs of corroding surfaces of AZ31 alloy after (a) 2 minutes (b) 10
minutes and (c) A356 alloy after 24 hours.

The pH sensitivity of Zn-Al phph LDH loaded acrylic paint was checked with
1wt % NaOH solution (Figure 5.9a and 5.9b). Addition of a drop of NaOH clearly
produces a pink colouration on the paint. More quantity of NaOH could turn pink more
areas on the surface. However, after 5 minutes, the entire phenolphthalein becomes
leached out in the presence of strong alkali and the paint turns colourless. The
corrosion sensing on Zn-Al phph LDH-acrylic composite coated AZ31 alloy was done

for 48 hours in 1wt % NaCl solution. After 48 hours the coating started to show colour
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change owing to the corrosion happened on the metal surface beneath the coating.

Figure 5.9c shows the corresponding colour change.

Figure 5.9: Acrylic paint in 1% NaOH solution: (a) 0 minutes, (b) 5 minutes, and (c)
acrylic coating on AZ31 in 1% NaCl solution: After 48 hours.

5.4. Conclusion

The corrosion indicator, phenolphthalein, was incorporated in Zn-Al LDH
container. SEM, EDS, FTIR, XPS and XRD studies show the corresponding LDH
modification by phenolphthalein adsorption onto the LDH. The corrosion experiments
indicate that, an increase in anti-corrosion behaviour of both A356 aluminium and
AZ31 magnesium alloys was observed in the presence of Zn-Al LDH as well as Zn-Al
phph LDH. The improvement in corrosion resistance may be due to the barrier
properties and chloride ion exchange capacity of LDH. However, phenolphthalein
modification slightly reduced the corrosion inhibition property. The phenolphthalein
modified LDH was successfully used to detect corrosion on the AZ31 magnesium alloy
surface. The spot of colour change on different sites is observed due to increase in pH
associated with the local cathodic reaction on the alloy in sodium chloride solution.
The corrosion sensing on A356 aluminium alloy could not be achieved in presence of

Zn-Al phph LDH owing to the slow corrosion rate and hydroxyl ion diffusion.
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Chapter 6

Summary

Significant observations / contributions

The present study investigated the influence of CeO; and LDH particles on the
multifunctional behaviour of metallic as well as polymeric composite coatings on light
alloys (aluminium and magnesium). Ni-B alloy deposited by the electroless coating
technique was considered as the metal matrix and dip coated epoxy/acrylic was the
polymer matrix for the composite coating preparation. The surface morphology,
chemical composition, structural characteristics, tribology, mechanical properties,
anti-corrosion and corrosion sensing behaviour were evaluated.

In first work, metal based Ni-B alloy and CeO: nanoparticle co-deposited
composite films were developed on aluminium A356 alloy by the electroless
technique. The particle addition has induced grain refinement of the deposit, since the
nanoparticles could act as the nucleation sites for grain growth. The nanocomposite
coating exhibited higher corrosion resistance with an average current density of 2.48
x 10-¢ A cm2, which is smaller than that of particle-free counterpart (11.18 x 10 A cm-
2). The corrosion inhibition is resulted by the grain refinement that could induce zig-
zagging of the path for aggressive ions/water molecules movement towards the
metallic surface. Furthermore, the presence of nonstotiometric ceria (have both Ce**
and Ce3*) nanoparticle with Ce3* ion in the coating can oxidised to more stable Ce** in
the corrosive environment, which can also contribute the anti-corrosion behaviour.
Improvement in microhardness (~ 684 VHN for Ni-B-CeO2 and ~ 424 VHN for Ni-B)
and wear resistance with low friction coefficient were observed for the
nanocomposite coating. Grain size reduction and better integrity effect of ceria
particle in the matrix has contributed to the coating stability. Ni-B-CeO:
nanocomposite coatings were uniformly deposited on the centrifugally cast

aluminium alloy cylinder liner.
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In the second metal based system, electroless Ni-B-LDH composite coatings
were made on the aluminium A356 alloy by co-deposition of LDH with Ni-B. Coarse
nodular grains were obtained for the coating till the addition of 1wt% of LDH, further
increase in the particle percentage to 2 wt% and 5 wt% gave non-uniform surface
with agglomerated LDH. The corrosion performance of aluminium alloy has increased
significantly for composite coatings compared to Ni-B alloy coating. Better corrosion
prevention may be due to its hydrophobicity by LDH induced surface roughness and
chloride ion exchange capacity of LDH in the presence of NaCl solution. Moreover, LDH
could enhance the barrier property by zig-zagging the movement of corrosive species
towards the metal surface. The highest corrosion resistance and hydrophobicity were
observed for 0.5 wt% of LDH addition. The tribology analysis showed that the
continuous tribolayer formation between coated sample and the counter surface gave
a considerable improvement in wear resistance compared to that of bare alloy
substrate. Maximum wear resistance was observed for 1 wt% of LDH addition in
nickel matrix.

The third experimental chapter dealt with the improvement in corrosion
inhibition efficiency of Ni-Al LDH by vanadate intercalation followed by nanoceria
decoration. The Ni-Al NO3 LDH was synthesized using co-precipitation method and it
was modified by vanadate via ion exchange. Ceria nanoparticles were further
decorated on the layers by simple one step method. Chemical and elemental
characterisations indicate the vanadate inhibitor loaded as their polymeric form. The
structural analysis demonstrates the LDH formation as well as ceria decoration. The
corrosion resistance of aluminium A356 alloy tested in LDH dispersed electrolyte
exhibited inhibition efficiency in the order of Ni-Al VOx-CeO; > Ni-Al VOx > Ni-Al NOs-
CeO2 > Ni-Al NO3 > NaCl without LDH. This performance could be attributed to the ion
exchange capacity with Cl- as well as the active corrosion prevention by the formation
of polymeric vanadate on the metal surface. Ceria decorated LDH again enhance the
barrier property by zig-zagging the movement of corrosive species towards the metal
surface as well as their passive behaviour. The combined effect of active and passive

corrosion inhibition gave the best anticorrosion property among all the analysed
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systems. The modified LDH reinforced epoxy coatings with higher corrosion
resistance were developed on A356 alloy.

In the last part of the research, Zn-Al LDH modified with phenolphthalein were
synthesised for corrosion sensing application. The characterisations confirm that the
phenolphthalein was loaded into the LDH. However, the molecule could not be
intercalated instead it was adsorbed on the layer surface by grafting or hydrogen
bonding. Before the corrosion sensibility measurement, corrosion resistance of Zn-Al
phph LDH system on aluminium alloy as well as magnesium alloy were examined. The
improvement in corrosion resistance of LDH dispersed solution may be due to their
barrier properties by chloride ion exchange capacity. However, phenolphthalein
modification slightly reduced the corrosion resistance by slow ion consumption in
presence of bulky group. The phenolphthalein modified LDH was successfully used to
detect corrosion on the magnesium alloy surface. The spot of pink colouration on
different sites were observed due the increase in pH associated with the local cathodic
reaction on the alloy in sodium chloride solution. On the other hand aluminium alloy
could not show detectable colour change owing to its slow corrosion rate and

hydroxyl ion diffusion into the surroundings.

Future perspectives

*» The nanoceria decorated LDH reinforced electroleess Ni-B coating for high
corrosion resistance as well as mechanical properties.

= Role of various nanopartciles in Ni-B/ polymer composite coating can be
investigated.

= Development of functionally graded composite coating by combination of LDH and
different ceramic particles.

= The influence of different organic/inorganic modifications on LDH for corrosion

inhibition can be studied.
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= Multifunctional behavior like combination of UV blocking, flame retardancy,
mechanical properties, corrosion resistance, etc. of epoxy-LDH coating can be

investigated.
*= The phenolphthalein based corrosion sensing material development to detect the

early stage corrosion on aluminium alloy.
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