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Abstract

Nowadays, the nanoparticle reinforced alloy-based composites are emerging materials for
structural applications in automobile, marine, aerospace and chemical industries due to their high
strength-to-weight ratio, good corrosion resistance and wear resistance properties. Cu-Ni alloys
are widely applied as a coating material for several industrial applications due to their good
strength, high wear and corrosion resistance. The addition of nickel in copper can
improve mechanical strength and corrosion resistance properties. At present, Cu-Ni alloy coatings
are widely employed in heat exchangers, marine hardware, condensers and piping in seawater
systems. The performance of Cu-Ni alloy coatings is usually associated with their microstructure,
composition and surface characteristics. Therefore, many researchers all over the globe are taking

efforts to enhance the properties of Cu-Ni alloy by the reinforcement of nanoparticles.

A significant amount of research on Cu-Ni alloy-based composite coatings using electrodeposition
method has been carried out. However, very few literatures are available on the fabrication of Cu-
Ni alloy-based composites using the powder metallurgy method. Also, a more efficient method
needs to be developed for facile, low cost and bulk production of Cu-Ni alloy-based composites.
Cu-Ni alloy-based composites prepared using graphene as a reinforcing element through the
electrodeposition method suggest a most simple and economical way to improve the overall

properties.

Towards realization of this newer material, in this thesis we focused on synthesis of (i) Cu-Ni/Gr
composite coatings by electro-co-deposition method and (ii) Cu-Ni/Gr composites by a modified
electro-co-deposition method followed by powder metallurgy method. To achieve the objective of
the proposed research, the thesis is divided into seven chapters. Some of the salient features of
these chapters are as follows:

In Chapter 1, a brief introduction of composites, classification of composites, nanomaterials,
nanomaterial reinforced composites and need of Cu-Ni/Gr composites have been discussed. The
aim of the present work is also discussed at the end of the chapter.

In Chapter 2, different techniques for the fabrication of Cu-Ni alloy-based composites have been

discussed thoroughly for their merits and demerits with respect to Cu-Ni alloy-based composites.



The effect of various process parameters, bath composition and type of reinforcing elements have
been discussed in detail. Also, detail review of mechanical, tribological and electrical properties
of the Cu-Ni alloy-based composites is carried out and arranged chronologically to study the
evolution of the composites. the scope of the present work towards designing of newer method is

discussed at the end of this chapter.

In chapter 3, the synthesis of Cu-Ni/Gr composite has been discussed in two different forms. 1.
Electro-co-deposition of Cu-Ni/Gr coating on the metallic substrate 2. Synthesis of Cu-Ni/Gr
composites in the powder form by using a modified electrochemical-co-deposition method which

is a simple, economical and suitable for bulk production of Cu-Ni/Gr composite powder.

In chapter 4, the detailed study of surface morphology, elemental composition, and microstructure
of Cu-Ni/Gr composite coatings prepared by electro-co-deposition method and Cu-Ni/Gr

composite powder prepared by a modified electro-co-deposition method have been carried out.

In chapter 5, details of the mechanical, tribological and corrosion properties of Cu-Ni/Gr
composite coatings prepared by electro-co-deposition method are explained. Also, the mechanical,
tribological and corrosion properties of Cu-Ni/Gr composites plates prepared from the samples of
the powder synthesized by modified electro-co-deposition method and followed by powder

metallurgy method are discussed.

In chapter 6, the effect of electrolysis parameters and graphene nanoplatelets concentration on
mechanical and corrosion properties of Cu-Ni/Gr composite coatings prepared by the electro-co-
deposition method has been discussed. Also, the effect of electrolysis parameters on mechanical
and corrosion properties of Cu-Ni/Gr composites plates prepared from the samples of the powder
fabricated using a modified electrochemical-co-deposition method followed by the conventional
powder metallurgy method has been discussed. The set of experiments is performed based on the

design developed by the Taguchi method.

In Chapter 7, the overall conclusions and future scope of the present study have been discussed.
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Chapter 1

Introduction

The need for superior mechanical, tribological, electrical, optical, and corrosion properties
has resulted in extensive research work in the development of metal matrix composites
(MMCs). MMCs have been extensively used in several industries such as aerospace,
chemical, automobile and marine due to their enhanced mechanical and physical properties
[1]-[3]. MMCs are composites embedding reinforcement into a metal matrix to obtain
desirable functional properties which are not offered by conventional unreinforced
monolithic metal or metal alloy counterparts. MMCs have been fabricated using different
methods such as powder metallurgy, electrodeposition, chemical vapor deposition,
physical vapor deposition, plasma spraying, and thermal spraying [4]-[6]. However,
electrodeposition and powder metallurgy methods are most extensively employed to
fabricate MMCs [7]. Several reinforcing elements such as graphene, carbon nanotubes,
Al>03, TiO2, SiC, and Y203 have been added into a metal matrix [8]. Especially, graphene
reinforced MMCs have attracted lots of attention due to their extraordinary properties such
as mechanical strength, hardness, wear, and corrosion resistance, thermal and electrical
conductivity, and creep resistance [9], [10]. In graphene reinforced MMCs, Cu, Ti, Ni, Zn,
Mg, and Al or their alloys have been employed as matrix [11].

Copper and its alloys are well known for their remarkable properties such as good
electrical and thermal conductivities, mechanical strength, corrosion resistance, and
aesthetic appearance, thus expanding their applications in machinery, electronic, transport
and marine industries [12]. Among all these alloys, Cu-Ni alloys are widely applied as a
coating material for several industrial applications due to their excellent strength, wear
resistance and corrosion resistance properties [13]. The addition of nickel in copper can
improve the mechanical strength and corrosion resistance properties. Cu-Ni alloy coatings
are widely employed in heat exchangers, marine hardware, condensers, and piping in
seawater systems [14]. The performance of Cu-Ni alloy coatings is usually associated with
their microstructure, composition, and surface characteristics. Therefore, many researchers

all over the globe are making efforts to enhance the properties of Cu-Ni alloy coatings.

The properties of material surfaces exposed to mechanical and corrosive environments

have been enhanced by applying Cu-Ni alloy coating rather than enhancing the properties

1



Introduction

of the entire material. To enhance the mechanical and corrosion properties of Cu-Ni alloy
coating, many researchers have focused on the addition of reinforcement particles in the
Cu-Ni alloy coating. Cu-Ni alloy matrix composite coatings are promising to increase the
lifetime of engineering components in harsh conditions. This chapter describes a brief

introduction of composites and the problem statement investigated in this thesis.

1.1 Composite

Composite materials are materials made from two or more different constituent materials,
with properties that are significantly different from the properties of constituent materials.
In far back as 1200 B.C, Egyptians and Hebrews have fabricated synthetic composite by
the addition of straw as reinforcement in bricks to enhance their mechanical properties.
Wattle and daub is 6000 years old synthetic composite material and has been used in many
historic buildings. Fiberglass is the first modern composite material and is extensively used
in car bodies, building panels, sports equipment and boat hulls. Drivers for improved
composite materials are weight reduction, cost reduction as well as to improve
performance by enhancing resistance to fatigue, corrosion, and mechanical damage. To
meet the requirement of a particular application, the composite material can be fabricated
by selecting an appropriate reinforcing element and matrix material. Composite materials
include reinforced concrete, reinforced plastics, ceramic matrix composite, metal matrix
composites, plywood, etc. Composite materials have been commonly used for bridges,
buildings and structural material for storage tanks and bathtubs. Also, composite materials
have been used for industrial applications due to their high strength, less expensive, or
lightweight than traditional materials. Currently, composite materials are widely employed
in advanced engineering applications such as sensing, computation, communication, and

actuation.

1.1.1 Matrix

In composite material, the matrix serves different functions such as transfer load between
the reinforcement, binds the reinforcement, provides the composite component its net
shape and protects the reinforcement from mechanical and environmental damage. A
composite matrix may be ceramic, polymer, metal, or carbon. The polymer matrix is
widely used in aerospace applications due to its good mechanical, electrical, and chemical

properties. Ceramic and metal matrices are widely used in automobile and aerospace
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applications due to their high mechanical strength. The carbon matrix is commonly used in

high-temperature applications due to its superior thermal resistance.

1.1.2 Reinforcement

The reinforcement element is generally used to enhance the desired properties of the matrix
material. Reinforcements are categorized into different groups: whiskers, short fibers, continuous
fibers, platelets, and particles. The enhancement in the properties of the composites depends
upon the type of reinforcement, the orientation of reinforcement and the geometry of
reinforcement. The roles of reinforcement are to carry the load from the matrix and strengthen
the composite by improving its overall properties. Reinforcements are also used for the special
purpose of resistance to corrosion, heat resistance, heat conduction, improve the strength and
provide rigidity. As per the functional requirements, a specific reinforcement could be selected
for the fabrication of composites.

1.2 Classification of Composites

A composite material consists of two basic parts: Matrix and reinforcement. Composite
materials can be classified by their matrix type. A composite matrix may be ceramic,
polymer, metal, or carbon. Therefore, a composite material could be categorized as
ceramic matrix composites (CMCs), polymer matrix composites (PMCs), carbon-carbon

composites (CCCs), or metal matrix composites (MMCs) [15].

1.2.1 Ceramic matrix composites

Ceramic matrix composites (CMCs) are composite materials and key materials for
advanced energy systems. They generally consist of ceramic fibers or whiskers reinforced
in a ceramic matrix, developing a ceramic fiber-reinforced material. CMCs have been
developed to overcome the brittleness problem of unreinforced ceramic materials. SiC/SiC,
CIC, Al;03/AlL03, and C/SIC are the most commonly used CMCs in several industrial
applications. Applications for CMCs are being considered for the recirculating fan, Gas-

fired radiant, burner tubes, canned motor, filtration, and heat exchanger [16].

1.2.2 Polymer matrix composites

Polymer matrix composites (PMCs) are composite materials comprised of a specific type
of fiber, bound together by the polymer matrix to accomplish desired properties. The fiber
of PMCs consists of aramid, glass fiber, and graphite. PMCs are easy to fabricate
compared to metal-matrix, ceramic-matrix, and carbon-matrix. PMCs have many
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advantages such as good abrasion and corrosion resistance, lightweight, high strength, and
high stiffness along the direction of reinforcement. Nowadays, PMCs are widely used in

automobiles, aircraft, marine structures, and other moving structures [17].

1.2.3 Carbon-carbon composites

Carbon-carbon composites (CCCs) are consist of graphitic carbon fiber reinforced carbon
matrix. CCCs are commonly used for high strength and modulus of rigidity. Also, these
composites are lightweight and can withstand up to 3000 °C. CCCs are widely used in
aircraft, rocket nozzles, space shuttle nose tip, F1-racing cars and train brakes due to their
remarkable properties such as high thermal and abrasion resistance, high electrical

conductivity, low density and high strength [18].

1.2.4 Metal matrix composites

Metal matrix composites (MMCs) are composite materials synthesized by incorporating
various reinforcing phases in the metal matrix. MMCs are the potential contestants for
operation in complex service conditions such as marine, nuclear power plants, automobile,
chemical and infrastructure. In MMCs, the main matrix materials may be Ni, Cu, Al, Mg,
and Ti. The main reinforcements used are alumina, carbide, and silicon. MMCs with
lightweight and high strength have been developed for satellites, aircraft, missiles, jet
engines, and high-speed machinery. Presently, MMC is used in diesel engine piston
developed by Toyota, which shows high wear resistance and high-temperature strength
[17]. MMCs are most commonly used in several engineering applications. Presently,
particulate reinforced MMCs have attracted considerable attention from researchers
worldwide due to their low cost, ease of synthesis, and near-isometric enhancement in the
overall properties. Also, the incorporation of nanoparticles in the metal matrix has shown
significant enhancement in the mechanical, tribological, electrical, tribological, optical, and
corrosion properties of the resulting composite. In the next section, a brief introduction to

some reinforcing nanomaterials and the significance of the nanosize effect are discussed.

1.3 Nanomaterials

Nanotechnology and nanoscience fields have attracted considerable research interest due
to their wide range of applications and numerous benefits in several engineering sectors.
Nanoparticles are defined as particulate matter with at least one dimension is less than 100

nm [19]. When the scale of the material is within the range of 1-100 nm, the properties of
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the material may change so abruptly so that the material may have some outstanding
properties. Nanomaterials differs in properties from their macro counterpart. Many natural
nanoparticles are present in the volcano dust, soil, seawater spills, humid matter, colloidal
clay, soil, and atmosphere on the earth [20]. Nanomaterials synthesized by nanotechnology
have superior flexibility, strength, and surface-to-volume ratio. Atoms present on the
surface of nanoparticles are quite active compared to other atoms. The powder form of
nanoparticles can be used as a catalyst or solid fuel in the rocket [21]. Nanoparticles are
being widely used in electronics, optics, medicine, chemistry, agricultural, food industries,

and automobile industries [22].

Graphene, carbon nanotube (CNT), and c60 fullerene are 2-, 1- and O-dimensional
nanomaterials, respectively, and their properties are not similar to macroscopic carbon
materials. The unexpected properties of nanocarbon have a novel scientific field that can
drastically change our lifestyle. Among the various types of nanoparticles, graphene

nanoplatelets have been paid special attention (Figure 1.1).

Figure 1.1: Graphene structure of the single two-dimensional hexagonal sheet of

carbon atoms?

Graphene is a one-atom-thick planar sheet of sp? hybridized carbon atoms arranged in a
crystal lattice and yet stronger than diamond [23]. In 2004, graphene was firstly isolated
from graphite by the mechanical exfoliation method [24]-[27]. To date, various methods to
produce graphene have been developed, such as exfoliation and cleavage, thermal
chemical vapor deposition, plasma-enhanced chemical vapor deposition, thermal

decompositions, electrochemical method, and pulsed-laser scribing [28]. Graphene has

! https://newatlas.com/graphene-inexpensive-electronics-university-glasgow/40508/


https://newatlas.com/graphene-inexpensive-electronics-university-glasgow/40508/

Introduction

achieved immense research interest in recent years due to its outstanding properties, such
as large theoretical specific surface area, excellent electrical conductivity, and high
mechanical strength [29]. It's remarkable electronic, mechanical, optical, electrochemical,
and thermal properties compared with other carbon materials, which makes it a promising
material in electrical, chemical and automobile industrial applications [30], [31]. Graphene
has superior properties such as high fracture toughness (125 GPa), super charge-carrier
mobility (200,000 cm?V1st), high Young’s modulus (1 TPa), extreme thermal
conductivity (5,000 Wm?K?) and higher fracture toughness of 125 GPa [32]-[35].
Graphene has been widely used in electronic industries due to its superior carrier mobility
(up to 350,000 cm? V1 s 1) and high optical transparency (97.7%) [36], [37].

The advantage of graphene over CNT using in the composites includes high-pressure
processing result in damage of CNT structure; the possibility of graphene to disperse
uniformly in the metal matrix without agglomeration; short CNT serve as a good
reinforcing element however, not suitable for wear applications, CNT forms only point to
point contact however, graphene has strong interfacial bonding, fracture strengthening is
more in graphene composites because of its planar geometry and high aspect ratio [38].
These extraordinary properties make graphene an ideal reinforcing material for the
composites, for possible enhancement in mechanical, tribological and corrosion properties
of the resulting composite. To have the advantage of their extraordinary properties at the
bulk level, scientists are exploring the possibility of preparing composites, termed as
graphene reinforced composites, which are detailed in the next section.

1.4 Composite reinforced with graphene

Metal matrix composites have shown increased strength compared to conventional
materials [39]-[42]. Recently, several authors have fabricated graphene reinforced metal
composites for metals like Al [43]-[49], Cu [33]-[49], Mg [63]-[67], Ni [68] and Ti
[63]. Different research groups have been developed different processing routes for
graphene reinforced metal matrix composites like powder metallurgy, casting, electroless
deposition, melting and solidification, thermal spray, laser deposition, electrochemical
deposition, sol-gel, and other novel routes [69]. Electrodeposition and powder metallurgy
methods are extensively used for the synthesis of graphene reinforced composites owing

to several advantages over the other conventional processes [5], [40], [70], [71].
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There are two approaches for the synthesis of graphene metal matrix composites that have
been developed to enhance the mechanical, tribological, and corrosion properties. In the
first approach, graphene reinforced composites are formed through uniform dispersion of
graphene. However, in the second approach, graphene reinforced composites are
developed by forming layered structures by alternate deposition of graphene and metal
matrix [35], [54], [72], [73]. Graphene is very light in weight and cannot be dissolved in
water, and it can be dispersed uniformly in a plating solution using a surfactant [74], [75].
The strong graphene coupling to the metal matrix particles caused highly increase in the
thermal conductivity [76]-[78]. Recently graphene gained extensive interest in
electrochemistry field and has many applications in various sectors like biosensors [79],
supercapacitors [80], transparent electrodes [81]-[85], sensors [86]-[88], nanoscale
electronic devices [89], and field emission devices [90] and filler materials [91], [92].

Owing to the outstanding properties of graphene, it is believed that it could significantly
improve the performance of composites. Also, graphene is ideal to be an efficient

reinforcing element to achieve high-quality metal matrix composite coatings.

1.5 Need for Cu-Ni/Graphene composites

A wide range of objects, be they components, tools, sub-assemblies, machines, or entire
plants are made from different types of materials. In most cases, the lifetime of these
materials is strongly affected by external factors and the operational environment. The
surface of the components is usually damaged due to the mechanical interaction between
the surfaces of the components in contact with each other as well as electrochemical
reactions with the environment [93]. The surface of the component is the most vulnerable
site for different forms of attacks, including chemical, mechanical, thermal, or
electrochemical. Such types of attacks may be present individually or in combination and
lead to damaging changes at the surface. The damaging changes at the surface arise due to
oxidation, erosion, electrochemical corrosion, scaling, cavitation, weathering,
microbiological damage, and wear. The recognition that one might protect a surface from
operational and environmental conditions by applying a metallic, organic or inorganic

coating, so extending the life of not just the surface but also the entire component.

Nowadays, deterioration of active metals such as Al, Mg, and Fe under the influence of
wear and corrosion is a serious problem faced by marine, automobile and chemical

industries [94]. Among these active metals, mild steel is extensively used due to its good
7
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mechanical strength, low cost and durability. The rate of wear and corrosion can be
controlled using some approaches such as a change in the surrounding environment,
selection of materials and use of metallic coatings. Among these approaches use of
metallic coating is the most acceptable approach [95]. The efficiency of metallic
components that are exposed to corrosion and wear is possible to improve by applying

pure and alloy coatings.

Alloy deposition is an old technique and same scientific principles as individual metals
electrodeposition [96]. The interest in the utilization of alloy coating is increased due to the
wide range of possible alloy combinations and the related possible applications. Alloy
coatings have superior properties in certain composition ranges than those of individuals
metal coatings. They can be harder, better resistance against corrosion, stronger and

tougher, more wear resistance and superior in magnetic properties.

Copper is alloyed with different elements and mainly classified into three groups: bronzes,
brasses, and copper-nickel alloys [39]. Some of the industrial applications of Cu-Ni alloy
are shown in Figure 1.2. Copper-nickel alloy coatings are more popular due to their better
corrosion resistance in seawater and remarkable physical properties such as high density,
high melting point and high strength [97]. Cu-Ni alloy coatings, in addition to automobile
and marine applications, find several applications in gas, oil, and chemical industries [12],
[98]-[102].

Graphene is a novel nanomaterial having excellent mechanical, chemical, electrical and
thermal properties [32], [89], [103]-[107]. In the last decade, graphene reinforced metal
composites have attracted the extensive interest of researchers. Many researchers have
reported to fabricate graphene reinforced composites for different metal such as Al [108],
[109], Cu [9], [54], [110], Mg [64], [65], [67], Ni [111]-[113] and Ag [114]. The
reinforcement of graphene improved the chemical, electrical, mechanical, tribological and
corrosion properties of metal matrix [54], [113], but graphene reinforced alloy composites

are less studied.

Currently, many different methods are adopted to prepare graphene reinforced metal
composites coatings, such as electrodeposition and powder metallurgy [35], [115].
Electrodeposition is an economical and simplest process to fabricate metal composite

coatings. Also, the properties of prepared composites coatings can be controlled by
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optimizing the process parameters such as pH, current density, temperature, reinforcement

concentration, and bath composition [116]-[118].
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Figure 1.2: Some of the industrial applications of Cu-Ni alloy

Over the past few years, Cu-Ni alloy coatings have attracted considerable scientific and
industrial interest [119]. The addition of nickel to copper coating reduces the coefficient
of thermal expansion, and improves its resistance to corrosion, cavitation, and erosion in
all kinds of water [120]. Due to this, Cu-Ni alloy coatings are widely used to reduce
corrosion and wear rate. Hence, it finds large number of applications in piping,
condensers and heat exchangers in seawater system, desalination plants, marine
hardware, boat hulls, oil rigs and platforms, seawater intake screens, fish farming cages,
etc [14], [97], [102], [121]-[123]. Also, Cu-Ni alloy components are used in bearing
fasteners, gears, pump and valve trim, bolting, Shafts, bearing bushes, forgings, firewater

systems and hydraulic tubing.

The incorporation of graphene can improve the properties of Cu-Ni alloy as they may
improve the corrosion or wear resistance. To prepare high-performance the Cu-Ni matrix

composite, the main challenges are to improve the dispersion of graphene nanoplatelets
9
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and the interfacial interaction between the Cu-Ni matrix and graphene nanoplatelets. A
strong interaction between the graphene nanoplatelets and the Cu-Ni matrix is important
to transfer stress across the interface, thereby significantly affects the mechanical
properties. The main aim of the present work is to enhance the properties of Cu-Ni/Gr
composite by improving the dispersion and the interaction between the graphene

nanoplatelets and the Cu-Ni matrix.

Employing incorporation of graphene nanoplatelets in the Cu-Ni matrix seen to be
interesting, since graphene nanoplatelets can affect on mechanical, tribological and
corrosion properties. Therefore, it is necessary to fabricate Cu-Ni/Gr composite, which
would improve the mechanical, tribological and corrosion properties of engineering

components by using the electrodeposition method.

Among many issues and challenges, the present thesis addresses the uniform dispersion
aspect of graphene in the Cu-Ni matrix to enhance the mechanical, tribological and
corrosion properties of Cu-Ni/Gr composites. The next chapter presents a detailed review
of the different Cu-Ni matrix composite synthesis processes and the properties of the Cu-
Ni alloy matrix composite achieved by various methods. Based on the literature review and

discussion, the problem statement addressed in this thesis is formed and presented.

10
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Chapter 2

Literature Review

Chapter 1 showed that Cu-Ni alloy matrix composites are beneficial in several industrial
applications to overcome the existing challenges. This chapter summarizes the latest
progress in the fabrication of Cu-Ni composites and provides an insight into the fabrication
of Cu-Ni alloy matrix composites through electrodeposition and powder metallurgy
methods. The gaps in research and the scope of future research are discussed in detail at

the end of the chapter.

2.1. Introduction

As the frontier of modern technology and science spread out into more complex and
sophisticated fields, the operating system tackles harsh working conditions. Therefore,
modern technology quests for systems with high performance in extreme and often an
adverse working environment. The material surface is the most vulnerable site for different
forms of attacks, including mechanical, electrochemical, chemical and thermal. As these
attacks proceed, the degradation of material surfaces is initiated and leads to damaging
changes at the material surface. The damages mainly due to the corrosion and wear attack
at the material surface are not recoverable. Therefore, the protection of the material surface
is very important. The degradation of material surfaces can be decreased by applying a
surface coating or changing the entire material of the part that will lessen the effect of
given working conditions and surrounding environment and extending the service life, not
just the surface but the entire equipment. However, the application of a protective coating
is more feasible and economical than changing the entire material of the part. Thus, surface
modification technologies have found a wide range of applications in several engineering
industries to protect the material surface from corrosion and wear. The selection of the
suitable coating technique depends upon many factors including, application, economics,
feasibility, etc. Cu-Ni alloy parts and Cu-Ni alloy coatings have been widely used in most
engineering applications due to their unique physical and mechanical property. However,
in order to enhance their performance in harsh working conditions, reinforcing elements
have been added to them. Therefore, in the next section, we have discussed the several
fabrication methods which are used in the fabrication of Cu-Ni alloy composites.
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2.2. Fabrication Methods

Several fabrication methods such as chemical vapor deposition, electrodeposition, physical
vapor deposition, plasma spraying, and thermal spraying have been developed over the
past few years to enhance the structure and properties of the MMCs. However,
electrodeposition and powder metallurgy methods are most widely employed for the
synthesis of Cu-Ni alloy composites (Figure 2.1). Electrodeposition method has been used
to synthesize Cu-Ni alloy and Cu-Ni alloy composite coatings to protect the base material
from harsh working conditions. However, powder metallurgy has been used for the

synthesis of Cu-Ni alloy and Cu-Ni alloy composites.

Synthesis of Cu-Ni alloy matrix composites

| Physical Method

|Electr0—co-deposition

| Powder Metallurgy

ubstrate Preparation

' Bath Preparation Compaction

' Electrodeposition ' Sintering

Figure 2.1: Methods for the synthesis of Cu-Ni alloy matrix composites
2.3. Electro-co-deposition Method

Among the different surface coating techniques, the electrodeposition technique is widely

used due to the low capital and operating cost, easy to operate, and comparatively fast for
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the fabrication of the coating compared to other methods. The electrodeposition technique
has long been known and employed for developing decorative as well as wear and
corrosion-resistant surface. Generally, the electrodeposition setup consists of electrodes
(cathode and anode), plating bath has electrolyte-containing metal ions, and a power
supply unit. The electrolyte bath can be agqueous, organic, or fused salt, and it must be
conductive. At least two electrodes are required for the electrodeposition process. One
electrode acts as a cathode or substrate on which deposition is desired, and another
electrode acts as an anode, which helps maintain the concentration of metal ions in the
electrolyte bath. The electrodeposition can be carried out using direct current (D.C) at a
constant voltage (potentiostatic deposition), D.C at constant current (galvanostatic
deposition), and pulse current. The electrodeposition technique is very suitable for the
synthesis of different metallic coatings because of a wide range of properties for coatings
can be accomplished by selecting appropriate electrolysis parameters. Electrodeposition of
metal and alloy coatings is carried out by the reduction of metal ions on the cathode
surface. The electrodeposited coating can enhance electrical conductivity, thermal
conductivity, solderability, and corrosion and wear resistance of the substrate material.

2.3.1 Electrodeposition of Cu and Cu-Ni alloy coating

Pure Cu and Cu alloys are widely used in automobile, chemical, electrical, mechanical and
marine applications for a variety of merits such as high strength and good corrosion and
wear resistance. Cu coating has a widespread application in the manufacturing of
electronic devices because of high electromigration resistance, superior electric and
thermal conductivity, and excellent mechanical and chemical characteristics [1]. Also, Cu
is used in some medical applications owing to its excellent anti-bacterial properties [2]. To
increase the utilization of pure Cu, it is strengthened by work hardening or by the addition
of alloying elements. Copper is alloyed with different metals and mainly classified into
Cu-Zn [3], Cu-Sn [4], and Cu-Ni [5]. Among all these alloys, Cu-Ni alloys have
outstanding anti-fouling and anticorrosion properties in seawater and thus have been
extensively used in marine applications such as heat exchanger tubes, ship pipes, boiler
parts, pump impellers, conduits, pump bodies and components, boat hulls, valve bodies,
seawater condensers, pipe fittings, oil rigs and platforms, seawater intake screens, fish
farming cages and other ship hardware [6]. Some of the most used Cu-Ni alloys consist of
copper with 30 % nickel and copper with 10 % nickel. In the year 1920s, a 70-30 copper-
nickel alloy was fabricated for the application in naval condensers. A 90-10 copper-nickel
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alloy was first manufactured in the year 1950s, in the beginning, it was used for seawater
piping and is now the more widely used alloy [7]. The addition of nickel into copper can
enhance its tensile strength, ductility, thermal conductivity, and thermal expansion as well
as improve its resistance to corrosion, cavitation, and erosion in all kinds of water. The
alloy also shows excellent corrosion resistance to fatigue and stress corrosion cracking [8].
The chemical industry uses cast products, tubes and sheets made of copper-nickel alloys in
oil refineries industries for the applications of impeller wheels, valves and pump bodies,
fittings, and piping for the salt environment and other highly corrosive solutions, for heat
exchangers, agitators and mixers, pressure and other vessels, cooling devices, autoclaves
and many other types of equipment. The food processing industry uses copper-nickel
alloys for agitators, multistage evaporators, feed water boilers, sugar refineries, piping and
apparatus for fruit sieves, mixers and presses, food packaging [9].

Cu-Ni alloy coatings are extensively used in automobile, chemical, marine, and
mechanical applications because of their superior resistance against corrosion in seawater,
durability and good strength [10]. Also, Cu-Ni alloy coatings are preferred in the
condenser, heat exchangers, microelectronics, and pipeline in marine environments [11]-
[13]. The 70-30 Cu-Ni alloy has high strength and excellent corrosion resistance in many
oxidizing and reducing gas environments, seawater, and alkaline and acidic media than the
90-10 Cu-Ni alloy coating, hence more widely used [9]. Also, 70-30 Cu-Ni alloy coating
has higher hardness than 90-10 Cu-Ni alloy coating due to the higher concentration of
nickel [7].

2.3.2 Mechanism of Cu-Ni electrodeposition

The mechanisms of Cu-Ni alloy electrodeposition are presented in Figure 2.2. The figure
gives an idea of the different aspects involved in the selection of operational conditions and
bath composition. The standard reduction potentials of copper and nickel are +0. 34 V and
-0.25 V, respectively, which considerably differ from each other [9]. Hence, in the
electrolyte bath, the concentration of Ni%* is usually kept higher than that of Cu?* and a
complexing agent is also added, thus allowing the co-deposition of Cu and Ni on the
cathode surface. For instance, the work of Pellicer et al. [14] shows that the nickel content
in the Cu-Ni alloy coating is increased with an increase in current density. Also, at a low
current density deposition rate of copper is higher than the deposition rate of nickel; hence,
Cu-Ni alloy coating is rich in copper color. However, at a higher current density, the
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deposition rate of nickel is higher than the deposition rate of copper, hence Cu-Ni alloy
coating is rich with nickel color [15]. Usually, Cu and Ni anode plates are used in Cu-Ni
alloy coating deposition to maintain the concentration of Cu and Ni ions in the electrolyte
bath during the electrodeposition process.

© Copper ions
© Nickel ions

Anode
* Cu and Ni single metal
* Or Insoluble, Oz evolving (e.g. Pt/Ti) |

Cathode
* Current density
= Static or moving
* Smooth or foam type

Operational Conditions Electrolyte Coating

= Temperature = Cu and Ni concentration = Particle content

= Current density = pH * Alloying element

= Bath agitation = Anion composition = Composition

= (Cathode movement = Additives = Thickness

= Electrical Control (DC or PC) =  Uniformity
= Surface roughness
= Hardness

= Corrosion resistance

= Wear resistance

=  Adhesion

= Electrical conductivity

Figure 2.2: Electrodeposition of Cu-Ni alloy coating and different aspects involved in

the selection of operational conditions and bath composition

The electrodeposition reactions of Cu-Ni alloy coating have been modeled as follows:

In case of a soluble anode, Cu and Ni ions are formed at the anode surface (Eq. (2.1) & Eq.

(2.2)

Cu+ 2e” = Cu?t (2.1)
Ni+ 2e~ = Ni?* (2.2)
In the case of insoluble anode such as Pt/Ti, oxygen is evolved at the anode (Eq. (2.3))

2H,0 + 4e™ = 0, + 4H* (2.3)
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At the cathode, Cu and Ni ions are discharged simultaneously to form Cu-Ni alloy coating
(Eq. (2.4) & Eq. (2.5)):

Cu?* +2e™ = Cu (2.4)
Ni?* + 2e~ = Ni (2.5)
2H* + 2¢™ = H, (2.6)

Equation (2.6) shows the hydrogen evaluation reaction that occurs during the
electrodeposition process at the cathode surface, which results in a decrease in local pH
and current efficiency and an increase in porosity of the coating. This is due to the
increased in Hz bubbles on the coating surface, in case of surfactant is not used or cathode

movement is fixed.

2.3.3 Bath used in electrodeposition of Cu-Ni alloy coating

For electrodeposition of Cu-Ni alloy and composite coatings, different types of baths have
been used, such as chloride, sulfate (Watt- type), and sulfamate baths. A survey of the
literature for the bath composition for electrodeposition of Cu-Ni alloy and composite

coatings is shown in Table 2.1.

2.3.3.1 Chloride bath

Usage of chloride baths in the electrodeposition of Cu-Ni coatings has been reported in
very few studies [16]-[18]. The basic composition of a chloride bath consists of copper
chloride and nickel chloride. Boric acid, sodium citrate, sodium dodecyl sulfate, and
saccharin are commonly used as supporting agent. The presence of CI” due to the addition
of Ni chloride to the electrolyte causes dissolution of Ni anodes and increases the
conductivity of the solution. In electroplating bath in which the non-consumable anodes
are used, the absence of chlorides will be favorable [19]. The coatings prepared in
chloride-based baths are rough and loose surfaces with several defects and cracks, which
would result in low corrosion resistance. A chloride bath can be used to increase the
ductility of nanocrystalline materials for several industrial applications. However, its
deposits have high internal stress [16]. Deng et al. [17] have described the
electrodeposition of Cu-Ni alloy in 1-ethyl-3-methylimidazolium dicyanamide ionic liquid
(EMI-DCA IL) containing anhydrous nickel chloride and copper chloride. It was found
that the metal ions concentration in the electrolyte bath and the deposition potential had an
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impact on the compositions of the Cu-Ni alloy coating. Also, EMI-DCA IL is difficult to
synthesis, costly, and can have an adverse effect on human health and the environment.
Recently, Wang et al. [18] fabricated the Cu-Ni alloy coating by electrodeposition method
from a eutectic-based ionic liquid containing nickel chloride hexahydrate and copper
chloride dihydrate and investigated the electrodeposition effect on the compositions,
microstructures and corrosion resistances of Cu-Ni alloy coatings. The results showed that
the deposition current density significantly influenced the compositions, microstructures,
and corrosion resistance of Cu-Ni alloy coatings.

2.3.3.2 Watts-type (sulfate) bath

The watts type baths are one of the most popular baths in electrodeposition methods. The
watts type bath was invented by O. P. watts about 100 years ago. The Cu-Ni coatings
prepared from watts type baths have been studied in earlier research. Sulfate-based baths
are extensively used baths in the industry due to its economic aspects. This bath consists of
copper sulfate, nickel sulfate, and supporting agents. Copper sulfate and nickel sulfate are
the main sources of Cu and Ni ions. Sodium citrate is used as a complexing agent to
stabilize the electrolyte system, and boric acid is employed to adjust the pH of the
electrolyte solution. To avoid an insoluble citrate complex forming and precipitating out of
the solution, the pH value of the citrate bath is restricted [20]. Citrate type bath has several
advantages such as less maintenance, easy to use, low cost, low corrosion of equipment
and its deposits have low internal stress compared to other baths. However, deposits from
this bath have high tensile strength and hardness. Ghosh et al. [9] synthesized the Cu-Ni
alloy coating by pulse electrodeposition method from citrate bath containing copper
sulfate, nickel sulfate, and supporting agents. It was found that the pulse parameters and
operating conditions had a significant effect on the composition, current efficiency, and
quality of the Cu-Ni alloy coatings. Baskaran et al.[15] have investigated the structural,
morphology, thermal characteristics and magnetic properties of Cu-Ni alloy coatings using
the pulse electrodeposition method. They observed that the lattice constant decreases and
the saturation magnetization increase with the increase in Ni content of the Cu—Ni alloy
coating. The watts bath with or without organic additives is most commonly employed
[21], [22]. Among several organic additives, saccharine is commonly added as a stress-
relieving and grain refining agent [23], [24]. In fact, saccharine performs these functions
well for many metals and alloys deposited from a variety of baths. Pellicer et al. [14] have
reported the nanocrystalline Cu—Ni films with a variable composition prepared by
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electrodeposition method using saccharine-containing baths. The study shows that the
addition of saccharine in watts type bath results in larger hardness and elastic recovery and

better wear resistance due to the reduction in the crystallite size of the film.
2.3.3.3 Sulfamate bath

A survey of the literature shows that there are very few studies available for Cu-Ni alloy
coatings electrodeposition in sulfamate baths. The basic composition of the sulfamate bath
consists of nickel sulfamate, copper acetate and sodium citrate. Sulfamate, citrate and
acetate are selected as being less hazardous substances to the environment [25]. In most of
the studies to facilitate simultaneous deposition of Cu and Ni ions, sodium citrate was used
as a complexing agent [26], [27], also it acts as a buffering [28], brightening [29] and
leveling agent [30], thus eliminating the need of bath additives. Sulfamate bath has several
advantages, such as excellent stability for temperatures by up to 60°C and different pH
ranges from 2 to 4 [31]-[33]. The sulphamate baths can operate at high concentration and
high current effectively. The properties of sulfamate deposits such as hardness, thermal
conductivity, ductility, mechanical strength, internal stress, microstructure, porosity,
roughness, density, specific heat that can be affected by operating conditions and
impurities [34].The sulphamate baths are used for many engineering applications due to
the high deposition rate, low residual stress, excellent dimensional corrections and high
throwing power. However, the sulfamate bath has disadvantages that hydrolysis is
generated and sulfamate exists as an intermediate like azodisulfonate. It is reported that a
higher concentration of Ni sulfamate decreases the hydrolysis but improves the production
of the impurities such as azodisulfonate. Several impurities such as sulfite, sulfate,
persulfate and azodisulfonate could be produced in a sulphamate bath. However, among
these impurities, azodisulfonate is the main source of sulfur in the deposit, which reduces

the compressive stresses and ductility of the deposit [35], [36].

2.3.3.4 Lactate bath

The Ni—Cu alloy thin films prepared from an environmentally friendly lactate bath have
been studied [37]. This bath is composed of nickel sulfate, copper sulfate, lactic acid and
supporting agents. Lactic acid has been used as a complexing agent. Lactic acid is cheap,
easily available and nontoxic in nature [38]. Smooth, compact and bright Ni—Cu alloy thin

films have been successfully obtained using a lactic acid-based electrolyte bath. Cathodic
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polarization measurements revealed that the amount of Ni in the deposit is less than its
amount in the bath, demonstrating that the deposition of Ni—Cu alloy is of a regular type
[39]. It is also reported that the cathodic efficiency is high and mainly depends on
temperature, pH and the applied current density. The deposited Ni-Cu alloy films consist
of a single solid solution phase with FCC structure. The obtained crystallite sizes for
deposited Ni-Cu alloy films are lying between 12-25 nm. Also, it is observed that the
increase in the temperature of the electrolyte bath leads to an increase in the crystallite size
of the Ni-Cu alloy film.

2.3.3.5 Glycine bath

The glycine has been used as a complexing agent in the electro-co-deposition of alloy
coatings including Zn-Co-Cu, Co-Ni-Mo, Cu-Co, Zn-Co and Zn-Ni to achieve high-
quality deposits [40]. Also, it acts as a buffering agent and stabilizes the pH of electrolyte
during the deposition process of metals and alloys. Cu-Ni alloy coatings have been
synthesized using a glycine bath by varying pH of electrolyte and bath composition to
investigate the mechanism which controls the elemental composition of Cu-Ni alloy
coatings [41]. This bath is composed of nickel sulfate, copper sulfate, glycine acid and
NaOH. NaOH was used to adjust the pH of the electrolyte bath. The elemental
composition study of deposited Cu-Ni alloy coatings showed that the electrolyte pH
significantly affected the elemental composition of coatings. Ni content of deposited
coating is higher at pH values of 5 and 6 mainly due to the similar reduction potential of
Ni>* and Cu?*. At pH value 8, Ni content in the deposited coating is low due to the
decrease in the formation of Ni**-glycine complex as compared to Cu?*-glycine complex.
TEM analysis along with EDS confirmed the uniform composition of coating at all

positions.
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Table 2.1: Bath composition and operating conditions employed for preparing Cu-Ni and Cu-Ni alloy composites

Coating Bath composition pH Temperature (°C) | Current density Goal Ref.
Cu-Ni 0.475 M NiSQOg, 9 20 2 A/dm? (PC) Improving corrosion resistance | [42]
0.125 M CuSOg, and microhardness
0.2 M NazCsHs07
Cu-Ni 0.7 M NiSOa, - - 0-0.2 Alcm? (PC) Investigating the effect of [43]
0.0125-0.04 M CuSOsg, rotation speed, bath
0.26 M Na3CeHsO7 composition and pulse
parameters on the composition
of Cu-Ni alloy film
Cu-Ni 0.1-0.5 M NiSOsg, 8 - -1200 mV Investigating the effect of [44]
0.05 M CuSO;q, Cu/Ni ratio on morphology,
0.25 M NasCgsHs07 microstructure and corrosion
properties of Cu-Ni alloy
coatings.
Cu-Ni 0.7 M Ni(SO3NH3)2.4H.0 35 38+£0.2 -102 mA/cm? (PC) Investigating the effect of [45]
0.025 M CuS04.5H:0, pulses parameters on the
30g/L H3BO3 morphology and mass transfer
0.15 g/L NaC12H25S04 rate of Cu.
Cu-Ni 0.475-0.5 M NiSQO4.7H20, 9 40 20 A/dm? (PC) Improving corrosion resistance | [9]
0.10-0.125 M CuS04.5H0, and microhardness
0.2-0.3 M Na3CeHs0~
Cu-Ni 0.02 M NiSO4.7H20, 5 55+1 2.5,5,75, 10,15 & | Investigating the effect of duty | [15]

0.002 M CuS04.5H-0,
0.2 M Na3CgHs07

20 A/dm? (PC)

cycle and current density on
lattice constant and magnetic
properties
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Cu-Ni 184 g/L NiSO4.7H-0, 4.5 30 0.210V Improving corrosion resistance | [14]
6.24 g/L CuS0O4.5H20, in a chloride medium
87 g/L NasCeHs0Oy,
0.5g/L C7HsNOsS,
0.2 g/L NaC12H25S04
Cu-Ni 2.0 M Ni(SO3NH2)2.4H.0 2,26 & 23 -1.7V Investigating the effect of [46]
0.01-0.04 M CuSO4.5H20, 3.3 electrolyte pH and Cu
0.5 M H3BOs concentration on the
microstructure of Cu-Ni alloy
films
Cu-Ni 0.07 M NiSO4.7H20, 351 25 -1.2,-14,-16 Investigating the effect of [47]
0.0014 M CuS04.5H>0, &-18V deposition potential on
0.04 M H3BOs3 morphological and structural
properties of Cu-Ni alloy films
Cu-Ni 0-0.5 M Ni(H2NSOs3)2.4H20 | 3,4,5 25 -15-05V Developing plating baths to [25]
0-0.025 M &6 produce reflective Cu-Ni films
(CH3COO0).Cu.H20
0-0.25 M NasCsHs07.2H,0
Cu-Ni 174 g/L NiSO4.7H-0, 4.5 30 0.25V Improving corrosion resistance | [48]
16 g/L CuS04.5H20, and hardness
87 g/L NazCeHs07,
0.59/L C7HsNOsS,
0.2 g/L NaC12H25S04
Cu-Ni 0.07 M NiS0O4.7H20, 44+0.2 25,40,55 & 70 -9 mA/cm? (DC) Investigating the effect of [27]

0.0014 M CuS0Q4.5H20,
0.04 M H3BOs3

electrolyte temperature on
morphological and structural
properties
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Cu-Ni 0.2 M NiS04.7H20, 2,25,3& |25 100 mA/cm? (PC) Synthesis of Cu-Ni alloy [49]
0.04 M CuS04.5H20, 3.5 nanoparticles using pulsed
0-0.2 M NazCsHs0O7 sonoelectrochemistry
Cu-Ni 0.2-0.8 M NiS04.7H20, 9 20 1 & 2 A/dm? (DC) Investigating the effect of [10]
0.05-0.2 M CuS04.5H:0, current density and bath
0.2 M Na3CsHsOy composition on elemental
composition and structure of
coatings
Cu-Ni 0.02 M NiSO4.7H20, 5 23 5, 10, 50, 100, 150 Improving electrocatalytic [50]
0.002 M CuS04.5H20, and 300 mA/cm? performance of the Cu-Ni alloy
0.2 M NazCeHsO7 (DC or PC) electrodes.
Cu-Ni 300 g/L Ni(O3SNH2). 4.5 50 2 A/dm? (PC) Improving tensile ultimate and | [16]
2.5-15 g/L CuS04.5H20, tensile strength of Cu-Ni alloys
20 g/L NiClz, 20g/L H3BOs,
80 g/L NazCeHs07,
2 g/L C7Hs5NOsS,
0.1 g/L NaC12H25S04
Cu-Ni/MMT | 0.32 M 6 25 -1.0V Improving mechanical and [8]
Ni(NH4)2(S04)2.6H-20 corrosion properties of 70:10
0.06 M CuS04.5H0, Cu-Ni alloy
0.25 M Na3CgHs507,
MMT (0.05, 0.1, 0.2%),
2.0 M NaOH
Cu-Ni/Al203 | 105 g/L NiSO4.7H20, 4 35 2 A/dm? (DC) Improving microhardness, wear | [51]
25 g/L CuS04.5H0, resistance and corrosion

59 g/L NazCeHs07
Al>,03 (0-30 g/L)

resistance
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Cu-Ni/MMT | 0.24 M 6 25 -1.0V Improving hardness, shear [7]
Ni(NH4)2(SO4)2.6H20 strength and corrosion
0.06 M CuS04.5H20, resistance properties of 90:10
0.25 M NaszCsHs07, Cu-Ni alloy
(0-0.15%) MMT,
2.0 M NaOH
Ni-Cu/TiN 160 g/L NiSO4.7H20, 43+0.2 50 2 and 4 A/dm? (PC) | Improving corrosion resistance | [52]
15 g/L CuS04.5H:0, by ultrasonic agitation
20 g/L H3BOs3,
8 g/L TiN,
1 g/L C7HsNOsS,
0.05 g/L NaC12H25S04
Ni-Cu-ZrOz | 70.96 g/L NiSO4.7H20, 8-9 30 6-20 mA/cm?(DC) | Improving microhardness and | [53]
15 g/L CuSOs, corrosion resistance properties
42.6 g/L NaxSOsq,
63 g/L Lactic acid
(0-16 g/L) ZrO2
Ni-Cu/TiN- | 160 g/L NiSO4.7H0, 42+0.1 50+1 3-6 A/dm? (PC) Investigating effect of pulse [54]
ZrO; 15 g/L CuS04.5H20, parameters on surface
20 g/L H3BOg, morphology and microstructure
6 g/L ZrOz, of coatings and improving
4 g/L TiN, corrosion resistance
1 g/L C7HsNOsS,
0.05 g/L. NaC12H25S04
Cu-Ni-Cr 100 g/L NiSO4.7H20, 7 35 1 A/dm? (DC) Improving oxidation resistance | [55]

5-20 g/L CuS04.5H20,
12 g/L NiCI.7H20,

25 g/L H3BOg,

120 g/L NazCeHs07,

(0, 15, and 20 wt.%.) Cr
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Cu-Ni—Cr

100 g/L NiSO4.7H20,
5-25 g/L CuS04.5H20,
12 g/L NiCI.7H20,

25 g/L H3BOg,

120 g/L NasCeHs0Oy,

(0, 15, and 20 wt.%.) Cr

35

0.5-2.0 A/dmZ (DC)

Improving oxidation resistance | [56]

Ni-Cu-Y20s3

150 g/L NiSO4.7H20,
30 g/L CuS04.5H20,
50 g/L NasCeHs0y,
30 g/L H3BOg,

0.4 g/L NaC12H25S0s4,
1 g/L C7HsNOsS,
(0-5 g/L) Y203

4-5

60

3 A/dm? (DC)

Investigating the effect of Y203 | [57]
on surface morphology and

microstructure of coatings and
Improving corrosion resistance

Ni-Cu-SiC

300 g/L NiSO4.7H,0,

1.3 g/L CuS04.5H,0,
19.4 g/L NHsHF>

35 g/L H3BOs,

0.4 g/L NaCi12H25SOs,

(0, 10, 20 and 30 g/L) SiC

4.4-4.8

50

3 A/dm? (DC)

Improving hydrophobicity and | [58]
corrosion resistance
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2.3.4 Additives

In general, the addition of additives in the electrolyte bath can enhance the surface finish
and properties of Cu-Ni alloy coatings [49]. The addition of small amount of additives in
the electrolyte bath can enhance the quality and performance of the coating. Among
several additives, sodium dodecyl sulfate as a surfactant, boric acid and sodium hydroxide
as a buffering agent, saccharin as an internal stress reliever and grain refiner, and sodium
citrate as a complexing agent are most the frequently used and listed in Table 2.2.
Additives affect the elemental composition, crystallite size, microstructure and mechanical
properties of the coating [25].

Table 2.2: Bath additives used in electrodeposition of Cu-Ni alloy coating

Additive Formula Performance Ref.
Boric acid H3BO3 Buffer [27]
Sodium
hydroxide NaOH Buffer [8]

Grain refinement, surface roughness reducing,
Saccharin C/HsNOsS | stress-reducing, enhancing the brightness and | 114]
quality of coatings
Sodium dodecyl | Naci,H-:SO
sulfate (SDS) 12M25504 | Surfactant [16]
Sodium citrate NasCsHsO7 | Complexing agent [51]

2.3.4.1 Boric acid

The boric acid is used as a buffering agent in sulfate and chloride baths in order to achieve
high current efficiencies [59]. It is reported that the presence of boric acid has a significant
effect on the composition of alloy coatings and leads to rising the amount of the less noble
component in the alloy [60], [61]. The Cu-Ni alloy coatings have been deposited from
different electrolyte baths containing boric acid [16], [27], [46], [47]. The presence of boric
acid in the electrolyte bath buffers the pH and avoids pH increment on the cathode surface
[62]. In the presence of boric acid, a more coherent and brighter deposit appearance can be
achieved. Furthermore, the addition of boric acid in an electrolyte bath enhances the range
of required current density in the electrodeposition process without hydroxide deposition

as well as reduces the brittleness of coating.

38




Literature Review

2.3.4.2 Trisodium citrate

The electrodeposition of Cu-Ni coatings is generally carried out earlier using a different
electrolyte bath containing trisodium citrate [15]. Trisodium citrate is used as a buffering
agent in the electrodeposition process of Cu-Ni alloy coating. It helps to maintain the pH
value of electrolyte near a chosen value and also to prevent the rapid change in the pH
value of the electrolyte. It is reported that in the presence of citrate, the nobler component
(Cu) is deposited at more negative potential compared to its actual standard electrode
potential [10]. Many researchers investigated the electrodeposition of Cu-Ni alloy coating
from a citrate-based electrolyte bath and studied the effects of current, pH, agitation, and
temperature on the properties of Cu-Ni alloy deposits [44], [45]. Green et al. have reported
that the Cu-Ni alloy films deposited from a citrate bath possess very high current
efficiency [9]. It is reported that in the presence of a citrate electrolyte bath, Ni and Cu
deposition is charge-transfer-controlled and mass-transfer-controlled. Also, with increasing
the current density, Cu ions concentration at the surface of the cathode electrode decreases,
whereas Ni deposition is enhanced, which results in Ni-rich deposits [63]. Many studies
have shown that the trisodium citrate can be used as an adjuvant or stabilizer effectively in
the composite coatings to enhance the structural properties stability and dispersibility [64].
Nowadays, citrate baths have been considered for electrodeposition of composite coatings
in which boric acid is replaced by citric acid [65], [66]. The main role of trisodium citrate
in the electrodeposition of Cu-Ni alloy coating is to decrease the large difference in the
standard reduction potentials of nickel (-0.25 V) and copper (+0.34 V) to favor the
simultaneous electrodeposition of copper and nickel [14]. Trisodium citrate is the most
suitable for Cu-Ni alloy coatings because of its low toxicity; its ability to develop excellent
deposit with stress-free Ni-rich alloys with very high current efficiency and also it can act
as a buffering, leveling and brightening agent, thus eliminating the need for other bath
additives [67]. It is found that an increase in trisodium citrate concentration in the
electrolyte bath results in an increase in the content of copper in the deposit [9]. In the
electrolyte bath, citrate forms complexes with nickel and copper, but the percentage of
nickel complexes formation is lower than copper complexes. Also, increasing the
concentration of trisodium citrate in the electrolyte bath results in a moderate shift of the
nickel deposition onset [67]. Trisodium citrate is suitable for adjusting the elemental
composition of the deposited alloy and at a high concentration of citrate in the electrolyte

bath leads to Cu enriched alloy. Also, it acts as a capping agent, which helps to stabilize
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the grain size of deposits [49]. Also, it is reported that trisodium citrate promotes the

nucleation sites and nucleation rate in the electrodeposition process [68].
2.3.4.3 Saccharin

In the deposition of several metals and alloys, saccharine has been added to the electrolyte
bath as an additive agent. It is well known that the presence of saccharine in the electrolyte
bath leads to a reduction in the crystallite size and suppressing the dendrite growth of the
deposit. It is reported that the standard reduction potential of nickel shifts toward more
positive values due to the presence of saccharin in the electrolyte bath. Also, with
increasing the concentration of saccharin in the electrolyte bath, the size of crystals gets
smaller and more compact, which is caused due to the inhibitory effect of the adsorbed
species (saccharin) on the reduction of the nickel ion on the surface of the cathode [69].
The addition of saccharine not affects the solution stability as well as the deposition
process and no significant variation in the film composition of the deposits has been
observed. However, it improves the deposit quality by inhibiting the stress or reducing
tensile stress and increasing the planarity [67]. According to some studies, in the case of
Cu-Ni alloy deposition, the stabilized potential of the galvanostatic curves shifted towards
more negative values due to the addition of saccharine in the electrolyte bath, which leads
to enhancing reduction of Ni ions. Also, saccharine is responsible for higher hardness and

elastic recovery and excellent wear resistance of Cu-Ni alloy coatings [14].

2.3.5 Electrodeposition methods

Figure 2.3: The schematic representation of different modes of current density for
electrodeposition (a) DC, (b) PC and (c) PRC

Electrodeposition technique is more attractive for the synthesis of composite thin films as

being the simplest and economical process as compared to other techniques [14], [70]-
40
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[72]. Electrodeposition of pure metals, alloys, and their composites thin films is generally
carried out using direct current (DC). Furthermore, in the electrodeposition technique, by
changing the current type, different composite thin films could be synthesized with more
even distribution of reinforcing elements in the metal matrix, higher content of particle
reinforcement, and decreased crystallite sizes of the metal matrix as compared to those
usually obtained under DC technique [71], [73], [74]. In recent years, in addition to DC
electrodeposition technique, pulse current (PC) and pulse reverse current (PRC)
electrodeposition techniques have been used for the synthesis of composite thin films.
Figure 2.3 shows different modes of the electrodeposition process. PC and PRC
electrodeposition techniques have received more attention incomparison to the
conventional DC electrodeposition technique [75]. In PC and PRC electrodeposition
method, applied potential, duty cycle, cathodic/anodic pulses, and pulse waveform can be
controlled to improve the surface morphology, microstructure, elemental composition,
crystallite size, mechanical and wear properties of resulting composite thin films [76]-[79].
The DC, PC and PRC electrodeposition techniques have been employed to develop
various alloy thin films such as Ni-Fe [80], Ni-P [81], Ni-W [82], Ni-Cr [83], and Cu-Ni
[15] alloy thin films.

2.3.5.1 DC electrodeposition

DC electrodeposition method is widely used in the electrodeposition of metal and alloy
coatings. DC electrodeposition method has been used to fabricate Cu-Ni alloy coatings and
their properties such as surface morphology, microstructure, elemental composition,
internal stress, microhardness, corrosion behavior, and magnetic performance have been
studied in detail [10], [27], [49], [50]. The inclusion of ferromagnetic Ni into the copper
film, the film shifts from diamagnetic to ferromagnetic in nature. The saturation
magnetization increases with the increase in nickel content of the Cu—Ni alloy film. Cu-Ni
alloy films have shown enhanced performance in magnetic microactuators for MEMS
[84]. In DC electrodeposition method, constant electrical current is continuously supplied
for the deposition process. DC electrodeposition  method has  several

attractive advantages such as economical, ease of operation and high throughput.
2.3.5.2 PC electrodeposition

The modification of DC electrodeposition method is done by the use of current
interruption known as pulsed electrodeposition, where not only the current but also
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potential can be varied. The enhanced hardness, wear resistance and corrosion resistance
properties can be achieved as it is possible to get non-dendritic, coherent deposits at much
higher current densities than with the straight direct currents. Pulse plating improves the
deposit properties such as finer grain size, plating thickness distribution, hardness,
porosity, ductility and electrical conductivity. In the PC electrodeposition method, pulses
are rectangular shapes and current and potential, which are periodic manner reaches zero.
During the electrodeposition process, the instantaneous energy related to a pulse current is
higher than that of direct current, resulting in the reduction of metal ions at an extremely
high over-potential. When the current reaches zero, the discharge ion concentration near
the cathode electrode gets restore to its initial value, and subsequently, the concentration
polarization disappears [85]. PC electrodeposition can be affected by bath composition,
process parameters, peak current density, pulse On-time (Ton) and off-time (Toff). The
duty cycle and pulse frequency are the main pulse variables, which can be used for the
optimization of the electrodeposition process. Duty cycle and pulse frequency are

measured using equations (2.7) and (2.8), respectively:

Pulse duty cycle = T %100 (2.7)
(Ton off )

1
Pulse frequency =| ————— 2.8
q y ((Ton Toff)] ( )

Also, the average current density can be calculated using equation (2.9) as follows:

Average current density = Pulse duty cycle x Pulse peak current density (2.9)

In general, the advantages of pulse current electrodeposition over direct current
electrodeposition are summarized as follows:
1. Higher rate of deposition due to increased permissible current densities.

2. Higher density of deposits with low porosity

3. Better control on the composition and microstructure of coatings.

4. Higher entrapment of reinforcing element in the deposits.

5. Enhancement in the purity of deposits due to the reduction of impurities
deposition in the deposit.

6. Reduced internal stress in deposits.

7. Increased Ni content in the case of Cu-Ni alloy electrodeposition.

8. Reduction in hydrogen evolution.

9. Reduce or eliminate the need of additional additive agents.

10. Reduction in the surface roughness and crystallite size of the deposits.
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Significant research work in the field of PC electrodeposition of Cu-Ni alloy coatings has
been carried out to obtain a better quality of deposits [9], [15], [16], [42], [43], [45], [49],
[50], [86]. Ghosh et al. [9] have reported that by appropriately adjusting the pulse
parameters, the smooth and coherent surface finish of the Ni-Cu alloy coating can be
achieved. Also, the microhardness value of PC electrodeposited Ni-Cu alloy coating was

higher than that of the DC electrodeposited Ni-Cu alloy coating.
2.3.5.3 PRC electrodeposition

PRC electrodeposition is a bipolar process where anodic and cathodic pulses are mixed. In
this method, the polarity of a DC (including cathodic and anodic currents) is continually
reversed. PRC electrodeposition has several advantages, such as a simple, economical, and
scalable method that provides homogenous dispersion of reinforcing elements throughout
the matrix and exhibiting good mechanical and corrosion properties [87]. PRC
electrodeposition method has been used for the synthesis of Cu-Ni alloy coatings [9], [43],
[44]. Also, it is reported that the internal stress in the PRC electrodeposited is minimum
than that of the DC electrodeposited coating due to the reduction in the hydrogen gas

evaluation in the cathode surface.

2.3.6 Electrodeposition parameters of Cu-Ni alloy

2.3.6.1 Electrolyte composition (metal ratio of the bath)

Several works [9], [10], [49], [88], [89] studied the effect of copper concentration on the
surface morphology, microstructure, elemental composition, thickness, microhardness and
corrosion properties of Cu-Ni alloy coatings. As the copper concentration is increased, the
copper content in the deposit is decreased and crystallite size is decreased [89]. Also, the
surface roughness of Cu-Ni films increases with increasing the Cu concentration in the
electrolyte bath [46]. The microhardness of Cu-Ni alloy coating is decreased with the
increase in the copper concentration in the electrolyte bath due to the increase in the Cu
content and decrease in the Ni content [9]. It is found that the corrosion resistance of Cu-Ni

alloy coating is enhanced with an increase in the content of Ni in the coating [88].
2.3.6.2 Current density

It has been shown that the electrodeposition and operating conditions have a significant
effect on the properties of electrodeposited coatings. Current density plays a key role in the

electrodeposition of metal and alloy coatings alloy due to its excellent control on the
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surface morphology, elemental composition, microstructure, electrode kinetics and rate of
deposition of metal ions. According to previous studies, the deposition of Cu is diffusion-
controlled and the deposition of Ni is activation controlled. During electrodeposition of
Cu-Ni alloy coating, with an increase in current density tends to increment of cathodic
overpotential, therefore, enhancement in the activation reaction on the cathode electrode
surface, which results in the increase in the Ni content and decrease in the Cu content in
the deposit. According to several studies, the increase in the applied deposition current
density results in an increase in the Cu content and a decrease in the Ni content of the
coating [9], [42], [43]. This is mainly due to the much more rapid increase in the partial
current of Ni deposition compared to the partial current for Cu deposition. In the case of a
mass-transfer controlled metal deposition process, the obtained deposits have powdery or
dendritic structure. At high current density deposition, the deposits have a minimum
content of Cu, which results in a smooth, uniform, and bright surface of the coating.
Similarly, at low current density, the content of Cu in the deposit is more tends to the

nodular surface morphology of the coating [43].

The thickness of Cu-Ni alloy coating obtained at a higher current density is higher than
that of the coating deposited at a lower current density. This behavior suggests that the
higher current density results in higher current efficiency [14]. The crystallite size of the
Cu-Ni alloy coating decreases with an increase in the deposition current density due to the
decrease in the lattice constant. The relationship between saturation magnetization of the
Cu-—Ni alloy coatings and applied deposition current density has also been explained. The
saturation magnetization of Cu- Ni alloy coating is increased with an increase in the
current density[15]. This is due to the increase in Ni content in the coating with an increase
in current density. It is well-known that nickel is ferromagnetic and copper is diamagnetic,
thereby the Cu—Ni alloy coating with high Cu content exhibits diamagnetic nature and the
Cu—Ni alloy coating with high Ni content exhibits ferromagnetic nature [90]. The
ferromagnetic nature increases with an increase in Ni content of the Cu-Ni alloy coating
[91]. Nickel would be mechanically harder than pure Cu and Cu-Ni alloy. It should be
noted that an increasing current density of up to a certain limit leads to an increase in the
hardness of Cu-Ni alloy coating [14]. The hardness of Cu-Ni alloy coating is increased
with an increase in the nickel content in the deposit, which is mainly due to the solid

solution strengthening and reduction in the crystallite size of the coating [63].
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2.3.6.3 Electrolyte agitation

The electrolyte agitation is one of the most important parameters in the electrodeposition
process of metal and alloy coatings because it can significantly affect the elemental
composition, cost of production, and properties of deposits. For laboratory investigations,
magnetic stirrer is employed for stirring of the electrolyte solution during the
electrodeposition process [19]. The effect of electrolyte bath stirring has also been studied
for the electrodeposition of Cu-Ni alloy coatings [9], [92], [93]. In the presence of a citrate
bath, the reduction of cupric species is diffusion-controlled during the Cu-Ni alloy
deposition. It should be noted that with increasing electrolyte stirring tends to increase in
the mass transfer of Cu ions in the electrolyte bath, thereby the copper content in the
deposit increases. Also, in the stirring condition, a metallic, reddish-brown coating was
obtained and without stirring condition, a nonmetallic and black powdery coating was
obtained [92]. The crystallite size of the coating is increased with the increase in the
stirring speed; thereby, this condition results in the less compact surface morphology and

reduction in the Ni deposition [9].
2.3.6.4 Electrolyte pH

Electrolyte pH is a key system factor that has a significant effect on microstructure, surface
morphology, elemental composition, mechanical and corrosion properties of metal and
alloy coatings. The electrodeposition of Cu-Ni alloy coatings have been carried out with
different electrolyte pH values [41], [46], [49], [67], [94]. According to previous studies,
the electrodeposition of Cu-Ni alloy coatings has been performed in the acidic as well as
alkaline range. The Cu content of the Cu-Ni alloy coating increases with increasing
electrolyte pH. It is reported that at a low pH value, there is a formation of a low degree of
a complex, which results in a quick supply of metal ions towards the cathode surface [41].
Hence, the surface roughness of Cu-Ni alloy coating increases with a decrease in the
electrolyte pH. The crystallite size of the Cu-Ni alloy coating increases with an increase in

the pH value due to the increase in the copper content in the deposit [46].
2.3.6.5 Temperature

In order to achieve the desired properties of the electrodeposited coatings, the correct
control of the operating temperature is very important. The operating temperature has a
significant effect on the surface morphology, elemental composition, microstructure and

quality of the coatings. The effect of operating temperature on the electrodeposition of Cu-
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Ni alloy coating has been studied [9], [27], [94]. As we know, copper is deposited under
diffusion control (i.e., under limiting current condition). The rate of diffusion of cupric
species increases with an increase in the operating temperature of the electrolyte bath. It
has been found that, in the electrodeposition of Cu-Ni alloy coating, as the operating
temperature increased from 25 to 40 °C, the content of Cu in the deposit rapidly increased
and further increased in the operating temperature did not have a significant effect on the
copper content. This trend showed that the current efficiency also increased with an
increase in the operating temperature of the electrolyte bath [9]. Silaimani et al. [94]
reported the enhancement in the corrosion current of Cu-Ni alloy coating due to the change
in the growth of surface morphology structure from 2D to 3D caused due to the increase in
the operating temperature from 20 and 30 °C. Sarac et al. [41] reported the
electrodeposition of Ni-Cu film at different electrolyte temperatures. They have shown that
the crystallite size and the nickel in the Ni-Cu alloy film are decreased with the increment

of the operating temperature of the electrolyte bath.

2.3.7 Properties of electrodeposited Cu-Ni alloy

Copper is more ductile than nickel and is widely used in electrical applications due to high
electrical and thermal conductivity. Cu and Ni belong to f.c.c. structure with a molar mass
of 63.54 and 58.9 u and density 8.96 and 8.9 g.cm™. Some important properties of Cu and
Ni are listed in Table 2.3.

Table 2.3 Important properties of pure Cu and Ni

Properties Copper Nickel
Atomic number 29 28
Molar mass (u) 63.54 58.69
Electron configuration [Ar] 3d10 4s1 | [Ar] 3d8 4s2 or [Ar] 3d9 4s1
Density (g.cm™) 8.96 8.9
Crystal structure f.c.c. f.c.c.
Melting point (°C) 1085 1455
Boiling point (°C) 2562 4946
Young's modulus (GPa) 128 200
Electrical resistivity (nQ2.m) 63.54 69.3
Magnetic ordering Paramagnetic Ferromagnetic
Thermal conductivity (W/(m.K)) 398 90.9
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2.3.7.1 Microstructure
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Figure 2.4: XRD patterns in the 40°-54° 20 region of Cu-Ni samples with dissimilar
copper content. The peak denoted by # belongs to the Cu seed layer [48]

The XRD pattern of Cu-Ni alloy film with various copper content is shown in Figure 2.4
[48]. All deposited films are showed peaks corresponding to the plane (111) and (200).
From Figure 2.4, it is observed that as the copper content decreased, diffraction peaks are
shifted towards a higher 20 angle. The shifting of peaks towards a higher 20 angle is
mainly due to the increase in the lattice parameter. It was also reported that the lattice
parameter of pure Cu (0.3614 nm) is higher than a pure nickel (0.3523 nm). Thus as the Cu
content in the alloy increases, there is lattice expansion within the alloy takes place [9]. It
is noticeable that Cu-Ni films with higher copper content exhibited a larger crystallite size.
The XRD pattern of Cu-Ni alloy does not show a characteristic peak related to pure Cu and
pure nickel, which confirms the formation of a solid solution of Cu and Ni atoms [15]. Cu
and Ni both have FCC structure, and both have almost similar atomic sizes. Therefore, the
Cu-Ni alloy is known as an isomorphous binary alloy, which means the two metals are
completely soluble in one another and have one type of crystal structure [8]. The crystallite
size of Cu-Ni alloy usually is in the nanometer; however, crystallite size can be varied by

changing process parameters and bath compositions.
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2.3.7.2 Mechanical properties

Pellicer et al. [14] have reported that the hardness of Cu-Ni alloy is increased with an
increase in the nickel content of Cu-Ni alloy coating. This is associated with a decrease in
the crystallite size of the coating due to the decrease in lattice parameter caused due to
increase in nickel content. The higher hardness is usually expected for smaller crystallite
sizes because the propagation of dislocations is easily hindered by a large number of grain
boundaries. Varea et al. [48] have shown that the mechanical properties such as young’s
modulus, hardness and wear resistance can be varied by varying the deposit composition
and are superior for moderate copper content. Eva Pellicer et al. [63] have prepared Cu-Ni
alloy films by varying alloy composition and reported their mechanical properties. It was
observed that the penetration depth was lower for the higher nickel content of Cu-Ni alloy
film. This observation confirmed that the Cu-Ni alloy coating with higher nickel content is
harder as compared to the lower nickel content Cu-Ni alloy coating. The Cu-Ni alloy
coatings with higher hardness are necessary for structural components in MEMS

applications.

2.3.7.3 Magnetic properties

The effect of various current densities on the magnetic properties of Cu-Ni alloys has been
studied [15]. Copper is diamagnetic and nickel is ferromagnetic. Cu-Ni alloy with a higher
percent of Cu is expected to diamagnetic and higher nickel content is expected to
ferromagnetic. The vibrating sample magnetometer (VSM) study is used to evaluate the
magnetic properties of Cu-Ni alloy coatings. The obtained results showed that the coatings
prepared at 2.5 and 5.0 A/dm? are diamagnetic; the one prepared at 7.5 A/dm? is weakly
ferromagnetic; however, those prepared at 10, 15 and 20 A/dm? are ferromagnetic. Results
revealed that the magnetization of Cu-Ni alloy increases with the increase in nickel
content. Similarly, Pellicer et al. [63] demonstrated that the saturation magnetization and
coercivity values of Cu-Ni alloy coatings gradually increase with the increase in the Ni

content.
2.3.7.4 Corrosion behavior

The polarization curve method is widely used for the evaluation of corrosion resistance of
Cu-Ni alloy coatings. Cu-Ni alloy exhibits good corrosion resistance and it depends upon

the composition alloy. Few studies have been carried out to evaluate the corrosion
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performance of Cu-Ni alloy coatings [9], [48]. Ghosh et al. [9] have reported that PC
electrodeposited Cu-Ni alloy coating with 35.8 wt. % Cu shows higher corrosion resistance
as compared to DC electrodeposited Cu-Ni alloy coating. Also, Varea et al. [48] have
presented that the corrosion resistance of Cu-Ni alloy coating is superior as compared to

pure Cu.
2.3.7.5 Wear behavior

Very few studies have been carried out on the wear properties of Cu-Ni alloy coatings
[14], [48]. Wear characteristics of Cu-Ni alloy coatings are evaluated by depth-sensing
nanoindentation technique. These studies revealed that the wear performance of Cu-Ni
alloy coating increases with an increase in the nickel content of coatings. Also, they have
reported that the wear resistance mainly depends upon the microstructure of the coating

and is enhanced with a decrease in the crystallite size of the coating.
2.3.8 Cu-Ni alloy composite coatings

The Cu-Ni composite coatings fabricated by the electrodeposition method have been rarely
studied. A few researchers have prepared Cu-Ni alloy matrix composite coatings based on
Al,O3, TiN, ZrO,, Y203, Cr and layered silicate (MMT) using the electrodeposition
method. The incorporation of the reinforcing element in the Cu-Ni matrix composite
coatings can affect the mechanical, corrosion and tribological properties of the coating.
Ceramic particles such as Al,O3z, TiN, and ZrO, have been used in the synthesis of
composite coatings due to their excellent mechanical properties like hardness and wear
resistance. The addition of ceramic particles in the composite coatings resulted in increased
hardness, wear, and corrosion resistance. During the deposition process, the presence of
ceramic particles inhibits crystal growth and reduces the crystallite size of the composite
coatings (Hall-Petch effect). Also, the increase in the concentration of ceramic particles in
the electrolyte bath leads to an increase in the incorporation of ceramic particles in
composite coatings up to a certain limit. The increase in ceramic particle content in the
composite coating results in a subsequent increase in the required stress for the movement
of dislocations, and hence, according to the Orowan mechanism, microhardness is
increased [51]. Furthermore, the ceramic particles can enhance the wear properties of
composite coatings. The ceramic particles act as a solid lubricant during the wear test and
thus, reduce the friction coefficient of the composite coatings. Also, corrosion resistance of

the ceramic particle reinforced composite coatings has been enhanced by providing a more
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tortuous mean-free path of corrosion and a decrease in intergranular discontinuity by
filling microholes, gaps, and cracks. Also, the addition of ceramic particles can alter the
texture of the composite coating and covers the metallic surface of the matrix and thus,
corrosion resistance is increased. The effect of the addition of reinforcing particles on the

properties of Cu-Ni alloy composite coatings can be described as follows:
2.3.8.1 Effect of MMT nanoplatelets

The effects of different concentrations of MMT nanoplatelets in the electrolyte bath
reinforcement on the durability, corrosion resistance, and mechanical properties of Cu-Ni
coatings have been investigated. The incorporation of MMT in the Cu-Ni alloy matrix
leads to a decrease in particle size of the resulting coating. Also, the AFM study showed
that the incorporation of MMT particles in the Cu-Ni alloy matrix slightly increases the
surface roughness of the coating. The hardness of the coating increases with MMT
contents, while the content of MMT particles and the reduction in grain size caused by the
embedding process have a considerable effect on hardness. The incorporation of MMT
particles increased the corrosion resistance of the Cu-Ni alloy coating. This attributed to
slowing the mean free path of corrosion due to the grain refinement and availability of

more surface area offered by conducting MMT particles [7], [8].
2.3.8.2 Effect of Al203 nanoparticles

The effect of the additions of Al.Os nanoparticles on the microhardness, wear resistance,
and corrosion resistance of the Ni-Cu alloy coatings has been studied. According to
obtained results, the microhardness and wear resistance of Ni-Cu/Al,O3 composite coating
are increased about 2.4 and 3.75 times, respectively, than that of the pure Ni-Cu alloy
coating. Results showed that the crystallite size of the pure Ni-Cu alloy coating is
decreased from 37 nm to 16 nm by the incorporation of Al>Os. This is attributed to the role
of Al,Os nanoparticles in grain refinement by increasing active nucleation sites in the
coating during the deposition process and thus prevents grain growth. Also, the
incorporation of Al>O3 nanoparticles increased the microhardness of the coating from 331
HV to 570 HV. The wear rate for Ni-Cu/Al203 composite coatings was decreased with an
increase in Al2Os nanoparticles bath (up to 20 g/L) and then increased with a further
increase in Al,O3 concentration in the electrolyte bath. This is ascribed to the role of Al2O3
nanoparticles to restrain the plastic deformation of the Ni-Cu alloy matrix. The addition of

Al;O3 nanoparticles improved the values of corrosion potential and corrosion current
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density, which shows enhanced corrosion resistance. The increase in corrosion resistance
is attributed to the change in coating texture due to the incorporation of Al,Oz in the Ni-Cu
alloy matrix Al,Oz [51].

2.3.8.3 Effect of TiN nanoparticles

Ni-Cu/TiN composite coatings have been prepared using ultrasonic-assisted
electrodeposition from a citrate bath. The effects of current density on surface morphology,
structural and electrochemical properties of Ni-Cu/TiN nanocomposite coatings have been
investigated. The presence of TiN nanoparticles changes the texture of the Ni-Cu coating
compared to pure Ni coating. The corrosion resistance of the Ni-Cu/TiN composite coating
can be affected by ultrasonic agitation as well as current density. The incorporation of TiN
particles into the Ni-Cu alloy matrix leads to an increase in surface roughness of Ni-
CUu/TiN composite coating compared to Ni-Cu coating. The highest corrosion resistance

for Ni-Cu/TiN composite coating was achieved at 5 A dm2 [52].
2.3.8.4 Effect of ZrO; particles

ZrO> particles have been used in several composite coatings because the incorporation of
ZrO> could enhance mechanical properties such as wear resistance and hardness. Ni-
Cu/ZrO2 composite coatings have been electrodeposited from a citrate bath and the effects
of current density, duty cycle and their combination on corrosion performance of coating
studied. According to the obtained results, the corrosion resistance and hardness of Ni-
Cu/zZrO2 composite coatings have been enhanced compared to pure Ni and Ni-Cu alloy
coatings. The presence of ZrO: in the Ni-Cu alloy matrix results in an increase in
microhardness about 100 HV compared to pure Ni-Cu alloy coating. The hardness of Ni-
Cu/ZrO> composite coatings is increased with a decrease in the duty cycle. The corrosion
study showed that the Ni-Cu/ZrO, composite coatings electrodeposited at a current density
of 3 A dm2, a duty cycle of 80%, and a current density of 5 A dm™2, duty cycle of 40%
have higher corrosion resistance [53].

2.3.8.5 Effect of TiN-ZrO; particles

Ni-Cu/TiN-ZrO2 nanocomposite coatings have been produced using the pulse
electrodeposition method from s from a citrate bath. The effects of current density and duty
cycle on the surface morphology, structural and corrosion properties of Ni-Cu/TiN-ZrO>

nanocomposite coating have been studied. The incorporation of TiN and ZrO:
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nanoparticles in the Ni-Cu matrix changes the texture of the coating. The surface
roughness of Ni-Cu/TiN-ZrO. nanocomposite coating is increased as compared to the pure
Ni and Ni-Cu alloy coating. The crystallite size for this Ni-Cu/TiN-ZrO. nanocomposite
was about 14-21 nm. The process parameters such as duty cycle, current density, and
frequency have a slight effect on the crystallite size of the Ni-Cu/TiN-ZrO, nanocomposite
coatings. The incorporation of TiN and ZrO: particles in the Ni-Cu matrix resulted in an
improvement in the anti-corrosion performance of the resulting coating. The duty cycle
and current density have a significant effect on the corrosion resistance of the Ni-Cu/TiN-

ZrOz nanocomposite coating compared to frequency [54].
2.3.8.6 Effect of Cr nanoparticles

Cr nanoparticles have been widely used in composite coatings due to their high mechanical
strength and outstanding electrical and thermal conductivity. Cu-Ni-Cr nanocomposite
coatings have been produced by electro-co-deposition method using a citrate type bath
[55], [56]. The presence of Cr nanoparticles leads to an improvement in the oxidation
resistance of Cu-Ni alloy coating. The results show that Cu-Ni-Cr nanocomposite coating
based on Cu/Ni = 1 and as low as 15 wt. % Cr can form a protective chromia scale during
a 20 h oxidation in air at 800 °C. The unique structure of the Cu-Ni-Cr nanocomposite
helps in the fast formation of the Cr.O3 scale. Once Cr203 scale forms, the growth rate of
the Cu and Ni oxides is decreased, results in the enhancement of the oxidation resistance
[55].

2.3.8.7 Effect of Y203 nanoparticles

Y203 nanoparticles have been used in composite coatings due to their promising
mechanical and anti-corrosive properties. Ni-Cu/Y203 nanocomposite coatings are
prepared using the electrodeposition method to enhance the corrosion resistance
performance in the marine environment [57]. Electrochemical impedance spectroscopy
(EIS), Tafel polarization, and open circuit potential (OCP) measurements have been
carried out to study the corrosion performance of coatings. The crystallite size of the Ni-Cu
alloy coating is decreased due to the inclusion of Y203 nanoparticles. Also, the crystallite
size of Ni-Cu/Y203s nanocomposite coatings decreases with an increase in the Y203
concentration in the electrolyte bath. The obtained results show that Ni-Cu-Y203 (4 g/L)
nanocomposite coating exhibits higher resistance against corrosion mainly due to the
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higher content of Y.O3 nanoparticles and the least microstructural defects such as pores,

voids and micro-cracks.
2.3.8.8 Effect of SiC nanoparticles

SiC has been widely used in photo-induced wettable composite coatings due to a highly
effective photocatalyst under UV or visible light irradiation. Ni-Cu-SiC composite
coatings have been synthesized on the Mg-Li alloy using the electrodeposition method and
stearic acid modification to enhance corrosion resistance and hydrophobicity [95].
Wettability transition test and corrosion test were carried out to analyze the coating
samples. Surface wettability tests revealed that the contact angle for Ni-Cu-SiC composite
coating was increased with an increase in SiC concentration in the electrolyte bath up to 20
g/L and decreased with further increase in SiC concentration in the electrolyte bath.
Corrosion study showed that the high hydrophobic state of coatings results in enhancement

in the corrosion resistance of coatings.

2.4. Powder Metallurgy Method

2.4.1 Introduction to powder metallurgy

Powder metallurgy is ideal for producing metallic components from metallic powders
because of its several advantages, such as fine-grained microstructure and enhanced
homogeneity in terms of distribution of alloying elements, phase distribution and grain
size. Powder metallurgy is extensively used in the fabrication of MMCs because of its
near-shape capability, simplicity and flexibility. Most graphene reinforced metal matrix
(Al [96], Mg [97], Cu [98] and Ni [99]) composites are fabricated by using the powder
metallurgy technique. Also, very few studies on graphene reinforced alloy matrix (Mg-Ti
[100], Mg-Al [101]) composites have been reported. The powder metallurgy method
basically involves four different steps to complete the process, as shown in Figure 2.5. The
first step involves the preparation of powder. The second step involves mixing
reinforcement with metal matrix powder, which is generally carried out using a ball,
planetary, high enemy mill, etc. The third step involves the compaction of powder, which
is generally done using a hydraulic press. The final step involves the sintering of compacts,
which is carried out using a muffle furnace or induction furnace. Powders under 200 um
are generally used to produce metallic components. During sintering of metallic

components, sintering temperature is kept below the melting temperature of metallic
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powder. Also, inert atmosphere is necessary to avoid the oxidation of the metallic

components during sintering process.

Metal Powder

Sintering

(Sintering Furnace)

Figure 2.5: Processing route of powder metallurgy
2.4.2 Mixing

The composites powders have been synthesized by several mixing methods such as vortex
mixing, sonication, magnetic stirring, mechanical alloying, ball milling and mechanical
stirring [98], [102]-[108]. However, mechanical alloying is commonly used for powder
processing to prepare alloy and composite materials. In this process initially,
reinforcement and metallic powders are added in the desired proportion. After this,
grinding of metallic powders and reinforcement is carried out using an attritor, planetary
mill or shaker mill. An inert atmosphere is required to protect the metallic powder mixture
from oxidation in the grinding mill. The energy milling process depends upon several
process parameters such as the operating temperature, milling speed, milling time, milling
atmosphere, design of ball mill and charge ratio. The intimate mixing of metallic powders
and reinforcement is taken place at the atomic level due to the welding processes,
deformation and repeating fracture during the milling process. Several process control
agents (petroleum ether, stearic acid, etc.) have been used to avoid the agglomeration and
sticking of metallic powder during the milling process. Process control agent is absorbed
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on the metallic powder surface and decreases cold welding between impacted metallic
particles. However, organic solvents (acetone, ethanol, etc.) are used in the ball milling
process to prevent agglomeration of reinforcing elements such as graphene, CNT, etc.
Before the consolidation process, vacuum rotary air-drying, vacuum infiltration, freeze-
drying and evaporation drying are generally employed to remove organic solvent from the
mixture. Tjong et al. [109] have reported that uniform dispersion of graphene in Cu matrix
along with finer microstructure can be achieved with the help of the mechanical alloying
process. However, some precautions related to processing parameters are necessary to
avoid structural damage of graphene. Yue et al. [110] synthesized the graphene nanosheets
reinforced Cu matrix composites using high energy ball milling and hot press sintering
and observed that the size of Cu-graphene nanosheets powder decreases and the dispersion
of graphene nanosheets in the Cu matrix enhances with an increase in ball milling time.
However, the damage of graphene nanosheets increases with an increase in ball milling
time. SEM images of Cu-GO 0.5 wt.% powders after ball-milling for different time is
represented in Figure 2.6. From Figure 2.6, it is noticeable that with an increase in ball
milling time, the shape of Cu-Go powders changes from flake-like to less granular. This
change in the shape of Cu-Go powders is mainly due to the shearing effect of the balls.
Also, from magnified images, it is clearly seen that the dispersion of GO nanosheets
gradually is increased and the size of GO nanosheets is decreased with the increase in the
ball milling time. After 5 hours milling process, GO nanosheets are absorbed on the
surface of Cu powder. Cu-GO powder milled for 7 hours shows smaller size because of

cold-working as a result of long-time shearing action.

Figure 2.6: SEM images of Cu-0.5 wt.% GO powder after ball milling for (a, b) 1
hour, (c, d) 3 hours, (e, f) 5 hours and (g, h) 7 hours [110]
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The degree of damage takes place to Go nanosheets can be determined using the intensity
ratio of Ip/le. Figure 2.7 shows the Raman spectrum of Cu-GO 0.5 wt.% powders after
ball milling for different times. From Figure 2.7, it is clearly seen that the ratio of Ip/lc
increases from 0.84 to 1.42 with an increase in ball milling time. Raman test result
revealed that milling time should be appropriate to obtain a uniform dispersion of

graphene in Cu matrix without damaging its structure.
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Figure 2.7: Raman spectra of Cu-0.5 wt.% GO powder after ball milling for

different times [110]

Bakhshaei et al. [111] have fabricated Cuso-Niso/CNT nanocomposite by the mechanical
alloying method. First, Cu and Ni powder are mixed with equal quantity and then CNT are
added to them. Then Cu-Ni alloy was reinforced with multi-walled carbon nanotubes
using a ball milling. From the XRD analysis, it was confirmed that the formation of Cuso-
Niso alloy in 10 hours milled sample. The presence of CNT significantly affected the
elemental composition and microstructure of Cuso-Niso/CNT nanocomposite. Also, it was
observed that decrease in crystalline size of Cuso-Niso/CNT nanocomposites with an
increase in milling time. The addition of CNTs to Cu-Ni powder enhances the work
hardening and decreases the cold-welding rate of the powder particles during the ball
milling, which resulted in a reduction in the particle size of the nanocomposite. The

addition of CNT in Cu-Ni alloy decreases saturation magnetization and increases
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coercivity than that of the Cuso-Niso powder. Hence ball milling parameters need to be
appropriate to obtain a uniform dispersion of CNT in the Cu-Ni alloy matrix while

decreasing CNT structural damage.
2.4.3 Consolidation

Sintering method have been widely used to consolidate the metal, alloy and composite
powders. In some research studies, green compacts are formed using a hydraulic press and
sintered using a conventional or microwave furnace [96], [112], [113]. Microwave sintering
is highly preferred compared to conventional sintering because it produces composites

with much finer grain sizes due to quick heating.

Several researchers have reported hot pressing consolidation of metal, alloy and composite
powders [114], [115]. Initially, the composite powder is filled in a graphite die and then
simultaneous application of uniaxial pressure and heat is provided to obtain the
consolidation of composite powder. Jiang et al. [116] have employed the powder
metallurgy method to synthesize graphene nickel composites. They have used sucrose as a
precursor of graphene then dispersed it into nickel powders to grow graphene. They have
shown an improvement in the mechanical properties of composites and high load transfer
from nickel matrix to graphene. During the high-temperature sintering process, carbon
atoms segregate from the Ni matrix. Subsequently, graphene developed on the grain
boundaries of Ni when the composite is cooled. The enhancement in the mechanical
properties of Ni-graphene composite is mainly due to the decrease in foreign impurities,
uniform dispersion of graphene and well-connected interfaces as a result of in-situ growth

of graphene in bulk Ni matrix.

Wang et al. [117] investigated the Cu-graphene nanocomposites by powder metallurgy
method. Initially, graphene is directly grown on Cu nanoparticle surface using chemical
vapor deposition technique and then sintered at various temperatures to fabricate dense
Cu-graphene nanocomposites. Cu-graphene nanocomposite is sintered using screwed
graphite mold at 600, 650, 700, and 750 °C for 30 min. They observed that the hardness of
the Cu-graphene nanocomposite prepared at 650 °C was 2.53 GPa, around 2.5 times
higher than that of pure Cu. Also, the friction coefficient is reduced from 0.35 to 0.2. The
enhancement in the properties of the Cu-graphene nanocomposite is attributed to the

uniform dispersion of high-quality graphene into the Cu matrix.
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There is a possibility of enhancement in mechanical, tribological and corrosion properties
of Cu-Ni alloy matrix composites. Based upon the detailed literature review upon the
synthesis of Cu-Ni alloy composites, research gaps have been determined and presented in
the next section.

2.5. Gaps in Existing Research and Investigations

In chapter 1 and 2, we have reviewed the electrodeposition and powder metallurgy
methods for the synthesis of Cu-Ni alloy matrix composites. In most of the research work,
the synthesis of Cu-Ni alloy matrix composites has been carried out using
electrodeposition method. From the literature review, a few significant gaps still exist in
studies on the synthesis of Cu-Ni alloy matrix composite coatings. The following issues

are figured out and addressed in this thesis and are detailed below:

1. Several reinforcing elements such as Al2Os3, SiC, TiOz, Y203, ZrOz, TiN, MMT and Cr
have been used to synthesize Cu-Ni alloy matrix composite coatings. However, the
incorporation of ceramics can lead to problems with brittleness and delamination, resulting
in short service life. Therefore, there is a need to explore a promising reinforcing element

for fabricating Cu-Ni alloy matrix composite coatings.

Proposed Solution- Recently, graphene nanoplatelets have been identified as one of the
best suitable reinforcing elements in the field of composite coating due to their
outstanding chemical, tribological, electrical, mechanical, and corrosion properties [102],
[118]. A lesser amount of uniformly distributed graphene nanoplatelets in the metal matrix
can impart extraordinary mechanical, anti-corrosion and tribological properties. In the last
decade, several researchers have fabricated graphene nanoplatelets reinforced composites
for different metals such as Al [119], [120], Cu [98], [105], Mg [97], [121], Ni [116],
[122] and Ag [123]. Currently, graphene nanoplatelets based composites are extensively
used in several applications such as conductive ink pigment, paper sensors for
electrochemical detection, electrochemical cells, alcohol oxidation, superconductors,
adsorption and desorption of electrochemical energy, redox reactions [124]. The main
disadvantages of graphene nanoplatelets are high cost, hydrophobicity difficult
workability and small production rate [125]. In the past few decades, significant work has
been carried out only on the electrodeposition of pure Cu-Ni alloy. Only a few attempts
have been made to fabricate Cu-Ni alloy-based composite coatings to enhance the
properties of Cu-Ni alloy further. However, graphene nanoplatelets reinforced Cu-Ni alloy
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composite coatings have not been explored in the literature. Therefore, this research work
proposes graphene nanoplatelets as a reinforcing element for the synthesis of Cu-Ni alloy

matrix composite coatings.

2. For graphene-based composites, the enhancement in the properties depends upon the
uniform dispersion of graphene in the metal matrix and structure of graphene. Several
attempts have been made towards the improvement in the uniform dispersion of graphene
without damaging its structure. Still, the uniform dispersion of graphene in the metal
matrix without damaging its structure is a major challenge in the field of composite
synthesis. Therefore, a method to overcome the above challenges needs to be investigated.

Proposed Solution- Nanoparticles agglomerates due to their high surface area to volume
ratio. Several strategies were followed in the literature to disperse the nanoparticles in the
metal matrix. To overcome the agglomeration of graphene nanoplatelets during
electrodeposition process and avoid the damage of graphene nanoplatelets structure, this
research is aimed to find an effective way, which can improve the mechanical, tribological
and corrosion properties by providing a uniform dispersion of graphene nanoplatelets in

the alloy metal matrix without damaging its structure.

3. A lot of the research work has been done on the Cu-Ni alloy matrix composite
coatings using the electrodeposition method. The electrodeposition method limits the
thickness of the composite up to 200 um. No study has been there that reports a method
for economical as well as scale-up and gives a huge amount of production for graphene
nanoplatelets reinforced Cu-Ni alloy matrix composites.

Proposed Solution- A novel method for facile synthesis of graphene nanoplatelets
reinforced Cu-Ni alloy matrix composites with improved mechanical, tribological and
corrosion properties is proposed in this study. The method aids in providing a uniform
dispersion of graphene nanoplatelets in the Cu-Ni alloy matrix without damaging its
structure. The proposed method is a combination of the electrodeposition method and
powder metallurgy method. This novel method enables bulk production of graphene

nanoplatelets reinforced Cu-Ni alloy matrix composite in powder form.

Based on the existing knowledge and gaps in research, the following four objectives are
designed:
1. Study of different fabrication methods for Cu-Ni alloy matrix composites to

conclude about the most suitable method.
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2. Synthesis of Cu-Ni/Gr composite coatings using electrodeposition method and
bulk production of Cu-Ni/Gr composite powder using a novel method.

3. Study the effect on mechanical, tribological and corrosion properties of Cu-Ni/Gr
composites by varying weight proportion of graphene nanoplatelets.

4. Optimization of process parameters with respect to improvement in mechanical

and corrosion properties of Cu-Ni/Gr composites.

2.6. Organization of the Thesis

Cu-Ni alloys have been widely employed in several industries such as mechanical,
automobile, chemical and marine due to their remarkable physical and mechanical
properties. Currently, most efforts are focused on using Cu-Ni alloy matrix composite
coatings in marine applications to improve their surface properties such as microhardness,
corrosion and wear resistance through the incorporation of several reinforcing elements. A
significant amount of research on Cu-Ni alloy matrix composite coatings using
electrodeposition method has been carried out. Also, a more efficient method needs to be
developed for facile, low cost and bulk production of Cu-Ni alloy matrix composites. Cu-
Ni alloy matrix composites prepared using graphene as a reinforcing element through the
electrodeposition method suggest a most simple and economical way to improve the
overall properties.

In chapter 3, the synthesis of Cu-Ni/Gr composite has been discussed in two different
forms. 1. Electro-co-deposition of Cu-Ni/Gr coating on the metallic substrate 2.
Synthesis of Cu-Ni/Gr composites in the powder form by using a modified
electrochemical-co-deposition method which is a simple, economical and suitable for

bulk production of Cu-Ni/Gr composite powder.

In chapter 4, the detailed study of surface morphology, elemental composition, and
microstructure of Cu-Ni/Gr composite coatings prepared by electro-co-deposition
method and Cu-Ni/Gr composite powder prepared by a modified electro-co-deposition
method have been carried out.

In chapter 5, details of the mechanical, tribological and corrosion properties of Cu-Ni/Gr
composite coatings prepared by electro-co-deposition method are explained. Also, the

mechanical, tribological and corrosion properties of Cu-Ni/Gr composites plates
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prepared from the samples of the powder synthesized by modified electro-co-deposition

method and followed by powder metallurgy method are discussed.

In chapter 6, the effect of electrolysis parameters and graphene nanoplatelets
concentration on mechanical and corrosion properties of Cu-Ni/Gr composite coatings
prepared by the electro-co-deposition method has been discussed. Also, the effect of
electrolysis parameters on mechanical and corrosion properties of Cu-Ni/Gr composites
plates prepared from the samples of the powder fabricated using a modified
electrochemical-co-deposition method followed by the conventional powder metallurgy
method has been discussed. The set of experiments is performed based on the design

developed by the Taguchi method.

In Chapter 7, the overall conclusions and future scope of the present study have been

discussed.
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Chapter 3

Experimental Details

Chapter 2 was concerned primarily with the various types of fabrication methods of Cu-Ni
composites and provides an insight into the fabrication of Cu-Ni alloy matrix composites
through electrodeposition and powder metallurgy methods. As well as the need and the
scope for future research are discussed in detail. In this chapter, the discussion is devoted to
the development of synthesis methods. Two synthesis methods are developed for the Cu-
Ni/Gr composite coatings using the electro-co-deposition method and for the Cu-Ni/Gr
composites powder using a modified electro-co-deposition method. Then, powder
metallurgy method is used to fabricate Cu-Ni/Gr composite pellets (diameter =25 mm) from
Cu-Ni/Gr composite powder. The detailed instrumentation and methodology is discussed in

this chapter.

3.1 Electro-co-deposition of Cu-Ni/Gr composite coatings

3.1.1 Preparation of substrates

Mechanical polishing

Degreasing with acetone

Washing with running water

Activation in 0.5 M H,SO, acid

Washing with running water

Rinsed with DI water

Figure 3.1: Flowchart for pretreatment of stainless-steel substrate

Substrate plays a significant role in the electrodeposition of metal and alloy composite

coatings. Substrate material should have good electrical conductivity and mechanical
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strength. At present, the substrate should be stable in the electrolyte bath. The substrate
surface should be smooth and scratch-free. In the present work, we have used stainless
steel as a substrate material. Normally, the stainless-steel substrate surface is covered with
dirt, grease, oil, oxide layers. The pre-treatment of the stainless-steel substrate involved
steps are shown in Figure 3.1. Initially, the stainless-steel substrate was polished using
mechanically polished with different grades (150#, 600#, 1000# and 2500#) of silicon
carbide papers to get a bright and smooth surface. Then, degreased in acetone to remove
oil, dirt, and grease, etc. After this, the substrate was washed with running water.
Subsequently, substrate was activated by dipping in a 5.0 M H2SO4 solution for about 3
minutes. Activation of substrate slightly increases the roughness substare to obtain good
adhesion for the coatings onto the substrate. Again, the substrate was washed using
running water and finally rinsed with DI water before the deposition process.

3.1.2 Materials

Analytical grade chemicals and deionized (DI) water were used to prepare the bath
solution. The chemicals and particulates used for the synthesis of Cu-Ni/Gr composite

coatings are shown in Figure 3.2.

Copper sulphate Nickel sulphate Tri-sodium
pentahydrate hexahydrate dihydrate

Sulfuric acid Graphene nanoplatelets

Figure 3.2: Chemicals and particulates used for electro-co-deposition of Cu-Ni/Gr

composite coatings
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A. Chemicals

Reagents of all analytical grades with a purity of 99% were supplied by Merck Specialties
Pvt. Ltd. and SRL Chemical Pvt. Ltd. All electrolyte solutions were formed using
deionized (DI) water. A volume of 250 cm? of citrate bath was composed of copper sulfate
pentahydrate (CuSO4.5H.0) as the copper source, nickel sulfate hexahydrate
(NiS0O4.6H20) as the nickel source and trisodium citrate dihydrate (NazCsHs07.2H20) as
a complex agent. Sulfuric acid (H2SO4) was used to adjust the pH value of the electrolyte

solution.
B. Particulates

Graphene nanoplatelets (Gr) were used as a reinforcing element without any further
purification in the electrolyte bath for the synthesis of Cu-Ni/Gr composite coatings. The
graphene nanoplatelets (thickness 5-15 nm with surface area 500 m?/g) used in the coatings

were reduced graphene oxide procured from Alfa Aesar.
3.1.3 Preparation of Cu-Ni/Gr composite coatings

The experimental setup to prepare composite coatings is shown in Figure 3.3. Pure nickel
plate anode (99.9 %) and stainless-steel plate cathode of dimensions 20 x 20 x 1.5 mm were
used. The prepared electrolyte solution was filled in a borosilicate glass beaker of 500 ml.

The anode and cathode electrodes were immersed vertically into the electrolyte solution.

]
-——___——-‘D
— 1

m_.__________._J_/

Borosilicate glass beaker ——» H =
- -+

< Stainless-steel | Power supply
e cathode

S

/ Electrolyte solution

Pure Ni anode

Magnetic stirrer bar

Magnetic stirrer ———— K I_O—Q

Figure 3.3: Schematic for electro-co-deposition system
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A D.C. power supply was employed as a constant current source. The electrolyte solution
was prepared using DI water by the addition of a known amount of metal salts, complexing
agent and nanoparticles. The concentration of metal salts and electrodeposition process
parameters were optimized by evaluating the composition of the alloy coating. Initially, the
effective current density was fixed based on the performance of the composite. Then,
effective nanoparticle concentration in the electrolyte bath was fixed based on the
performance of the composite coatings. In order to achieve uniform dispersion of
nanoparticles in the electrolyte bath, ultrasonication treatment was provided to the
electrolyte solution to break down the agglomeration of nanoparticles. Electro-co-deposition
of coatings was carried out under magnetic stirring to maintain the uniform concentration of
metal ions in the electrolyte bath. Each experiment was performed using a new solution.
After the deposition process, prepared coating samples were rinsed with DI water and dried
in an inert atmosphere. The flowchart of the composite coating process sequence is shown

in Figure 3.4.

Selection of electrolyte bath
composition and process

L Electro-co-deposition

L e
by ey

Figure 3.4: Flowchart of composite coating process sequence

3.1.4 Processing of Cu-Ni/Gr composite coatings

The processing of Cu-Ni/Gr composite coatings mainly consists of (a) Substrate preparation
and (b) Electro-co-deposition process. Schematic representation of the production process

of Cu-Ni/Gr composite coating on stainless steel is shown in Figure 3.5.
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Substrate Preparation
Washing with Washing with Rinsed with DI
running water running water water and drying |
— — e
\
 _ \\/
Meclll'a;ll!cally Activation in Stainless-steel
polishing with acetone 0.5 M H,SO, acid substrate
Electro-co-deposition Process
CuS0,51,0
+ &t
NISO,.6H,0
-_
NayCgH:0,.2H,0 Power supply
Ma}gn.etic Ultrasonication Electro-co-deposition
stirring

Figure 3.5: Schematic representation of the production process of Cu-Ni/Gr

composite coating on a stainless-steel substrate
A. Variation of current density

In order to study the effect of current density on microstructure and properties of Cu-Ni/Gr
composite coatings, various current densities (2, 4, 6 and 8 A/dm?) were used to synthesize
Cu-Ni/Gr composite coatings. However, remaining process parameters such as temperature,
pH, stirring speed and plating time were kept constant during the electrodeposition process.
Cu-Ni/Gr composite coatings were electrodeposited at various current densities in a citrate
bath. A volume of 250 cm?® of citrate bath was composed of CuSO4.5H.0 (21 g/L),
NiSO4.6H20 (105 g/L) and NasCsHs07.2H20 (59 g/L) as a complex agent. For comparison,
pure Cu—Ni coating was also prepared. The citrate bath composition and operating
conditions are given in Table 3.1. All electrolyte solutions were formed by reagent grade
chemicals and deionized water. The vacuum filtration was used to remove insoluble
impurities from the electrolyte solution. Then, 100 mg/L graphene nanoplatelets were added
to the electrolyte solution. A magnetic stirrer was used for agitation of the electrolyte

solution with 300 rpm for 15 min. After stirring, ultrasonic treatment was given for 1 h to
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disperse the graphene nanoplatelets uniformly in the solution. A stainless-steel plate of 20 x

20 x 1.5 mm was used as a cathode (substrate) and a nickel plate was used as an anode.

Table 3.1: Used bath composition and operating conditions for electrodeposition of
Cu-Ni/Gr composite coatings

Bath composition and operating conditions Quantity

CuS04.5H20 21 g/L

NiSO4.6H20 105 g/L

NasCsHsO7.2H20 59 g/L

pH 4

Temperature 351 °C

Steering 300 rpm-using magnetic stirrer
Graphene nanoplatelets 100 mg/L

Current density 2, 4,6 and 8 A/dm?

Plating Time 90 min

B. Variation of reinforcement content

In order to study the effect of graphene nanoplatelets on microstructure and properties of
Cu-Ni/Gr composite coatings, various graphene nanoplatelets concentration in the
electrolyte bath (100, 200, 300, 400 and 500 mg/L) were used. However, remaining process
parameters such as temperature, pH, stirring speed and plating time were kept constant

during the electrodeposition process.

The Cu-Ni/Gr composite coatings were prepared by electro-co-deposition method, and
plating bath solution consisted of CuSO4.5H.0 (21 g/L), NiSO4.6H.O (105 g/L),
NazCeHs07.2H20 (59 g/L) and graphene nanoplatelets (100, 200, 300, 400 or 500 mg/L).
Before electrodeposition, the plating solution was agitated using a magnetic stirrer at 500
rpm for 2 h. Subsequently, ultrasonic treatment (20 kHz, 500 W) was given for 1 h to ensure
uniform dispersion of graphene nanoplatelets in the plating solution. The electrodeposition
was done at 6 A/dm? for 60 min on stainless steel substrate (20 x 20 x 1.5 mm), and the
nickel plate acted as an anode. The used bath composition and operating parameters during
the electrodeposition process are shown in Table 3.2. For comparison, pure Cu—Ni coating

was also prepared.
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Table 3.2: Used plating bath composition and operating conditions for

electrodeposition of Cu-Ni/Gr composite coatings

Bath composition and operating conditions Quantity

CuS04.5H20 21 g/L

NiS04.6H,0 105 g/L

NazCsHs07.2H2.0 59 g/L

pH 4

Temperature 40 °C

Agitation 250 rpm

Graphene nanoplatelets 0, 100, 200, 300, 400 and 500 mg/L
Current density 6 A/dm?

Plating Time 60 min

3.1.5 Characterization of Cu-Ni/Gr composite coatings
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Figure 3.6: Characterization of Cu-Ni/Gr composite coatings

Cu-Ni alloy and its composite coatings are widely used in automobile, marine, chemical and
metallurgical applications to enhance the surface properties of components. However, these
coatings have been exposing to wear and corrosion during their service life. Hence, surface
properties of coatings, such as hardness, wear resistance, and corrosion resistance are mostly
considered because they directly affect the lifetime of engineering components. For this
reason, the characterization of composite coatings has great importance in the field of
materials science. Nowadays, several techniques are used to characterize and evaluate the
performance of composite coatings, such as scanning electron microscopy (SEM), energy

dispersive spectroscopy (EDS), X-ray diffraction spectroscopy (XRD), microhardness
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tester, tribometer, and potentiostat, etc. Different techniques employed to characterize and

evaluate the performance of Cu-Ni/Gr composite coatings are shown in Figure 3.6.
3.1.5.1 Surface morphology and elemental composition

Scanning electron micrograph and elemental compositional analysis of prepared samples
were done by using FEI-Apreo-S field emission scanning electron microscopy (FESEM)

fitted with an energy dispersive spectroscopy (EDS). FESEM attached with EDS is shown

in Figure 3.7.

Figure 3.7: Field emission scanning electron microscopy (FESEM) attached with
energy dispersive spectroscopy (EDS)

3.1.5.2 Phase structure analysis

X-ray diffractograms of prepared samples were taken using RIGAKU MiniFlex-11 X-ray
diffractometer (XRD) with Cu Ka radiation (see Figure 3.8). The rate of scanning for 26
(40°-80°) was 0.05/s. The average crystallite size of the prepared samples was measured
using the Scherrer equation (3.1) as follows,

D=( 0.94 J (3.1)

o xcos@
83



Experimental Details

where, D is crystallite size, A is the x-ray wavelength (4 = 0.154 nm), « is FWHM of (111)
reflection and 6 indicates Bragg’s angle.

Also, lattice strain is calculated for the prepared coatings by using the following equation
(3.2) as follows [1],

(24
82(4><tan 49) (3.2)

where a is FWHM of (111) reflection and 0 indicates Bragg’s angle.

Figure 3.8: X-ray diffractometer

3.1.5.3 Microhardness Testing

Microhardness was measured using INNOVATEST NEXUS 4303 microhardness testing
machine by applying a 20 g load with a duration of 10 s. The Microhardness tester is shown
in Figure 3.9.
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Figure 3.9: Microhardness tester
3.1.5.4 Tribological Testing

The wear test was done using a reciprocating tribometer (CETR) with a ball-on-disk
arrangement at an amplitude of 5 mm and 4 N load with 5 Hz frequency. The steel ball of
3 mm diameter was used for testing. The average friction coefficient was calculated from

the frictional forces for 300 cycles. The reciprocating tribometer is shown in Figure 3.10.

Figure 3.10: Reciprocating tribometer
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3.1.5.5 Corrosion Testing

To estimate the corrosion performance of prepared samples in 3.5 wt.% of NaCl aqueous
solution at room temperature, CHI604E potentiostat/galvanostat instrument based on the
usual three electrodes cell configuration was used.

3.2 Modified electro-co-deposition method for Cu-Ni/Gr composite

powder

In this method, we have combined good features of electro-co-deposition method and
convectional powder metallurgy method to develop a modified electro-co-deposition

method for the simple, economical and bulk production of Cu-Ni/Gr composites.

Currently, many different methods are adopted to prepare graphene reinforced metal
composites like powder metallurgy and electrodeposition [2]-[5]. Powder metallurgy is
an efficient and versatile to fabricate metal composites, and it has great potential for
enhancing the properties of the composites [6]-[9]. On the other hand, the main
disadvantage of this method is that during the high-energy ball milling, the graphene
structure will be damaged, and it may deteriorate the properties of the resulting composite
[10]. The common coating methods include sputtering, electrodeposition, flame spraying,
and chemical vapor deposition. However, the electrodeposition method is widely used for
the synthesis of pure, alloy, and composite coatings due to several advantages such as
simplicity of operation, cost-effectiveness, scalability, and high production rate [11]. Also,
the properties of prepared composites can be controlled by optimizing the process
parameters such as current density, pH, temperature, amount of reinforcement, and bath
composition [9], [11]-[15]. To achieve the co-deposition of two metals, the standard
reduction potentials of these metals need to be similar. The standard reduction potentials
for nickel and copper are -0.25 V and +0.34 V, respectively. For the co-deposition of Cu
and Ni metals, the standard reduction potential difference can be decreased by adding a
suitable complexing agent [16]. In this work, the electro-co-deposition is carried out from
a sulfate electrolyte with the addition of sodium citrate as a complexing agent. Sodium
citrate can act as a buffering agent, hence eliminating the need for additional additives
[17]. In the present work, Cu-Ni/Gr composites were prepared using a modified
electrochemical-co-deposition method followed by the conventional powder metallurgy
method. In a modified electro-co-deposition method, Cu-Ni/Gr composite powder samples

are synthesized by simultaneous deposition of Gr, Ni and Cu atoms on the tip of the
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insulated cathode to ensure the uniform distribution of Gr in the Cu-Ni alloy matrix. The
use of a modified electro-co-deposition method eliminates the ball-milling step in the
powder metallurgy method, and thus prevents the structural damage of Gr. The effects of
different concentrations of Gr in the electrolyte bath on the microstructural, mechanical

and tribological properties of Cu-Ni/Gr composites were systematically studied.
3.2.1 Experimental setup

In a modified electro-co-deposition method, co-deposition of Cu, Ni atoms and Gr was
carried out on the tip of an insulated cathode electrode. The actual experimental setup for
a modified electro-co-deposition method is shown in Figure 3.11. Anode electrode was Pt
coated titanium fixed at the center of 6 mm thick Perspex sheet. Also, four Pt coated
titanium anodes (length 10 mm and diameter 10 mm) were fixed circumferentially in the
same Perspex sheet. All four cathode electrodes are connected in series. All experiments
were carried out in a 500 ml borosilicate container. A magnetic stirrer with a hot plate (0-
1500 rpm, 0-200°C) was used to agitate and maintain the temperature of the electrolyte
solution. Arduino (UNO R3 ATmega 16U2) controlled DC stepper motor mechanism was
connected to the central cathode electrode to seperate the co-deposited composite powder
from the tip of cathode. D.C. Power supply (TESTRONIX 92 D, 0-30 V and 0-10 Amp)
was employed to achieve co-deposition of Cu, Ni atoms and Gr to form Cu-Ni/Gr

composite powder.

CRTS Ry| [ 1L1)

wIs -

Figure 3.11: Actual experimental setup for a modified electro-co-deposition method

87



Experimental Details

3.2.2 Materials
A. Chemicals

Reagents of all analytical grades with a purity of 99% were supplied by Merck Specialties
Pvt. Ltd. All electrolyte solutions were formed using deionized (DI) water. A volume of
450 cm? of citrate bath was composed of copper sulfate pentahydrate (CuSO4.5H20) as
the copper source, nickel sulfate hexahydrate (NiSO4.6H20) as the nickel source and

trisodium citrate dihydrate (NasCeHsO7.2H20) as a complex agent.
B. Particulates

Graphene nanoplatelets were used as a reinforcing element without any further purification
in the electrolyte bath to synthesize Cu-Ni/Gr composite powder samples. The graphene
nanoplatelets (thickness 5-15 nm and surface area ~ 500 m?/g) used in the coatings were

reduced graphene oxide procured from Alfa Aesar.
C. Electrodes

Platinum coated Titanium electrodes with 10 um thickness and 3 mm diameter were

obtained from Titanium tantalum Product limited Chennai, India.
3.2.3 Experimental procedure

Gr reinforced Cu-Ni alloy matrix composite powder samples were prepared under a direct
current condition from citrate type bath. First, 0.36 M nickel sulfate hexahydrate
(NiSO4.6H20), 0.09 M copper sulfate pentahydrate (CuSO4.5H20) and 0.38 M trisodium
citrate dihydrate (NasCsHs07.2H20) were dissolved in deionized (DI) water to prepare
450 ml of electrolyte. Then, graphene nanoplatelets (obtained from Alfa Aesar with
surface area =~ 500 m2.g™! and thickness =~ 5-10 nm ) were added (0, 50, 100 or 200 mg/L)
in the electrolyte bath under magnetic stirring with 300 rpm for 15 min. Subsequently, an
ultrasonic agitation (20 kHz frequency and 500 watts power) was given for 2 h to
uniformly disperse the Gr in the electrolyte bath just before the electrochemical-co-
deposition process. The chemical composition and process parameters used for electro-co-

deposition of Cu-Ni/Gr composite powder samples are listed in Table 3.3.
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Figure 3.12: Experimental procedure of Cu-Ni/Gr composite fabrication

Table 3.3: The chemical composition and process parameters

Chemical composition and process parameters  Quantity

NiSO4.6H20 0.36 M

CuS04.5H0 0.09 M
NazCsHs07.2H20 0.38 M

Gr 0, 50, 100 and 200 mg/L
pH 4+0.1

D.C. current 6 Amp

Temperature 35+x1°C

Agitation 350 rpm

Time 120 min

The experimental procedure for Cu-Ni/Gr composite fabrication are presented in Figure

3.12. Four platinum (Pt) coated electrodes (length 10 cm and diameter 3 mm) were used

as an anode, and one insulated Pt electrode (excluding the tip surface) was used as a
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cathode. The electrolyte glass beaker was kept on a magnetic stirrer and the electrolyte
was agitated with 350 rpm throughout the experiment. A constant direct current of 6 Amp
was applied to the electrodes to facilitate the simultaneous deposition of Gr, Cu and Ni
atoms on the tip of the cathode electrode. Arduino (UNO R3 ATmega 16U2) controlled
stepper motor mechanism was used to tap the cathode electrode continuously throughout
the process to drop down the co-deposited Gr reinforced Cu-Ni alloy powder. The obtained
Cu-Ni/Gr composite powder was washed by DI water to remove residual electrolyte
solution and dried in an inert atmosphere at 80 °C using a rotary evaporator. Subsequently,
the uniaxial die pressing (at 650 MPa for the 30s) was employed for obtaining Cu-Ni/Gr
compacts (diameter = 25 mm and thickness = 6 mm) and then sintered in a muffle furnace
at 950 °C for 2 h in Ar atmosphere. During the heating process, the temperature ramp rate
was set to 5 °C/min to avoid deformation or cracking of the samples. Finally, the

furnace was switched off, and samples were allowed to cool down in the furnace itself.

3.2.4 Characterization of Cu-Ni/Gr composites

Surface Morphology

Internal
Microstructure
Cu-Ni-Gr composite —
’ powder
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‘ Cu-Ni-Gr composites
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Figure 3.13: Characterization of Cu-Ni/Gr composite powder and the sintered

Cu-Ni/Gr composites
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In order to study the surface morphology, internal microstructure, elemental composition,
and crystallite size of the Cu-Ni/Gr composite powder sample SEM, TEM, EDS, and XRD
analysis techniques were used. Also, to determine the microhardness, coefficient of
friction, tensile properties and corrosion resistance of sintered Cu-Ni/Gr composites
microhardness tester, tribometer, universal testing machine and potentiostat were used.
The characterization of Cu-Ni/Gr composite powder and the sintered Cu-Ni/Gr composites

is shown in Figure 3.13.

The surface morphology and internal microstructure of prepared powder samples were
examined using field emission scanning electron microscopy (FESEM, FEI-Apreo-S) and
high-resolution transmission electron microscopy (HRTEM, Tecnai G220 FEI, S-Twin
operating at 200 kV). FESEM equipped with electron dispersive spectroscopy (EDS) was
employed to examine the composition and distribution of elements in the prepared powder
samples. X-ray diffractometer (XRD, RIGAKU MiniFlex-11) was employed to analyze the
phase constituents of powder samples using Cu Ka radiation A = 1.5418 A. The 20 ranged
from 40 to 80° at a scan rate of 0.05°/s. The Scherrer equation was used to estimate the

average crystallite size of the prepared powder samples.

The Vickers hardness tester (INNOVATEST) was used to measure the hardness using an
load of 300 g for 10 s on polished surfaces. The uniaxial tensile tests were performed using
a universal testing machine (BISS UNO 100) at room temperature. The tensile rate was
0.6 mm/ min. Each test was conducted three times to reduce human error and check the
repeatability. A wire cutting machine (DK7725) was used to cut the tensile specimens.
The dog-bone-shaped tensile specimens had a gauge length = 12 mm and a section of 3

mm X 2 mm.

Ball-on-disk configuration (DUCOM Tribometer) was used to investigate the tribological
performance of the prepared samples. The counterpart ball was a 6 mm diameter GCr15
steel ball. The disks were prepared samples with a diameter of 25 mm and a thickness of
3 mm. the wear test was performed at a constant load of 10 N (applied using GCr15 steel
ball) and rotational velocity of 320 rpm. The average radius of the wear track was 5 mm,
thus the average sliding linear speed was 167.46 mm/s, and the test continued for 10 min.
The total sliding distance covered for each test was about 100 m. All tribological tests were
conducted under the dry condition at room temperature (about 24 °C) and humidity 35%.

The wear rate was calculated according to Eq. (1) as follows:
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AL
w2 6

where A refers to the cross-section area of the worn scar in mm?, L is the perimeter of
the worn track in mm, P is the applied load in N and the total sliding distance S in m. Each
test was performed at least five times for each sample to assure the reproducibility of
experimental results. The surface morphologies of worn tracks were examined using
FESEM.

3.3 Conclusion
The conclusions based on the work carried out at this point are as follows:

1. In the present chapter, we have discussed the electro-co-deposition method to
synthesize Cu-Ni/Gr composite coatings. The electrodeposition of Cu-Ni/Gr composite
coatings was carried out at (a) various current densities and (b) various concentrations of
Gr in the electrolyte bath. In addition, the ultrasonication treatment was given to the
electrolyte before the deposition process to achieve uniform dispersion of Gr in the
electrolyte bath.

2. The bulk production of Cu-Ni/Gr composite powder was carried out using a
modified electro-co-deposition method. Then convectional powder metallurgy method
was used to fabricate Cu-Ni/Gr composites. Before the deposition process, prolonged
ultrasonication was employed to break the agglomeration of Gr and achieve Gr's uniform
dispersion in the electrolyte bath.

3. In the modified electro-co-deposition method, co-deposition of Gr, copper and
nickel occurs at the cathode electrode's tip surface. Arduino-controlled stepper motor
mechanism was employed to tap the cathode electrode during the deposition process to
drop down the Gr reinforced Cu-Ni matrix powder from the tip surface of the cathode.
This method provides facile, economical and bulk production of Cu-Ni/Gr composite
powder with a uniform dispersion of Gr into the Cu-Ni matrix.

4. The convectional powder metallurgy method was employed to prepare Cu-Ni/Gr
composites from Cu-Ni/Gr composite powder obtained from a modified electro-co-
deposition method. A modified electro-co-deposition method eliminates the ball milling
step in the powder metallurgy method, which helps prevent Gr from structural damage

during processing.
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In the next chapter, detailed characterization of (a) Cu-Ni/Gr composite coatings
synthesized by electro-co-deposition method and (b) Cu-Ni/Gr composite powder
synthesized by a modified electro-co-deposition method are discussed in detail. The
characterization of Cu-Ni/Gr composite coatings includes SEM. EDS and XRD analysis.
The characterization of Cu-Ni/Gr composite powder includes SEM, EDS, XRD and TEM

analysis.
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Chapter 4

Characterization of Cu-Ni/Gr composites

In the previous chapter, the synthesis of Cu-Ni/Gr composite coatings using the electro-co-
deposition method and Cu-Ni/Gr composites synthesized by a modified electro-co-
deposition method followed by powder metallurgy method were discussed. In this chapter,
surface morphology, elemental composition, and microstructure of synthesized Cu-Ni/Gr
composite coatings and Cu-Ni/Gr composite powder samples are studied and presented in
detail.

4.1 Characterization results of Cu-Ni/Gr composite coatings

For primary characterization purpose, Cu-Ni/Gr composite coatings are synthesized with (i)
variation in the current density from 2 A/dm? to 8 A/dm? and (ii) variation in the Gr content
from 0 mg/L to 500 mg/L by electro-co-deposition method. In this section we have studied
the effect of variation in current densities on surface morphology, elemental analysis and

microstructure of the coating.

4.1.1 Surface morphology of Cu-Ni/Gr composite coatings
4.1.1.1 Effect of current density

We studied the effect of current density on the Cu-Ni/Gr composite coating in order to
observe the change in surface morphology of Cu-Ni/Gr coating and coating thickness with
respect to the current density. The effect of various current densities on the surface
morphology of electrodeposited Cu-Ni/Gr composite coatings is shown in Figure 4.1. At
the low current densities, a smooth and compact morphology of produced Cu-Ni/Gr
coatings is clearly noticed, as shown in Figures 4.1(a-d). A discernible change is observed
in the surface morphology of Cu-Ni/Gr coatings with less compactness due to the increase
of current density from 6 to 8 A/dm? as shown in Figures 4.1(e-h). Prominently at increased
current densities, the rate of deposition is high (like 6 and 8 A/dm?), which results in less
compactness and rough morphology [1]. The reinforced graphene nanoplatelets increase
active nucleation sites and hence inhibit crystal growth. The incorporation of graphene
nanoplatelets serves as a mechanism for grain refinement of electrodeposited composite
coatings. Also, the coating has low graphene content at the current density of 4 A/dm?, and
the coating has a larger crystallite size. Hence, the morphology of sample 4.1 (c) is

relatively different from other samples’ morphology.
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Figure 4.2(a-d) shows SEM cross-sectional of Cu-Ni/Gr composite coatings. From the
figure, it is observed that there is sufficient continuity between the deposited coatings and
the substrate. The thickness of Cu-Ni/Gr composite coatings electrodeposited at various
current densities is measured. The effect of various current densities on the thickness of
the Cu-Ni/Gr composite coating is shown in Figure 4.2(e). It is noticed that the thickness
increases with an increase in current density. The increase in the thickness of Cu-Ni/Gr

composite coating is mainly due to the increase in rate of deposition of metallic ions with increase

in the current density.

Figure 4.1: Surface morphology of the Cu-Ni/Gr composite coatings
electrodeposited at (a, b) 2 A/dm?, (c, d) 4 A/dm?, (e, f) 6 A/dm?and (g, h) 8 A/dm?
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Figure 4.2: (a-d) SEM Cross-sectional of Cu-Ni/Gr composite coatings
electrodeposition and (e) is the thickness of Cu-Ni/Gr composite coatings

electrodeposited at various current densities
4.1.1.2 Effect of Gr content

In order to study the effect of Gr content on the surface morphology and coating thickness,
the SEM analysis of prepared coatings has been carried out. Surface SEM images of Cu-
Ni/Gr composite coatings produced at various concentrations of Gr in the plating bath are
presented in Figure 4.3(a-h). Figure 4.3(a, b) shows SEM micrographs of pure Cu-Ni
coating and it has a nodular structure. Figure 4.3(c-h) shows the change in surface
morphology of Cu-Ni/Gr composite coatings by the incorporation of graphene
nanoplatelets in the Cu-Ni alloy coating. Also, Figure 4.3 depicts the average size of
nodules in the Cu-Ni/Gr composite coatings is decreased with an increase in the
concentration of graphene nanoplatelets in the plating bath. During electrodeposition

process, graphene nanoplatelets contribute to an increase in the active surface area of the
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cathode, which leads to the increase in preferential sites for crystal growth; therefore, the
average size of nodules is reduced [2]. The thickness of Cu-Ni/Gr composite coatings
electrodeposited at various concentrations of graphene nanoplatelets in the plating bath is
presented in Figure 4.4(a-d). From Figure 4.4, the thickness of Cu-Ni/Gr composite
coatings are more than pure Cu-Ni alloy coating and it is increased with increase in the
concentration of graphene nanoplatelets in the plating bath. This is mainly due to the

addition of highly conductive Gr in the plating bath.

Figure 4.3: SEM images of Cu-Ni/Gr composite coatings (a, b) 0 mg/L, (c, d)
100 mg/L, (e, f) 200 mg/L and (g, h) 400 mg/L
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Figure 4.4: Thickness of Cu-Ni/Gr composite coatings (a) 0 mg/L (b) 100 mg/L (c)
200 mg/L and (d) 400 mg/L

4.1.2 Elemental compositional of Cu-Ni/Gr composite coatings
4.1.2.1 Effect of current density

In order to study the effect of various current densities on elemental composition of Cu-
Ni/Gr composite coating, EDS analysis has been carried out. The EDS mapping of the Cu-
Ni/Gr coatings electrodeposited at various current densities is shown in Figure 4.5. EDS
mapping confirms the presence of Cu, Ni and C in the prepared coatings. The C maps in
Figure 4.5 shows the presence of graphene platelets in the composite. It is observed that
the graphene nanoplatelets and the nickel elements are distributed uniformly in the copper
matrix. The EDS results are listed in Table 4.1 shows that the Cu-Ni/Gr composite coating
electrodeposited at the current densities of 6 and 8 A/dm? has lower copper content, in
comparison to the 2 and 4 A/dm?. On the other hand, by increasing current density, the
content of nickel in the electrodeposited coatings is increased. In the presence of citrate as
a complexing agent, Cu?* species are discharged with mass transport control, and Ni%*
species are discharged with activation control within a wide potential range. In mass
transport control, mass transfer coefficient mainly depends on rotation rates, temperature
and Cu?* concentration [3], [4]. Therefore, an increase in the overvoltage promotes nickel
discharge and, ultimately, leads to deposits with higher nickel contents. Hence, with the
increase in the current density from 2 to 8 A/dm?, the relative content of nickel in the
electrodeposited Cu-Ni/Gr coating increases. The enhancement in the characteristics of
the electrodeposited coating relies on a homogeneous distribution of the graphene

nanoplatelets in the coating [5]. The highest graphene nanoplatelets content and the
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homogeneous distribution of the elements are at 6 A/dm? coating deposition is seen in

Table 4.1 and Figure 4.5(c), respectively.
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Figure 4.5: EDS mapping of the Cu-Ni/Gr coatings electrodeposited at (a) 2 A/dm?,
(b) 4 A/dm?, (c) 6 A/dm? and (d) 8 A/dm?

As seen in Table 4.1, as the current density is increased the graphene content of the Cu-
Ni/Gr composite coatings is also increased gradually up to 6 A/dm? and then started
decreasing with further increase in current density. At low current densities, there are less
metallic ions that would be embedded with graphene nanoplatelets and deposited on a
substrate. At high current densities, metallic ion shows a high deposition rate compared to
graphene nanoplatelets [6]. Hence, experimentally it has been observed that the graphene
nanoplatelets content in Cu-Ni/Gr composite coatings is gradually increased from 2 to 6
Al/dm? and then decreased at 8 A/dm2 However, Cu-Ni/Gr composite coating
electrodeposited at 6 A/dm? has higher graphene nanoplatelets content.
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Table 4.1: EDS data of Cu-Ni and Cu-Ni/Gr composite coatings electrodeposited at

various current densities

Coating sample Cu (wt.%0) Ni (wt.%) C (wt.%)
Cu-Ni 68.72 31.28 0
Cu-Ni/Gr (2 Aldm?) 65.92 28.76 5.32
Cu-Ni/Gr (4 A/dm?) 64.68 29.34 5.98
Cu-Ni/Gr (6 A/dm?) 63.84 29.55 6.61
Cu-Ni/Gr (8 A/dm?) 66.18 29.84 3.98

4122 Effect of Gr content

The EDS analysis has been carried out to study the effect of various Gr content on
elemental composition of Cu-Ni/Gr composite coatings. The elemental composition of Cu-
Ni/Gr composite coatings with the various concentrations of graphene nanoplatelets in the
plating bath is shown in Figure 4.6. In Figure 4.6, the C maps represent the graphene
nanoplatelets. The existence of carbon element confirms the presence of graphene
nanoplatelets in the Cu-Ni matrix. Also, from Figure 4.6, it is noticeable that Cu, Ni and
graphene nanoplatelets are uniformly distributed in the Cu-Ni/Gr composite coatings

surface.

25um
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Figure 4.6: EDS mapping of Cu-Ni/Gr composite coatings (a) 100 mg/L (b) 200
mg/L and (c) 400 mg/L
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The elemental composition of electrodeposited Cu-Ni/Gr composite coatings at various
concentrations of graphene nanoplatelets in the plating bath is given in Table. 4.2. The
content of graphene nanoplatelets in the composite coatings depends on different process
parameters like pH, current density, temperature, stirring rate, plating time, and
concentration of graphene in the plating bath. In this work, the influence of graphene
nanoplatelets concentration in the plating bath is studied and the remaining process
parameters were kept constant. Table 4.2 shows that graphene nanoplatelets content in the
composite coatings is increased from 5.32 to 11 wt. % with the increase in the
concentration of graphene nanoplatelets in the plating bath from 100 mg/L to 400 mg/L
and then decreased with further increase in Gr concentration of Gr to 500 mg/L. The
reduction in Gr content of Cu-Ni/Gr (500 mg/L) composite coating is mainly due to the
agglomeration of Gr caused by degraded wettability. When the concentration of graphene
nanoplatelets in the plating bath increased upto 400 mg/L, the entrapment of graphene

nanoplatelets in the Cu-Ni matrix is increased [7].

Table 4.2: EDS data of Cu-Ni and Cu-Ni/Gr composite coatings electrodeposited at

various Gr content

Coating sample Cu (wt. %) Ni (wt. %0) C (wt. %)
Cu-Ni 68.72 31.28 0
Cu-Ni/Gr (100 mg/L) 68.25 25.39 6.36
Cu-Ni/Gr (200 mg/L) 64.67 25.92 9.41
Cu-Ni/Gr (400 mg/L) 62.14 26.53 11.33
Cu-Ni/Gr (500 mg/L) 65.12 25.76 9.12

4.1.3 Microstructure of Cu-Ni/Gr composite coatings

4.1.3.1 Effect of current density

The XRD analysis has been carried out to study the effect of current density on structural
properties of Cu-Ni/Gr composite coatings. The XRD spectrum of graphene nanoplatelets,
Cu-Ni, and Cu-Ni/Gr composite coatings electrodeposited at various current densities is
shown in Figure 4.7. On XRD spectrum of Cu-Ni, only one peak of Cu-Ni is observed
instead of two separate peaks of Cu and Ni, which confirms the formation of Cu-Ni alloy
in all the coatings [8], [9]. The major peak (111) corresponding to Cu-Ni has been observed
at 20 = 43.6°, which is between the 20 values of pure copper at 43.35° (American

Mineralogist Crystal Structure Database (AMCSD 0012903)) and pure nickel at 44.53°
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(AMCSD 0011153) [10]. The peaks in the XRD pattern of Cu-Ni and Cu-Ni/Gr composite
coatings are corresponding to the plane (111), (200) and (220), which confirms the FCC
structure of the electrodeposited coatings. The carbon peaks belong to graphene
nanoplatelets (around 260 = 26°) are not observed in XRD spectrum of Cu-Ni/Gr composite
coatings electrodeposited at various current densities, which is due to very low graphene
nanoplatelets content [11]. However, the peak intensity of the Cu-Ni/Gr composite
coatings has been weakened with the increase in current density due to the lattice distortion
of electrodeposited coatings by the incorporation of graphene nanoplatelets. In Figure 4.7,
the width of the FCC reflections peaks are changed across the distinct samples due to the
presence of graphene nanoplatelets. Moreover, peak broadening indicative of the small
crystallite size of the coatings [12]. However, no impurity (such as Cu20) is observed in
the XRD spectrum of Cu-Ni and Cu-Ni/Gr composite coatings.
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Figure 4.7: X-ray diffraction spectrum of Cu-Ni and Cu-Ni/Gr composite coatings

electrodeposited at various current densities

Also, there is a slight decrease in crystallite size of Cu-Ni/Gr composite coatings with the
rise in current density upto certain limit, due to the increase in the deposition rate. The
crystal growth is inhibited significantly due to the higher deposition rate. Variation in
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crystallite size of Cu-Ni and Cu-Ni/Gr composite coatings electrodeposited at various
current densities is depicted in Table 4.3. According to the Scherrer equation and XRD
pattern, the crystallite size for the (111) reflection was calculated [13]. Moreover, Cu-
Ni/Gr composite coating electrodeposited at 6 A/dm? has the least crystallite size of about
8 nm. The embedded graphene nanoplatelets increase active nucleation sites and hence
inhibit crystal growth. Hence, the incorporation of graphene nanoplatelets serves as a
mechanism for grain refinement of electrodeposited composite coatings [2]. Also, the
coating has high graphene content at the current density of 6 A/dm?, and the coating has
the least crystallite size. With further incrae in current density to 8 A/dm?, the crystallite

size of the coating is decreased mainly due to reduction in the Gr content of the coating.

The change in the lattice strain of Cu-Ni and Cu-Ni/Gr composite coatings at various
current densities is presented in Table 4.3. The lattice strain was calculated with the help
of XRD results by using equation (4.1) [14]:

a
g:(4xtam9] (1)

where ¢ is full width at half maximum (FWHM) and @is the Bragg’s angle corresponding

to FCC (111) peak. As shown in Table 4.3, the lattice strain increases up to 6 A/dm? and
then decreases. Also, the smaller the crystallite size higher the lattice strain [15]. The
generation of defects, such as voids, twins, vacancies, and dislocations, can increase the
lattice strain [14].

Table 4.3: Change in the crystallite size and lattices strain of Cu-Ni and Cu-Ni/Gr

composite coatings electrodeposited at various current densities

Sr. No. Coating sample Crystallite size (nm) Lattice strain
1 Cu-Ni 10.36 0.0091
2 Cu-Ni/Gr (2 A/dm?) 10.23 0.0098
3 Cu-Ni/Gr (4 A/ldm?) 9.32 0.0107
4 Cu-Ni/Gr (6 A/dm?) 7.84 0.0128
5 Cu-Ni/Gr (8 A/dm?) 8.36 0.0120

4.1.3.2 Effect of Gr content

In order to study the effect of Gr content on structural properties of Cu-Ni/Gr composite

coatings, the XRD analysis has been carried out. The X-ray diffraction spectrum of XRD
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micrographs for pure Cu, Ni, Cu-Ni, and Cu-Ni/Gr composite coatings with the various
concentrations of graphene nanoplatelets in the plating bath is presented in Figure 4.8. No
typical peak belonged to Ni was found. It indicates that Cu and Ni atoms have formed a
single-phase solid solution [16]. The pure Cu-Ni coating shows a peak at a 26 value of
43.65°, which is shifted in-between the 26 values of pure copper (43.3°) and pure nickel
(44.5°). The XRD pattern for pure Cu, Cu-Ni and Cu-Ni/Gr composite coatings shows
(111), (200) and (220) diffraction peaks, which indicates FCC. crystal structure of the
coatings. Also, Figure 4.8 shows the peak intensity of the Cu-Ni reflection peaks (111) has
reduced and widths of the corresponding peaks are increased with increasing the
concentration of graphene nanoplatelets in the plating bath. It is observed that due to the
incorporation of the polycrystalline nature of graphene nanoplatelets, diffraction peaks
shift towards the right side with the increase in graphene concentration in the plating bath.
Cu-Ni/Gr composite coatings consist of grains with a strong (111) plane and a weak (200)
plane orientation. This indicates that the favored crystallographic orientation of all Cu-
Ni/Gr composite coatings electrodeposited at various concentration of graphene
nanoplatelets in the plating bath is in the (111) direction.

(141) 200) (220)

Intensity (a.u)

A | A

Cu-Ni/Gr (400 mg/L)
Cu-Ni/Gr (200 mg/L)
Cu-Ni/Gr (100 mg/L)
Cu-Ni

Ni
Cu

40 45 50 55 60 65 70 75 80
20 (degree)

Figure 4.8: X-ray diffraction spectrum of prepared Cu, Ni, Cu-Ni and Cu-Ni/Gr

composite coatings
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The measured crystallite size and lattice strain of Cu-Ni/Gr composite coatings are
depicted in Table 4.4. By using the Scherrer's equation crystallite size of prepared coatings
is calculated from the full width at half maximum (FWHM) and XRD data associated
(111) reflection [17]. Also, lattice strain is calculated for the prepared coatings by using
the following equation (4.1). From Table 4.4, it is observed that increase in lattice strain
and decrease in crystallite size with the increase in the concentration of graphene
nanoplatelets in the plating bath up to certain limit. Cu-Ni/Gr (400 mg/L) composite
coating has a minimum crystallite size of about 7 nm due to the maximum content of
graphene nanoplatelets, as shown in Table 4.4 [2]. With the further increase in Gr
concentration to 500 mg/L, the crystallite size of the coating is not decreased. The reason
for this result is that Gr is adsorbed less on the cathode due to the agglomeration of Gr in

the electrolyte bath.

Table 4.4: The change in the crystallite size and lattices strain of Cu-Ni/Gr

composite coatings electrodeposited at various Gr content in the electrolyte bath

Sr. No. Coating sample Crystallite size (nm) Lattice strain
1 Cu-Ni 10.36 0.0091
2 Cu-Ni/Gr (100 mg/L) 7.4 0.0132
3 Cu-Ni/Gr (200 mg/L) 7.14 0.0137
5 Cu-Ni/Gr (400 mg/L) 6.87 0.0144
6 Cu-Ni/Gr (500 mg/L) 6.88 0.0142

4.2 Characterization results of Cu-Ni/Gr composite powder

For primary characterization purpose, six different samples with variation in the
concentration of Gr were prepared by the modified electro-co-deposition method. In this
section we have studied the effect of variation in graphene nanoplatelets content on surface

morphology, elemental analysis and microstructure of the Cu-Ni/Gr composite coating.
4.2.1 Surface morphology of Cu-Ni/Gr composite powder

FESEM analysis has been carried out to study the effect of Gr reinforcement on surface
morphology of Cu-Ni alloy powder. The external morphology of the pure Cu-Ni alloy and
Cu-Ni/Gr composite powder samples were examined by FESEM. The image of
electrochemical-co-deposited pure Cu-Ni (Figure 4.9(a-b)) and Cu-Ni/Gr (200 mg/L)

composite powder samples (Figure 4.9(c-d)) shows the dendritic structure with clearly
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distinguishable tip-splitting and hierarchy. The average particle size of pure Cu-Ni alloy

and Cu-Ni/Gr (200 mg/L) composite powder samples was in the range of 5-15 pum.

Figure 4.9: FESEM images of electrochemical-co-deposited (a-b) pure Cu-Ni alloy
and (c-d) Cu-Ni/Gr (200 mg/L) composite powder samples

4.2.2 Elemental composition of Cu-Ni/Gr composite powder

In order to study the elemental composition of Cu-Ni/Gr composite powder, EDS analysis
has been carried out. Figure 4.10(a-b) exhibits the element distribution map of pure Cu-Ni
alloy and Cu-Ni/Gr (200 mg/L) composite powder samples measured by the EDS method
and corresponding elemental composition are presented in Table 4.5. Table 4.5 presents
the Cu-Ni/Gr composite powder sample contains 79.63-84.67 wt.% Cu, 9.91-10.78 wt.%
Ni, 3.70-7.85 wt.% Gr and about 1.53-1.74 wt.% O elements. It revealed that the content
of copper, nickel, and carbon in the Cu-Ni/Gr composite powder samples was significantly
affected by the concentration of Gr in the electrolyte bath. In all prepared Cu-Ni/Gr
composite powder samples, Cu content is much higher than Ni content because copper is
nobler than nickel. In the electrodeposition process, Cu?* has a greater attraction of
electrons than Ni?* thus Cu is more easily deposited than Ni. Cu enriched alloy is also
forms due to the presence of high concentration of sodium citrate in the electrolyte bath
[18], [19]. It is noteworthy that with the increase in Gr into the Cu-Ni alloy matrix, the
content of Ni in the Cu-Ni/Gr composite powder sample is increases and Cu decreases,

suggesting that during the deposition process Gr slightly affected on the Cu-Ni ratio.
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Table 4.5: Elemental composition of pure Cu-Ni alloy and Cu-Ni/Gr composite

powder samples

Samples Cu (wt. %) | Ni(wt. %) | C(wt. %) | O (wt. %)
Cu-Ni 87.39 10.75 - 1.86
Cu-Ni/Gr (50 mg/L) 84.67 9.91 3.70 1.72
Cu-Ni/Gr (100 mg/L) 83.04 10.29 5.14 1.53
Cu-Ni/Gr (200 mg/L) 79.63 10.78 7.85 1.74
Cu-Ni/Gr (250 mg/L) 81.95 10.34 5.98 1.73

Spectrum (W%
Cu 87.39
Ni 10.75
o 1.86
100.00)

W%
79.63
Ni 10.77
IC 7.92
1.68
100.00}

L) (W%
79.54
10.71 |
7.78 |
1.97
|100.00]

Figure 4.10: Elemental distribution map of (a) pure Cu-Ni alloy composite powder
sample and (b) Cu-Ni/Gr (200 mg/L) composite powder sample at three different
points (Spectrum 1, Spectrum 2, Spectrum 3)
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Previous research has shown that nickel ions can be easily deposited on the defective sites
of the graphene [2]. The slight increase in Ni content is attributed to the increase in Gr
concentration in the electrolyte bath. The EDS analysis of Cu-Ni/Gr (200 mg/L) composite
powder sample was carried out at three different points to ensure even dispersion of Gr.
From EDS spectrums presented in Figure 4.10(b), it is observed that the wt. % of Cu is
79.63 £ 0.09, wt. % of Ni is 10.78 + 0.08, wt. % of C is 7.85 + 0.07 and the wt. % of O is
1.74 £ 0.18, which confirms the even dispersion of Gr in the Cu-Ni alloy matrix. The Gr
serves as an effective reinforcing element which may provide a barrier to the movement
of the dislocations. The most important feature of this technique is the simultaneous
deposition of Gr, Ni?* and Cu?* on the tip of the cathode surface, which provides an even

dispersion of Gr in the Cu-Ni alloy matrix as shown in Figure 4.10(b).
4.2.3 TEM analysis of Cu-Ni/Gr composite powder

In order to study the interaction of metal particles with Gr and elemental distributions in
greater detail, TEM-EDS analysis was carried out. TEM image of Cu-Ni/Gr (200 mg/L)
composite powder is presented in Figure 4.11(a), where quite a spherical shape (minimum
diameter ~ 10 nm) produced Cu-Ni nanoparticles are visible. The interface between the Gr
and Cu-Ni alloy matrix is presented in Figure 4.11(b). It shows that Cu and Ni atoms
deposited on Gr and producing transition region. Figure 4.11(c) displays the HRTEM
image of the Gr area with a lattice fringe 0.36 nm. In Figure 4.11(c) inserted image shows
the typically selected area electron diffraction (SAED) pattern of Gr. The SAED pattern
of Gr shows circular rings originated from diffraction of an electron from (100) and (110)
planes. Figure 4.11(d) shows the HRTEM image of the Cu-Ni alloy matrix area with a
lattice fringe of 0.205 nm and the inserted image is the SAED pattern of Cu-Ni alloy
matrix. The SAED pattern of Cu-Ni alloy shows circular rings originated from the
diffraction of an electron from (111), (200), and (220) planes. TEM-EDS images of Cu-
Ni/Gr (200 mg/L) composite powder are shown in Figure 4.11(e). The TEM-EDS results
indicate that Gr nanoplatelets tightly adhere to the Cu-Ni alloy matrix.
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Figure 4.11: TEM-EDS analysis of Cu-Ni/Gr (200 mg/L) composite powder
4.2.4 XRD analysis of Cu-Ni/Gr composite powder

The XRD analysis has been carried out to study the effect of various Gr content on
structural properties of Cu-Ni/Gr composite powder in more detail. Figure 4.12 displays
the XRD patterns of pure Cu-Ni alloy and Cu-Ni/Gr composite powder samples. In Figure

4.12, characteristic peaks corresponding to (111), (200), and (220) crystallographic planes
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are related to FCC structure. The pure Cu-Ni alloy powder sample shows a major peak
(111) at a 20 angle of 43.6° (JCPDS file No. 47-1406 [20]). No separate peaks
corresponding to pure Cu and Ni are observed in the XRD spectrum of Cu-Ni alloy powder
sample, and this confirms that modified electrochemical-co-deposition allows the
formation of Cu-Ni alloy rather than distinct Cu and Ni particles. Comparing the XRD
spectrums of Cu-Ni alloy and Cu-Ni/Gr composite powder samples, the Gr incorporated
Cu-Ni alloy matrix powder sample shows shifted and widened peaks, which is due to the
polycrystalline nature of Gr [2]. It is a well-known fact that the shifting of XRD peaks
positions of electrodeposited samples is mainly associated with the lattice distortion due
to defects. The incorporation of Gr in the Cu-Ni alloy structure generates lattice strain [21].
Hence, as the Gr content is increased in the Cu-Ni alloy matrix, the intensity of (111) peak
is decreased and slightly shifted towards a higher 20 angle. During the electrochemical-
co-deposition process, Gr develop new nucleation sites accelerating the nucleation process
while impeding Cu and Ni crystals growth; consequently, the presence of Gr leads to grain

refinement.

The crystallite size of the pure Cu-Ni alloy and Cu-Ni/Gr composite powder samples are
represented in Table 4.6. In this figure, the crystallite size of the Cu-Ni/Gr composite
powder sample shows a diminishing trend from about 39 nm to 26 nm with an increase in

the Gr concentration in the electrolyte bath.
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Figure 4.12: XRD patterns of pure Cu-Ni alloy and Cu-Ni/Gr composite powder
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Table 4.6: Crystallite size of pure Cu-Ni alloy and Cu-Ni/Gr composite powder

Sr. No. Coating sample Crystallite size (nm) Lattice strain
1 Cu-Ni 39.56 0.0025
2 Cu-Ni/Gr (50 mg/L) 37.12 0.0026
3 Cu-Ni/Gr (100 mg/L) 32.33 0.0030
5 Cu-Ni/Gr (200 mg/L) 25.72 0.0038
6 Cu-Ni/Gr (250 mg/L) 31.56 0.0031

4.3 Conclusion

1. Cu-Ni/Gr composite coatings are successfully electrodeposited using various current
densities (such as 2, 4, 6 and 8 A/dm?). The influence of various current densities on
the surface morphology, elemental composition and microstructure of Cu-Ni/Gr
composite coatings was examined by FESEM, EDS and XRD analysis.

2. The EDS analysis showed that the content of Gr in the Cu-Ni/Gr composite coating is
increased with an increase in current density from 2 A/dm? to 6 A/dm? and then
decreased with further increase in the current density to 8 A/dm?.

3. The XRD analysis showed that the incorporation of Gr in Cu-Ni alloy coating
influenced the crystallite size. The crystallite size of the Cu-Ni/Gr composite coating
was decreased with an increase in current density from 2 A/dm? to 6 A/dm? and then
increased with further increase in the current density to 8 A/dm?,

4. Cu-Ni/Gr composite coatings are successfully electrodeposited using various
concentrations of Gr (such as 0, 100, 200, 300, 400 and 500 mg/L) in the electrolyte
bath. The influence of various concentrations Gr in the electrolyte bath on the surface
morphology, elemental composition and microstructure of Cu-Ni/Gr composite
coatings was examined by FESEM, EDS and XRD analysis.

5. The EDS analysis showed that the content of Gr in the Cu-Ni/Gr composite coating was
increased with an increase in Gr concentration in the electrolyte bath from 100 mg/L to
400 mg/L and then decreased with further increase in the Gr concentration in the
electrolyte bath to 500 mg/L.

6. The XRD analysis showed that the incorporation of Gr in Cu-Ni alloy coating
influenced the crystallite size. The crystallite size of the Cu-Ni/Gr composite coating

was decreased with an increase in Gr concentration in the electrolyte bath from 100
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10.

mg/l to 400 mg/L and then increased with further increase in the Gr concentration in
the electrolyte bath to 500 mg/L.

. The Gr reinforced Cu-Ni alloy matrix composite powder samples are successfully

synthesized through a modified electro-co-deposition method using various
concentrations of Gr in the electrolyte bath. GNPs were added in concentrations of 0,
50, 100, 150, 200 and 250 mg/L and uniformly dispersed by ultra-sonication treatment
(20 kHz frequency and 500 W power). This composite powder is comprised of pure

copper and nickel extracted from their 98% pure metal salts and Gr.

. The reinforcement of Gr into the Cu-Ni alloy matrix is confirmed from FESEM, EDS,

XRD and HRTEM analysis. The uniform dispersion of Gr into the Cu-Ni alloy matrix
was observed from EDS and TEM analysis. The Gr and Cu-Ni alloy particles interact

at a molecular level and hence dispersion takes place at a molecular level.

. The SEM analysis showed that the average particle size of pure Cu-Ni alloy and Cu-

Ni/Gr composite powder samples are in the range of 5-15 pum. The XRD analysis
revealed that the crystallite size of the Cu-Ni alloy powder sample was decreased by
the addition of Gr in the electrolyte bath up to 200 mg/L.

The facile, economical and bulk production of Cu-Ni/Gr composite powder has been
achieved using a modified electro-co-deposition method with a uniform dispersion of

Gr into the Cu-Ni alloy matrix without damaging its structure.
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Chapter 5
Mechanical, Tribological and Corrosion Performance of Cu-Ni/Gr

Composites

In previous chapter, Cu-Ni/Gr composite coatings are characterized by FESEM, EDS and
XRD techniques to study the (i) effect of various current densities and (ii) various
concentrations of Gr in the electrolyte bath on surface morphology, elemental composition
and microstructure of coatings. Also, Cu-Ni/Gr composites powder was characterized by
FESEM, EDS, HRTEM and XRD techniques in order to confirm the proper reinforcement

of Gr in the Cu-Ni alloy matrix using a modified electro-co-deposition method.

In this chapter, the effect of various current densities and various concentrations of graphene
nanoplatelets in the electrolyte bath on the mechanical, tribological and corrosion properties
of Cu-Ni/Gr composite coatings are investigated in detail. Also, the effect of various
concentrations of graphene nanoplatelets in the electrolyte bath on mechanical, tribological
and corrosion properties of Cu-Ni/Gr composites prepared by a modified electro-co-

deposition method followed by powder metallurgy method are discussed.

5.1 Mechanical, tribological and corrosion performance of Cu-Ni/Gr

composite coatings synthesized by the electro-co-deposition method
5.1.1 Microhardness of Cu-Ni/Gr composite coatings

The Vickers microhardness test is widely used to measure the hardness of metal, alloys
and composite coatings. In this work microhardness of Cu-Ni/Gr composite coatings was
measured using INOVATEST microhardness tester. The microhardness measurement was
carried out on the surface of prepared coatings. A diamond pyramid indenter with a square
base (angle between opposite faces = 136°) was used. To measure the microhardness, test
sample is placed on anvil. The anvil is raised up close to the point of the indenter with the
help of screw threads arrangement. Then values of applied load and dwell time are feed to
the microhardness tester. The applied load was 20 g for a dwell time of 10 s. During test,
the applied load was 20 g for a dwell time of 10 s. The values of applied load and dwell
time are optimized during the test to minimize the errors in the measurement. Due to the
application of load, the diamond pyramid indenter is pressed into the surface of the coating.
After this, the load is released and the anvil with the test sample is lowered. The two
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diagonals of the indentation were measured with the help of a microscope and their average
was calculated to measure the microhardness of the coating. The schematic of indentation

mark for diamond pyramid indenter is shown in Figure 5.1.

d,, d, - Diagonal lengths
t- Thickness of coating
h- Depth of indentation

Coating

Substrate

Figure 5.1: Schematic of indentation mark for diamond pyramid indenter

From Figure 5.1, we can calculate indentation depth using the following equation (5.1):
d d

h= avg —_9 5.1
5 ﬁtan(m) 7.0006 1)
2
where,
d, +d
d,, = (820 (52)

The Vickers hardness is the quotient obtained by dividing the kgf load by the square mm

area of indentation.
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_ (136°
2F sin| ==
5"1( 2 j , 1.8544F
_______EiZ?_________ nr- = (12

avg avg

HV =

(5.3)

where, F is applied load in kgf and d,, is an arithmetic mean of two diagonals d: and d2

in mm. The thickness of the layer shall be at least 1.5 times the diagonal of the indentation®.

t>15d,, (5.4)

The calculation for indentation depth and of Cu-Ni/Gr composite coating:

The indentation mark of the diamond pyramid indenter on Cu-Ni alloy coating surface is
shown in Figure 5.2. The two diagonal lengths were measured using a microscope attached

with the microhardness tester.

Figure 5.2: Indentation mark of diamond pyramid indenter of microhardness tester

on Cu-Ni/Gr (100 mg/L) composite coating

1. Calculation of average diagonal length (d,,4) using equation (5.2):

(d,+d,)
davg — 1 2 2
(9.9+9.8)
avg 2
d,,, =9.85um

! https://archive.org/details/gov.in.is.1501.2002/page/n7/mode/1up
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2. Calculation of indentation depth using equation (5.1):

d

avg

~7.0006

985
7.0006

h=1.4 um
Indentation depth for Cu-Ni/Gr composite coating is h=1.4 um.

3. Calculation of Microhardness for Cu-Ni/Gr (100 mg/L) composite coating using

equation (5.3):

. (136°
2F sin ()
HY — 2 2 7= 1.85244F
davg davg

~1.8544x(20x107%)
(9.85x107%)?

HV

HV =382.26
Microhardness for Cu-Ni/Gr (100 mg/L) composite coating is 382.26 HV. Also, the

measured thicknesses for all Cu-Ni/Gr composite coatings are higher than 30 um. Here,
the thickness of Cu-Ni/Gr (100 mg/L) composite coating 43 £ 3 um is much higher than
the indentation depth of 1.4 um. Also, it satisfies equation (5.4). A similar observation is
found for all prepared coatings, i.e. the thickness of the coating was much higher than the
indentation depth. Hence, it is confirmed that the measured microhardness of the coating

is not dominated by the substrate.

5.1.1.1 Effect of current density

In order to study the effect of various current densities on microhardness of Cu-Ni/Gr
composite coatings, microhardness testing of prepared coatings was carried out. The
microhardness variation of Cu-Ni/Gr composite coatings electrodeposited at various
current densities is represented in Figure 5.3. The measured microhardness of Cu-Ni/Gr
composite coatings is higher than Cu-Ni alloy coating. The microhardness of Cu-Ni/Gr
composite coating deposited at 2 A/dm?, 4 A/dm?, 6 A/dm? and 8 A/dm? of current density

are 362 HV, 375 HV, 388 HV and 351 HV, respectively. The improved microhardness of
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Cu-Ni/Gr composite coatings is mainly due to the crystallite size refinement and an
increase in the percentage of grain boundaries after incorporation of graphene
nanoplatelets, as well as extraordinary mechanical properties of graphene nanoplatelets
[1]. The movement of dislocations in the Cu-Ni/Gr composite coating is hindered by
graphene nanoplatelets, which tends to increase the deformation resistance and lattice
distortion energy [2], [3]. As shown in Figure 5.3, the microhardness of Cu-Ni/Gr
composite coating first increases up to 6 A/dm? then decreases with an increase in current
density. The adsorption force of graphene nanoplatelets surrounded by positive ion cloud
(Cu?* and Ni?*) in the bath is increased with an increase in current density within a certain
range [4]. Hence, the content of graphene nanoplatelets in the coatings is gradually
increased up to 6 A/dm? as observed from Table 4.1. However, with further increase in
current density to 8 A/dm?, independent metal ions (Cu?* and Ni?*) are quickly attracted
to the substrate, the content of incorporated graphene nanoplatelets decreases [5], [6].
Thus, the microhardness of Cu-Ni/Gr composite coating decreases at the current density 8
Aldm?,

500 -

400 3

300-§
200—2
100 -
J

Cu-Ni 2 A/dm’ 4 A/dm’ 6 A/dm’ 8 A/dm’

Microhardness (HV)

Figure 5.3: Variation in microhardness of Cu-Ni/Gr composite coatings

electrodeposited at various current densities.
5.1.1.2 Effect of Gr content

In order to study the effect of Gr content on microhardness of Cu-Ni/Gr composite
coatings, microhardness testing of prepared coatings was carried out. The dependence of

the microhardness of Cu-Ni/Gr nanocomposite coatings on the concentration of graphene
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nanoplatelets in the plating bath is depicted in Figure 5.4. The microhardness of Cu-Ni
alloy matrix composite coatings mainly depends upon the microstructure of the alloy
matrix and the content of the reinforcing element embedded into the alloy matrix. From
Figure 5.4, it is clearly visible that the microhardness of Cu-Ni/Gr nanocomposite coatings
is higher than Cu-Ni coating and in general, it increases with an increase in the
concentration of Gr in the plating bath upto 400 mg/L and starts decreasing with further
increase in Gr concentration to 500 mg/L. The microhardness of Cu-Ni/Gr composite
coating deposited at 100 mg/L, 200 mg/L, 400 mg/L and 500 mg/L concentration of Gr in
the electrolyte bath are 390 HV, 442 HV, 484 HV and 432 HV, respectively. The decrease
in the microhardness of Cu-Ni/Gr (500 mg/L) composite coating is attributed to the
decrease of the Gr content in the composite coating. At higher concentration of Gr in the
electrolyte bath, the agglomeration of the Gr is enhanced, and agglomerated Gr are settled
at in the electrolyte bath because of gravity. Hence, the absorption of Gr into Cu-Ni alloy
matrix is decreased. In addition to this, at higher concentration of Gr in the electrolyte
bath, the viscosity of the electrolyte bath is increased, and gas bubbles cannot easily be
removed from the cathode surface.

600

500

100 3
0:

Cu-Ni (100 mg/L) (200 mg/l ) (400 mg/l ) (500 mg/L)
Gr Gr

-

S

=
1

Microhardness (HV)
S =
< =
1 1

Figure 5.4: Microhardness of Cu-Ni/Gr composite coatings prepared at various
concentrations Gr in the plating bath
These bubbles affect the absorption of Gr particles into the Cu-Ni alloy matrix; hence, the
Gr content in Cu-Ni/Gr (500 mg/L) coating is reduced. Cu-Ni/Gr (400 mg/L) composite
coating shows a maximum microhardness value of 483 HV. Increase in microhardness of

composite coatings is attributed to particle strengthening, dispersion strengthening and
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solid solution strengthening [7]. In the present work, improvement in microhardness is
mainly due to the crystallite size refinement and dispersion strengthening by the
incorporation of graphene nanoplatelets in the Cu-Ni matrix.

5.1.2 Tribological performance of Cu-Ni/Gr composite coatings

Tribological performance focus on wear, friction and lubrication of sliding surfaces in
relative motion. The most common cause for the replacement of materials in the
automobile, marine and aerospace industries is the wearing of materials. Applications of
protective coatings on base materials is the most suitable approach, which provides good
wear resistance. In marine applications, the use of copper-based alloy coatings provides
superior wear resistance. The wear test is usually carried out to obtain fundamental
information on the wear mechanism and to study how material microstructure affects on
wear performance. In the view of engineering applications, the tribological performance
of Cu-Ni/Gr composite coatings has great importance to increase the service life of the
base materials in harsh working conditions. In the last decade, the tribological performance
of different composite coatings prepared by the electro-co-deposition method has been
studied extensively. However, only few studies are available on Cu-Ni alloy matrix
composite coatings. Also, the effect of graphene nanoplatelet reinforcement on the
tribological performance of Cu-Ni alloy matrix composite coatings is not studied.
Graphene nanoplatelets are considered as an excellent solid lubricant due to the presence
of weak Van der Walls bonds between the graphene layers and strong interlayer covalent
bonds between carbon atoms [8]. To study the tribological performance of Cu-Ni/Gr

composite coatings CETR reciprocating tribometer is used.

The schematic diagram for the wear test setup is represented in Figure 5.5. During the test,
the sample is fixed into a table using a holding clamp. Then, a steel ball of 3 mm diameter
is pressed against a flat coating sample that is moved backwards and forwards in a
reciprocating motion. The wear test is carried out at an amplitude of 5 mm and 4 N load
with 5 Hz frequency. Friction is usually measured by measuring the force required to
restrain the pin or ball against the direction of travel. The average friction coefficient is
calculated from the frictional forces for 300 cycles. Before the wear tests, the weight of
the Cu-Ni/Gr composite coatings was measured by a digital balance with an accuracy of
0.0001 g. Also, after the wear tests, the coatings were weighted, and then the wear weight
loss was calculated. Also, the worn surface of the Cu-Ni/Gr composite coatings was

examined by scanning electron microscopy (SEM) (FEI-Apreo S) attached with energy
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dispersive spectroscopy (EDS). SEM images of worn surface help to understand the state
and characteristics of friction interface. Also, EDS mapping of wear track helps to

understand the elemental distributions on the worn surface.

Normal contact force

l

Controlling drive
G

Steel ball

e Holding clam
Test sample | r» N 1 g P

i _

Figure 5.5: The schematic diagram for wear test setup

Stroke length

5.1.2.1 Effect of current density

The average coefficient of friction graph of Cu-Ni and Cu-Ni/Gr composite coatings
electrodeposited at various current densities is given in Figure 5.6. The semiconductor
strain gauges measured the frictional forces for 500 cycles. From the ratio of tangent force
to the normal force, the coefficient of friction was calculated. The measured average
coefficient of friction for Cu-Ni/Gr composite coatings is lower than Cu-Ni coating. The
Cu-Ni/Gr composite coating electrodeposited at 6 A/dm? has a lower value of the average
coefficient of friction compared to the remaining current densities. The reduction of
coefficient of friction is attributed to the role of graphene nanoplatelets in the Cu-Ni/Gr
composite coatings. The graphene nanoplatelets present in the coating acts as a lubricant
and mating surface slides easily over each other [9]. In addition, according to Archard’s
equation, the wear rate of a material is inversely proportional to its hardness [10]. The Cu-
Ni/Gr composite coating electrodeposited at 6 A/dm? has higher microhardness; thus, it
restrains the plastic deformation of coating and helps to reduce the coefficient of friction.
However, the increase in the coefficient of friction in the other electrodeposited coatings
is due to the decrease of graphene nanoplatelet content in the coatings. It is clearly seen

that when current density increases up to 6 A/dm? the graphene contents in the coating
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increase gradually and hence the average coefficient of friction also decreases with an

increase in graphene contents which can be seen from Figure 5.6.
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Figure 5.6: The average coefficient of friction and wear loss of Cu-Ni/Gr composite

coatings electrodeposited at various current densities
5.1.2.2 Effect of Gr content

The average coefficient of friction and wear loss data of all the electrodeposited samples
in terms of variation in the concentration of graphene nanoplatelets in the plating bath is
presented in Figure 5.7. Based on the obtained results, it is clearly visible that average
coefficient of friction of Cu-Ni/Gr composite coatings is lesser than pure Cu-Ni coating
and it decreases with an increase in the concentration of graphene nanoplatelets in the
plating bath upto 400 mg/L. The measured average coefficient of friction of Cu-Ni/Gr
composite coating deposited at 100 mg/L, 200 mg/L, 400 mg/L and 500 mg/L
concentration of Gr in the electrolyte bath are 0.49, 0.41, 0.27, and 0.45, respectively.
During the sliding process, graphene nanoplatelets act as a solid lubricant in-between the
mating surfaces, therefore the average friction coefficient of the prepared coatings is
decreased. Graphene nanoplatelets are known as the strongest, gas-impermeable and
thermally and chemically stable nanomaterial. Also, graphene nanoplatelets possess high
shear strength hence acts as solid lubricant. Also, Cu-Ni/Gr (400 mg/L) composite coating

has the lowest average coefficient of friction due to the higher microhardness [11].
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In the present work, based on the results and above discussion, wear mechanism for Cu-
Ni/Gr composite coating is proposed, as shown in Figure 5.8. Graphene nanoplatelets,
nanostructured material, are homogeneously distributed into the Cu-Ni alloy matrix
(Figure 5.8(a)). During the wear, a continuous metallic film can be retained on the coating
surface because of the strengthening and pinning effects of graphene nanoplatelets (Figure
5.8(b)). As the sliding process continues, a thin layer of the lubricating film of metal
comprising graphene nanoplatelets is formed on the wear track (Figure 5.8(c)). Also, there
is a possibility of graphene nanoplatelets sheets peeled by the steel ball and formed

nanorolls, which decrease the friction coefficient.

Figure 5.7 shows the measured wear loss of Cu-Ni/Gr composite coatings prepared at
various concentration of graphene nanoplatelets in the electrolyte bath. Figure 5.7 reveals
that Cu-Ni film has the highest wear loss as compared to other coatings. The measured
wear loss of Cu-Ni/Gr composite coating deposited at 100 mg/L, 200 mg/L, 400 mg/L and
500 mg/L concentration of Gr in the electrolyte bath are 2.3 mg, 1.94 mg, 1.32 mg and
2.15 mg, respectively. The wear loss of Cu-Ni/Gr composite coatings decreases with the
increase in graphene nanoplatelets content in the electrolyte bath upto 400 mg/L and then
start increasing with further increase in Gr concentration of in the electrolyte bath to 500
mg/L. This is attributed to the decrease in the microhardness at of Cu-Ni/Gr composite

coating at 500 mg/L due to the decrease in the content of Gr.
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Figure 5.7: Average coefficient of friction and wear loss of Cu-Ni/Gr composite

coatings prepared at various concentrations Gr in the plating bath
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At higher concentration (500 mg/L) of graphene nanoplatelets in the electrolyte bath, the

absorption of graphene nanoplatelets on the cathode surface decreases due to the

agglomeration of graphene. Hence, wear loss of Cu-Ni/Gr composite coating is increased

at 500 mg/L of graphene nanoplatelets concentration in the electrolyte bath.
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Figure 5.8: Illustrations of the wear mechanism for (a-c) Cu-Ni/Gr composite
coatings
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5.1.3 Corrosion performance of Cu-Ni/Gr composite coatings

Reports on corrosion failure of metallic hardware used in marine, automobile, and
chemical industries have been increasing in the past two decades. Corrosion is defined as
the natural process due to which pure metal is converted into its stable forms such as metal
oxides, metal sulfides, or metal hydroxides. The degradation of materials due to corrosion
is a serious problem faced by several industries. Corrosion of metals is generally
considered as an undesirable phenomenon because it causes damage and disintegration of
the metallic parts starts from the surface of metallic parts exposed to the environment and
extends to the entire bulk of the metal part. Metals of higher reactivity series such as iron,
zinc will react more and easily get corroded. In order to increase the corrosion resistance
of such metals in the marine environment, the application of the protective coating is very

important.

Over the past several years, composite coatings have been extensively used to increase the
corrosion resistance of metals at a reduced cost. The application of alloy coatings such as
Zn-Ni, Cu-Ni and Ni-Mo is considered as one of the important routes to increase corrosion
resistance. However, Cu-Ni alloy coating is most suitable to provide high corrosion
resistance in the marine environment. In the marine environment, the 70-30 Cu-Ni alloy
has been employed in high flow conditions because of the increased hardness and high
corrosion resistance provided by the higher amount of Ni. In Cu-Ni alloy coating, when
the amount of nickel is less than 40 wt.%, a dense inner layer of Cu20 and an outer layer
of Cu2(OH)sCI develop a passivating layer in seawater (high chloride environment).
Initially, Cu.O later is formed and then the Cux(OH)3sClI layer is developed. During the
formation of the Cu.O layer, several Ni ions can be embedded into the Cu2O layer then

Cuz(OH)sCl layer is produced by precipitation from the dissolution of Cu?* ions [12].

Graphene nanoplatelets are being widely used in composite coatings to increase the
corrosion resistance due to its extraordinary properties, such as chemically inert to the
acidic solution, impermeable to most of the gases and liquids, so it shows huge potential
for the application of high corrosion resistance coating. In this work, graphene
nanoplatelets are incorporated into the Cu-Ni alloy matrix to synthesize Cu-Ni/Gr
composite coating by electro-co-deposition method. The corrosion performance of Cu-
Ni/Gr composite coatings are studied by varying deposition current density and by varying
graphene nanoplatelets concentration in the electrolyte bath. The anti-corrosion

performance of deposited Cu-Ni/Gr composite coatings is evaluated using CH604E
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potentiostat/galvanostat instrument based on the usual three electrodes cell configuration.
This instrument is widely employed to study corrosion at the surface. Corrosion of metals
generally occurs at a rate calculated by an equilibrium between opposing electrochemical
reactions. There are two electrochemical reactions one is a cathodic electrochemical
reaction, and another is anodic electrochemical reaction. In cathodic electrochemical
reaction, solution species (such as Oz or Hy) is reduced by removing electrons from metal.
Also, in anodic electrochemical reaction, metal is oxidized due to the releasing electrons
into the metal. When cathodic and anodic reactions are in equilibrium, the electron flow

from each reaction is balance and hence there is no flow of electrons.

The determination of electrochemical parameters by the Tafel extrapolation method for
Cu-Ni alloy coating is shown in Figure 5.9. The potentiostat records the current value
across the applied potential range. The horizontal axis is an electrical potential and the
vertical axis is the logarithmic current density. The open-circuit potential (OCP) is the
potential at which the total cathodic current is equal to the total anodic current. The
corrosion current (leorr) is the value of cathodic or anodic current at OCP. The rate of
corrosion is directly related to polarization resistance (Rp). The Ry is the resistance offered
by the test sample to oxidation during the application of an external potential. The Rp
(polarization resistance) is calculated for all deposited coatings by using extracted
electrochemical parameters such as Ecorr (corrosion potential), lcorr (COrrosion current

density), Ba (anodic tafel slope) and B. (cathodic tafel slope).
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Figure 5.9: The determination of electrochemical parameters by Tafel extrapolation
method for Cu-Ni alloy coating
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The Ry (kQ.cm?) value for prepared coatings is calculated using the Stern-Geary equation
5.5:

R = Bch ( 1 j (55)
P 2.303(B, +B.) I,

where |_ . is the corrosion current density (uA/cm?), B, is anodic tafel slope (mV/decade)

corr

and pB_is cathodic tafel slope (mV/decade).

5.1.3.1 Effect of current density

The potentiodynamic linear polarization graphs of Cu-Ni and Cu-Ni/Gr composite
coatings electrodeposited at various current densities are given in Figure 5.10 and the
corresponding calculation are shown in Table 5.1. In a potential range of + 0.4 V to - 0.9
V at the scan rate of 0.01 V/s, the electrode kinetics of the electrodeposited coatings was
examined. The corrosion resistance of the Cu-Ni/Gr composite coatings is affected by the

current density of electro-co-deposition, which is displayed in Table 5.1 and Figure 5.10.

Table 5.1: Calculated corrosion results of Cu-Ni and Cu-Ni/Gr composite coatings

electrodeposited at various current densities.

Sample Ecorr (V) leorr (A) Rp (kQ.cm?)
Cu-Ni -0.432 96 X 10 83.26
Cu-Ni/Gr (2 A/ldm?) -0.426 52 X 10 189.86
Cu-Ni/Gr (4 Aldm?) -0.424 63 X 10 194.16
Cu-Ni/Gr (6 A/dm?) -0.411 31 X 10 198.22
Cu-Ni/Gr (8 A/dm?) -0.428 87 X 10° 195.88

All Cu-Ni/Gr composite coatings exhibited lower corrosion current and higher corrosion
potential as compared to the pure Cu-Ni alloy coating. This is mainly due to the
reinforcement of graphene nanoplatelets into the Cu-Ni alloy matrix. Graphene
nanoplatelets possess extraordinary chemical inertness. Graphene nanoplatelets on the
surface of coatings act as an isolation barrier in between metal and the medium to delay
the rate of corrosion and hence enhance the corrosion resistance of the coating. Also, the
incorporated Gr at the surface decrease the exposed metallic area that could undergo
corrosion attack. The Cu-Ni/Gr composite coatings electrodeposited at 6 A/dm? shows

lower corrosion current and higher corrosion potential. The low rate of corrosion is the
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cause of lower corrosion current, and high rate of corrosion is the cause of lower corrosion
potential. At 6 A/dm? current density, the Cu-Ni/Gr composite coating gives a lower
anodic current, which shows the higher corrosion resistance of the prepared coating. There
are many reasons for enhancement in the corrosion resistance of the nanoparticles
reinforced composite coatings [13]-[15]. Incorporated graphene nanoplatelets avoid the
initiation and growth of corrosion by filling the gaps and micro holes in the composite
coatings [16]. Cu-Ni/Gr composite coating deposited at 6 A/dm? has high graphene
contents; therefore, it shows higher corrosion resistance. Moreover, the composite coating
deposited at 8 A/dm? has high surface roughness, and less graphene content results in high
surface area exposed to the corrosive environment and decrease in corrosion resistance
[14].
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Figure 5.10: Potentiodynamic linear polarization graph of Cu-Ni and Cu-Ni/Gr

composite coatings electrodeposited at various current densities
5.1.3.2 Effect of Gr content
A. Immersion Study

Figure 5.11 shows the immersion test curves of Cu-Ni/Gr composite coatings
electrodeposited at various concentrations of graphene nanoplatelets in the plating bath.
From Figure 5.11, in 3.5 wt. % NaCl solution, the open circuit potential (OCP) for pure

Cu-Ni, Cu-Ni/Gr (100 mg/L), Cu-Ni/Gr (200 mg/L), and Cu-Ni/Gr (500 mg/L) composite
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coatings were shifted negatively after four, six, nine and seven days respectively. The Cu-
Ni/Gr (400 mg/L) composite coating was remained stable over an extended period of 16
days and shifted negatively after 35 days. The pure Cu-Ni coating has a higher rate of
corrosion compared to other films and then the rate decreases as protective cuprous oxide
layer forms over time. The Cu-Ni/Gr (500 mg/L) composite coating is less stable than Cu-
Ni/Gr (400 mg/L) composite coating mainly due to the decrease in the graphene
nanoplatelets content in the coating. The results of the immersion test revealed that the
higher the content of graphene nanoplatelets in the Cu-Ni coating provides the additional

barrier type protection against corrosion.
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Figure 5.11: Immersion test curves of Cu-Ni/Gr composite coatings in 3.5 wt.%

NaCl solution
B. Potentiodynamic Polarization

Figure 5.12 illustrates the polarization curves of Cu-Ni/Gr composite coatings prepared at
various concentrations of graphene nanoplatelets in the plating bath. The polarization
resistance (Rp), corrosion potentials (Ecorr) and corrosion current densities (lcorr) values
calculated from the polarization curves are represented in Table 5.2. The Ecorr Values for
prepared coatings increased, -0.382 V to -0.224 V, as the concentration of graphene
nanoplatelets increased from 100 mg/L to 400 mg/L in the plating bath and the decreased
to -0.358 V with further increase in the graphene nanoplatelets concentration to 50 mg/L,

as seen in Table 5.2. At the same time, lcorr Values of Cu-Ni/Gr composite coatings were
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significantly decreased compared to pure Cu-Ni coating. The R, value of the prepared
coatings is determined using the Stern-Geary equation. In Table 5.2, the Ry value of the
pure Cu-Ni coating was 85.71 kQ-cm?, however, the Cu-Ni/Gr (400 mg/L) increased to
229.36 kQ-cm?. The graphene nanoplatelets were well distributed in Cu-Ni matrix and
serve as barriers to the initiation of corrosion defects by a reduction in micro-void in the
coatings. It has been reported that CuCl, species (shown in equation 5.6 and 5.7) creates
by the dissolution of copper and then it forms Cu20 (shown in equation 5.8) as the pH at
the interface increases during the corrosion of Cu alloys [17]-[19]. The formation of the
Cux0 layer on the surface of coatings after 30 days soaking in the 3.5 wt.% of NaCl
solution is confirmed by XRD analysis. Figure 5.13 is the XRD result for the Cu-Ni/Gr
(100 mg/L) composite coating, after 30 days soaking in the 3.5 wt.% of NaCl solution.
Casey et al. also presented similar XRD result for Cu2O in the corrosion products of Cu-

Ni-0.15% Mt sample left in simulated seawater [12].

Cu* + CI'— CuCl (5.6)
CuCl + Cl = CuCly (5.7)
2CUCly + 2Ho0 — Cuz0 + 2H* + 4CI° (5.8)

After the formation of Cu20 layer, a Cuz(OH)sCl layer is formed by the precipitation from
the dissolution of Cu?* ions [19], [20]. The study also showed that the protective cuprous

oxide layer has a low electronic conductivity, thereby increasing the corrosion resistance.
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Figure 5.12: Polarization curves of Cu-Ni/Gr composite coatings prepared at

various concentrations graphene nanoplatelets in the plating bath
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Table 5.2: Ecorr, lcorr and Rp of Cu-Ni/Gr composite coatings.

Sample Ecorr (V) lcorr (A) Rp (kQ.cm?)
Cu-Ni -0.382 2.74 X 10° 85.71
Cu-Ni/Gr (100 mg/L) -0.368 1.52 X 10 128.34
Cu-Ni/Gr (200 mg/L) -0.346 6.36 X 107 173.22
Cu-Ni/Gr (400 mg/L) -0.224 8.43 X 107 229.36
Cu-Ni/Gr (500 mg/L) -0.358 5.45 X 107 147.36

These observations reveal that the corrosion performance of pure Cu-Ni coating is

enhanced by the incorporation of graphene nanoplatelets in the Cu-Ni matrix. Incorporated

graphene nanoplatelets change the microstructure of pure Cu-Ni coating, resulting in an

increase in the corrosion resistance of the Cu-Ni/Gr composite coatings. Also,

reinforcement of graphene nanoplatelets into the Cu-Ni alloy matrix significantly

improves the surface morphology by increasing compactness of coating and decreasing

the structural defect of deposits. The Cu-Ni/Gr (400 mg/L) composite coating has higher

corrosion resistance due to the presence of high graphene content.

Intensity (a.u)

Cu-Ni

Cu-Ni

20 (degree)

Figure 5.13: XRD result for the Cu-Ni/Gr (100 mg/L) composite coating after 30

days soaking in the 3.5 wt. % of NaCl solution
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5.2 Characterization results of Cu-Ni/Gr composite synthesized from
powder

Mechanical, tribological and corrosion properties of Cu-Ni/Gr composites synthesized by
modified electro-co-deposition method followed by powder metallurgy method are
discussed. Mechanical characterization includes microhardness, yield strength, ultimate
tensile strength, hardness and percentage elongation of Cu-Ni/Gr composites. Tribological
characterization includes a coefficient of friction, wear rate and surface morphology and
elemental composition of worn surface. In corrosion characterization, Tafel plots are
obtained to measure corrosion parameters such as corrosion current corrosion voltage and

polarization resistance of composites.
5.2.1 Microhardness of Cu-Ni/Gr composites

The Vickers microhardness for pure Cu-Ni alloy and Cu-Ni/Gr composites is represented
in Figure 5.14. The microhardness of Cu-Ni/Gr composites is significantly higher than that
of the pure Cu-Ni alloy. The measured average microhardness for Cu-Ni/Gr composite
prepared at 50 mg/L, 100 mg/L, 200 mg/L and 250 mg/L are 68 HV, 91 HV, 107 HV and
101 HV, respectively. The hardness of Cu-Ni/Gr composites is increased with an increase
in the graphene nanoplatelets content in the electrolyte bath upto 200 mg/L and then
decreased further increase in graphene nanoplatelets content in the electrolyte bath to 250

mg/L.
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Figure 5.14: Vickers hardness of pure Cu-Ni alloy and Cu-Ni/Gr composites
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Graphene nanoplatelets have shown the ability to improve the hardness significantly in a
pure Ni [16] and Cu matrix [21]. The result indicates that after adding graphene
nanoplatelets, the hardness increases from 58 HV to 107 HV. Among the composites, Cu-
Ni/Gr (200 mg/L) composite shows the highest hardness of 107 HV, which is about 84.5%
higher than that of pure Cu-Ni alloy. This suggests that when graphene nanoplatelets
concentration in the electrolyte bath is minimum, the content of graphene nanoplatelets in
the Cu-Ni/Gr composite is less, which results in uniform dispersion of graphene
nanoplatelets into the Cu-Ni alloy matrix with less agglomeration. The improvement in
hardness of Cu-Ni/Gr composites is mainly due to the resistance offered by Gr for the
dislocations movement and their even distribution in the Cu-Ni alloy matrix. In Cu-Ni/Gr
composites, the graphene nanoplatelets have very high shear strength that effectively
impedes dislocation motion across a grain boundary. As shown in Table 4.6, graphene
nanoplatelets decreased the crystallite size of the Cu-Ni/Gr composite powder samples,
and according to the Hall-Petch equation [22], the microhardness of fabricated Cu-Ni/Gr

composites increases with decrease in the crystallite size.

Figure 5.15: HRTEM images of Cu-Ni/Gr composite powder.
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The interaction between Cu-Ni alloy and graphene nanoplatelets is shown in Figure 5.15.
From Figure 5.15, it is clearly seen that Cu-Ni alloy particles are nucleated on the surface
of graphene nanoplatelets. Due to the nucleation and growth of Cu-Ni alloy particles on
graphene nanoplatelets surface, graphene occupies the grain boundary position and
graphene nanoplatelets will not cause any substitutional or interstitial defect. In case of
plastic deformation, grain boundaries act as a barrier to dislocation movement because
grains are arranged in a different orientation. In Cu-Ni/Gr composite, in addition to
randomly arranged grains, graphene nanoplatelets are also presents at grain boundaries.
The graphene nanoplatelets have a different crystal structure and chemical properties than
the Cu-Ni alloy crystal structure. Hence, misorientation grains and two different phases
altogether impede the movement of dislocations, which results in the hardening of Cu-
Ni/Gr composites. As the concentration of the graphene nanoplatelets in the electrolyte
bath increased from 200 mg/L to 250 mg/L, more graphene nanoplatelets were dispersed
in the Cu-Ni alloy matrix. However, as the amount of graphene nanoplatelets increases in
the Cu-Ni/Gr composite, agglomeration of the graphene nanoplatelets initiates. The
agglomeration was mainly due to the presence of high Van der Waals force among the
graphene nanoplatelets. Under applied loading conditions this agglomeration bond would

have failed and therefore, there is decrease in the microhardness.
5.2.2 Tensile testing of Cu-Ni/Gr composites

Tensile tests are conducted for Cu-Ni/Gr composites having various concentrations of
graphene nanoplatelets in the electrolyte bath to study the strengthening behavior of Gr.
Figure 5.16 presents the tensile curves of pure Cu-Ni alloy and Cu-Ni/Gr composites. The
YS, UTS and fracture elongation of pure Cu-Ni alloy and Cu-Ni/Gr composites are listed
in Table 5.3. The YS and UTS of the Cu-Ni/Gr composites are increased with increasing
Gr concentration in the electrolyte bath upto 200 mg/L. The pure Cu-Ni alloy shows a YS
of 111 MPa and UTS of 157 MPa. Also, Cu-Ni/Gr (200 mg/L) composite has YS of 265
MPa and the UTS of 299 MPa, which are 138.7% and 90.5% greater than that of pure Cu-
Ni alloy. Also, fracture elongation is decreased from 44% to 5%, with an increase in the
Gr concentration in the electrolyte bath. The enhancement of YS and UTS in the
composites is associated with (i) aspect ratio of reinforcement (ii) interfacial bonding
between reinforcement and matrix and (iii) reinforcement distribution in the matrix [23].
In this work, enhancement in the YS and UTS has been attributed to the homogeneous

dispersion of Gr and the strong interfacial bonding between Gr and Cu-Ni alloy matrix,
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which results in efficient interfacial load-transfer ability. Also, due to the extraordinary
strength and stiffness of Gr prevent the shearing and rupture of the composite by impeding

the dislocation propagation during plastic deformation [24].
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Figure 5.16: Stress and strain curve of pure Cu-Ni alloy and Cu-Ni/Gr composites

Table 5.3: The YS, UTS and fracture elongation of pure Cu-Ni alloy and Cu-Ni/Gr

composites
Samples YS (MPa) | UTS (MPa) Fracture elongation (%0)
Cu-Ni 111+ 4 157+ 4 44 + 3
Cu-Ni/Gr (50 mg/L) 137+ 4 185+5 36+3
Cu-Ni/Gr (100 mg/L) 175+5 271+ 4 17+2
Cu-Ni/Gr (200 mg/L) 265+ 4 299 +5 5+2
Cu-Ni/Gr (250 mg/L) | 234 +5 278 +5 3+2

The graphene nanoplatelets are mainly distributed along the boundary of Cu-Ni alloy
grains. When the content of graphene nanoplatelets increases, the associativity among Cu-
Ni alloy grains decreases while the associativity among the Gr increases. Cracks
nucleation occurs at the interface and propagates through the Cu-Ni alloy matrix. In

addition, incorporated Gr are composed of few-layer graphene, thus cracks also easily
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develop in the layers of graphene. Therefore, the fracture elongation of the Cu-Ni/Gr

composite gradually decreases with an increase in the graphene nanoplatelet content.

Images of tensile fracture surfaces were taken using Scanning electron microscopy for
analysis of fracture surface. Figure 5.17(a-d) shows SEM images of the tension-induced
fracture morphology of pure Cu-Ni alloy and Cu-Ni/Gr composites with different Gr
concentrations in the electrolyte bath. Pure Cu-Ni alloy (Figure 5.17(a-b)) fracture has
many tear ridges and dimples, which are due to the ductile nature of the material. However,
with an increase in the graphene nanoplatelets concentration in the electrolyte bath, the
amount of dimples decreases and the fracture surface becomes slightly flat. Also, a large
number of pores and cracks are observed on the fracture surface of the Cu-Ni/Gr (200
mg/L) composite (Figure 5.17(c-d)). These cavities and pores are responsible for the crack

and fracture initiation and thus leading to low ductility of Cu-Ni/Gr (200 mg/L) composite.

Figure 5.17: SEM images of the tension-induced fracture morphology of (a, b) pure
Cu-Ni alloy, (c, d) Cu-Ni/Gr (200 mg/L) composite

5.2.3 Tribological performance of Cu-Ni/Gr composites

Figure 5.18 illustrates the measured friction coefficient curves of pure Cu-Ni alloy and

Cu-Ni/Gr composites. It can be seen from Figure 5.18 that at the beginning time, all
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friction coefficient curves increase rapidly and then attained a fairly stable behavior. After
200 seconds, all friction coefficient curves become stable and smooth. Also, the friction
coefficient decreases from 0.56 to 0.25 when the graphene nanoplatelets concentration in
the electrolyte bath increases from 0 to 200 mg/L. According to Figure 5.18, the friction
coefficient of pure Cu-Ni alloy is 0.54. However, the friction coefficient of Cu-Ni/Gr (200
mg/L) is 0.29, which is significantly lower than that of pure Cu-Ni alloy. The enhancement
in the friction coefficient Cu-Ni/Gr composites is ascribed to the introduction of Gr in the
Cu-Ni alloy matrix. The graphene nanoplatelets play a crucial role in the friction-reduction
properties as an ideal solid lubricant due to its surface properties and graphitic structure
[25].
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Figure 5.18: Friction coefficient curves of pure Cu-Ni alloy and Cu-Ni/Gr composites

The wear rates of pure Cu-Ni alloy and Cu-Ni/Gr composites are represented in Figure
5.19. As shown in Figure 5.19, the wear rate of Cu-Ni/Gr composites is lower than that of
the pure Cu-Ni alloy and it decreases with further increase in Gr concentration in the
electrolyte bath. According to Archard’s equation, the wear rate of the composites depends
upon its hardness and it decreases with an increase in the hardness of the composites [26].
Cu-Ni/Gr (200 mg/L) composite shows a minimum wear rate of 0.2798 x 10* mm®N*m-

1 due to its higher microhardness (Figure 5.14).
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Figure 5.19: Wear rate of Cu-Ni alloy and Cu-Ni/Gr composites

Figure 5.20(a-d) shows the FESEM morphologies analysis belonging to the wear tracks of
the sintered samples, Figure 5.20(e) illustrates the EDS spectrum taken from the red
marked region in Figure 5.20(d) and Figure 5.20(f) depicts a schematic representation of
the wear mechanism for Cu-Ni/Gr composites. From Figure 5.20(a) pure Cu-Ni alloy
shows a rougher surface as compared to Cu-Ni/Gr composites. Also, the worn surface of
pure Cu-Ni alloy has several delamination caused due to plastic deformation. Large
fluctuations in the friction coefficient of pure Cu-Ni are observed due to the rough surface
(Figure 5.19). Cu-Ni/Gr composites have negligible delamination, and it decreases with
an increase in the concentration of graphene nanoplatelets in the electrolyte bath, as shown
in Figure 5.20(b-d). Based on the EDS spectrum taken from the red marked region in wear
track of Cu-Ni/Gr (200 mg/L) composite (Figure 5.20(e)) confirms that graphene
nanoplatelets are present within the wear track. Graphene nanoplatelets can provide a
lubricating effect due to significantly low shear strength. During the sliding process, Gr
are squeezed out from the composites and formed the Gr rich films on the worn surface
and change the sliding friction mode to rolling friction mode (Figure 5.20(f)). Also, with
an increase in graphene nanoplatelets content in the composite, these films become more
continuous [27]. This trend indicates that a higher concentration of Gr (upto 200 mg/L) is
promising in the reduction of friction coefficient and the wear rate of Cu-Ni/Gr

composites.
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Figure 5.20: FESEM morphologies analysis belonging to the wear tracks of the
sintered samples: (a) Cu-Ni alloy, (b) Cu-Ni/Gr (50 mg/L), (c) Cu-Ni/Gr (100 mg/L),
(d) Cu-Ni/Gr (200 mg/L), (e) EDS spectrum taken from the red marked region, (f)

A schematic representation of the wear mechanism for Cu-Ni/Gr composite
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5.2.4 Corrosion performance of Cu-Ni/Gr composites

The polarization test is one of the techniques to measure the anticorrosion performance of
composites, which provides the corrosion potential (Ecorr), corrosion current density (lcorr),
anode polarization resistance (Rp). The potentiodynamic polarization curves of Cu-Ni
alloy and Cu-Ni/Gr composites with different content of Gr in the electrolyte bath is
represented in Figure 5.21. The values of Ecor, lcorr and Rp of Cu-Ni alloy and Cu-Ni/Gr
composites are listed in Table 5.4. As shown in Table 5.4, the Cu-Ni/Gr composites
showed positive lcorr and Ecorr than that of Cu-Ni alloy. The values of Ecorr for Cu-Ni/Gr
composites prepared at 50 mg/L, 100 mg/L, 200 mg/L and 250 mg/L are -0.143 V, -0.117
V, -0.056 V and -0.087 V respectively, while the lcorr values are 5.824 X 10° A, 3.731 X
10 A, 2.486 X 10° A and 3.137 X 10° A, respectively. Also, it is observed that the
corrosion resistance of the Cu-Ni/Gr composite increased with the increase in the
concentration of Gr in the electrolyte bath upto 200 mg/L and then decreased with further
increase in the concentration of Gr in the electrolyte bath to 250 mg/L. The measured Ry
values for Cu-Ni/Gr composite prepared at 50 mg/L, 100 mg/L, 200 mg/L and 250 mg/L
are 4.177 kQ.cm?, 7.632 kQ.cm?,12.862 kQ.cm? and 11.465 kQ.cm?, respectively.
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Figure 5.21: Potentiodynamic polarization curves of Cu-Ni alloy and Cu-Ni/Gr

composites with different content of Gr in the electrolyte bath
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Table 5.4: Ecorr, lcorr and Rp of Cu-Ni alloy and Cu-Ni/Gr composite coatings

Sample Ecorr (V) lcorr (A) Rp (kQ.cm?)
Cu-Ni -0.162 8.263 X 10 1.298
Cu-Ni/Gr (50 mg/L) -0.143 5.824 X 10 4.177
Cu-Ni/Gr (100 mg/L) -0.117 3.731 X 10° 7.632
Cu-Ni/Gr (200 mg/L) -0.056 2.486 X 10°® 12.862
Cu-Ni/Gr (250 mg/L) -0.087 3.137 X 10 11.465

The obtained results reveal that the incorporation of graphene nanoplatelets in the Cu-Ni
alloy matrix enhanced the corrosion resistance of prepared Cu-Ni/Gr composites. The best
corrosion resistance of Cu-Ni/Gr composite obtained at 200 mg/L concentration of Gr in
the electrolyte bath. The anodic portion of the polarization curve is related to the formation
of CuCl on the surface of composite (equation 5.9) and by the dissolution of Cu*, CuCl is

produced (equation 5.10). Also, at higher concentration of chloride, CuCl. species are

developed.

Cu*+Cl - CuCl+e (5.9)
Cu*+Cl — CuCl (5.10)
CuCl +Cl — CuCly (5.11)
02+ 2H,0 + e — 40H (5.12)
2CuCly + 2H20 — Cu20 + 2H* + 4CI (5.13)

The corrosion of Cu-Ni/Gr composite in chloride environments takes place through the
anodic reactions as given in equation (5.9-5.11) and the cathodic reaction (equation 5.12).
The transport rate of CuCl, is slowed by an increase in pH close to the surface, which
results in the formation of Cu20 layer on the surface of the composite (equation 5.12).
After the formation of Cu20 layer, the Cuz(OH)3Cl layer forms by precipitation from the
dissolution of Cu?*. During the formation of the Cu,O layer several Ni ions can be
embedded into the Cu20O layer then Cu2(OH)sCl layer is produced by precipitation from
the dissolution of Cu?* ions [12]. The reinforcement of graphene nanoplatelets in the Cu-
Ni alloy matrix fill the defects such as several voids, gaps and cracks owing to its nano
size, which contribute to the outstanding resistance to the Cu-Ni/Gr composite to undergo
corrosion. At 250 mg/L concentration of Gr in the electrolyte bath, the polarization
resistance starts decreasing. This may be due to the agglomeration of Gr nanoplatelets in
the Cu-Ni alloy matrix.
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5.3 Conclusion

1. The effect of different current densities (such as 2, 4, 6 and 8 A/dm?) on mechanical,
tribological and corrosion properties of Cu-Ni/Gr composite coatings are investigated.
Based on the experimental results, the coatings prepared at 6 A/dm? exhibit a reduced
crystallite size with enhanced mechanical properties and corrosion resistance.

2. The amount of graphene nanoplatelets in Cu—Ni/Gr composites coatings was increased
up to 6 A/dm? and then decreased. The incorporation of graphene nanoplatelets in Cu-
Ni coating influenced the crystallite size. As the graphene nanoplatelets content was
increased, the crystallite size of the coating decreased, which in turn increased the
microhardness, corrosion resistance and decreased the coefficient of friction of the
coating. The Cu—Ni/Gr composite coating reached the maximum values of desirable
properties at 6 A/dm? of current density.

3. The effect of different concentrations of Gr (such as 100, 200, 300, 400 and 500 mg/L))
in the electrolyte bath on the mechanical, tribological and corrosion properties of the
Cu-Ni/Gr composite coatings are investigated. The incorporation of graphene
nanoplatelets in the Cu-Ni matrix by electro-co-deposition process enhanced the
tribological, mechanical and corrosion properties.

4. The 400 mg/L concentration of graphene nanoplatelets in the plating bath provided the
best increase in the microhardness and corrosion resistance. The measured
microhardness for Cu—Ni/Gr (400 mg/L) composite coating increases by 44.17%
compared to pure Cu—Ni coating. Also, the average friction coefficient of Cu—Ni
coating was decreased from 0.74 to 0.27 when it was incorporated with graphene
nanoplatelets. The immersion study indicates that the incorporation of graphene
nanoplatelets stabilizes the corrosion potential and enhances the corrosion resistance.

5. The Cu-Ni/Gr composites were synthesized through a modified electrochemical-co-
deposition method followed by convectional powder metallurgy method at different
concentrations of Gr (such as 50, 100, 200 and 250 mg/L) in the electrolyte bath. The
hardness, YS, and UTS of the Cu-Ni/Gr composite were increased with an increase in
the concentration of Gr in the electrolyte bath. When Gr concentration in the electrolyte
bath was 200 mg/L, the microhardness of 107 HV, YS of 265 MPa and UTS of 299
MPa were achieved in Cu-Ni/Gr composite, which were 84.5%, 138.7% and 90.5%
improvement over pure Cu-Ni alloy. The fracture mode of Cu-Ni/Gr composite

transforms from ductile fracture to brittle fracture with an increase in Gr concentration
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in the electrolyte bath. For tribological performance, both the friction coefficient and
wear rate were decreased when Gr concentration in the electrolyte bath increased. We
believed that the Cu-Ni/Gr composites synthesized by the proposed method could be
employed in the automobile, aerospace, and marine industries due to enhanced

mechanical and tribological properties.
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Chapter 6

Process Parameters Optimization

In the previous chapter, (i) the effect of various current densities and (ii) the effect of various
concentrations of Gr in the electrolyte bath on mechanical, tribological and corrosion
properties of Cu-Ni/Gr composite coatings is investigated. Also, the effect of various
concentrations of Gr in the electrolyte bath on mechanical, tribological and corrosion
properties of Cu-Ni/Gr composites prepared by a modified electro-co-deposition method

followed by powder metallurgy method is also discussed.

In this chapter, the effect of electrolysis parameters such as pH, current density, graphene
nanoplatelets concentration and amount of nickel sulfate on microhardness and polarization
resistance of Cu-Ni/Gr composite coatings prepared by the electro-co-deposition method are
briefly discussed. Similarly, the effect of electrolysis parameters such as pH, current,
graphene nanoplatelets concentration and amount of nickel sulfate on microhardness and
polarization resistance of Cu-Ni/Gr composites prepared by a modified electro-co-
deposition method followed by powder metallurgy method are discussed. The set of

experiments was performed based on the design developed by Taguchi method.

6.1 Effect of electrolysis parameters on microhardness and corrosion

resistance of Cu-Ni/Gr composite coatings
6.1.1 Experimental design of Cu-Ni/Gr composite coatings

In the current investigation, pH, current density, Gr concentration and amount of nickel
sulfate have been selected as process variables. The fixed electrolysis parameter for the
experimental study is listed in Table 6.1. The respective process variable range selected
for this study is listed in Table 6.2. The experiments have been designed based on the
Taguchi method, and the results have been analyzed for the microhardness value of
composite coating. Based on the results of the above studies, the significances of the
parameters are ranked by order. Analysis of variances (ANOVA) studies is performed to
recognize the significances of process parameters and the percentage of contributions is

identified. In the present work, we have investigated as the maximum hardness and high
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polarization resistance (Rp) as performance index and have chosen a larger-the-better S/N

ratio for microhardness and polarization resistance.

S

1 1
—=-10log— > — 6.1
N N, 2 y; ¢
where, y, denotes the N, observations of response variables.
Table 6.1: Fixed electrolysis parameter for experimental study
Fixed Parameters Quantity
Amount of CuS0O4.5H;0 21 g/L
Electrodeposition Time 60 min
Magnetic stirring 350 rpm
Ultrasonication time 60 min
Temperature 35°C
Table 6.2: Input variables and their levels
Parameter No. Description Level 1 | Level 2 | Level 3 | Level 4
pH 3 35 4 45
B Current density (A/dm?) 2 4 6 8
C Gr concentration (mg/L) 100 200 300 400
D NiSO4.6H20 (g/L) 42 63 84 105

In electro-co-deposition method, major parameters, which influence the quality of
prepared Cu-Ni/Gr composite coating are 1) pH, 2) current density, 3) Gr concentration in
the electrolyte and 4) amount of nickel sulfate. With the four parameters as variables and
considering four levels of each variable, a fractional factorial design of 16 experiments is
done with Lis orthogonal array. Table 6.2 presents the respective process variable with
their corresponding levels with which the composite coatings have been experimented and
optimization of microhardness and polarization resistance using Taguchi was performed
using MINITAB software. The experiments have been conducted using Taguchi

experimental design (Lis orthogonal array) and are shown in Table 6.3.
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Table 6.3: The basic Taguchi Lis orthogonal array

Parameters

Exp. No. Notation Microhardness (HV) Rp (kQ.cm?)
A B C D
1 1 1 1 1 A1B1CiD1 374 94.23
2 1 2 2 2 A1B2C2D2 423 151.65
3 1 3 3 3 A1BsC3D3 454 188.87
4 1 4 4 4 A1B4CsDas 482 223.35
5 2 1 2 3 A2B1C2Ds3 432 156.87
6 2 2 1 4 A2B2C1D4 388 123.74
7 2 3 4 1 A2B3CaD1 458 204.41
8 2 4 3 2 A2B4CsD2 435 177.85
9 3 1 3 4 AsB1CsD4 458 190.41
10 3 2 4 3 AsB2C4Ds 475 217.32
11 3 3 1 2 AsB3CiD2 368 112.65
12 3 4 2 1 AsB4C2D1 398 145.45
13 4 1 4 2 A4B1C4sD2 466 205.14
14 4 2 3 1 A4B2C3D1 427 169.43
15 4 3 2 4 A4B3C2D4 430 172.34
16 4 4 1 3 A4B4C1D3 372 115.73
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Table 6.4: The basic Taguchi Lis orthogonal array

Exp.No. |A | B|C|D Notation Microhardness 1 Microhardness 2 Microhardness 3 Microhardness (HV)
1 11|11 ABiCiD: 328 320 318 322
2 12|22 AiBCD2 395 385 378 386
3 13| 3| 3| AiBsCsDs 439 459 440 446
4 14| 4| 4| AiBsCsDs 455 466 468 463
5 2 11|23 | ABiCas 396 390 381 389
6 2 12|14 | ABCiD4 376 376 388 380
7 2 3] 4] 1| ABsCiD: 458 452 446 452
8 2 | 4] 3] 2| AB4C3D:2 399 404 415 406
9 3| 1|3 ]| 4| ABiCsD4 444 445 425 438
10 3 12|43 | AsBCis 461 481 468 470
11 3 (13|12 AsBsCiD: 367 351 371 363
12 3 14| 2|1 AsBsCaD: 359 375 361 365
13 4 | 1|4 ]2 | ABi1CiD2 444 427 434 435
14 4 | 2| 3| 1| A4BCs3D: 412 388 406 402
15 4 | 3|2 | 4| A4BsCzDs 415 422 429 422
16 4 | 4 | 1| 3| A4BsCiDs 341 358 339 346
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Table 6.5: The basic Taguchi Lis orthogonal array

Exp. No. A B C D Notation Rp1l Rp2 Rp3 Rp (kQ.cm?)
1 1 1 1 1 A1B1Ci1D1 91.52 93.25 97.92 94.23
2 1 2 2 2 A1B2C2D2 148.35 154.22 152.38 151.65
3 1 3 3 3 A1B3CsD3 189.25 185.22 192.14 188.87
4 1 4 4 4 A1B4C4Ds 220.52 224.74 224.79 223.35
5 2 1 2 3 A2B1C2D3 154.25 157.65 158.71 156.87
6 2 2 1 4 A2B2C1Ds 121.54 126.54 123.14 123.74
7 2 3 4 1 A2B3C4D1 202.58 207.85 202.8 204.41
8 2 4 3 2 A2B4CsD2 178.54 176.22 178.79 177.85
9 3 1 3 4 A3B1CsDs 188.245 192.21 190.775 190.41
10 3 2 4 3 As3B2C4D3 217.85 219.35 214.76 217.32
11 3 3 1 2 As3B3CiD2 113.25 112.85 111.85 112.65
12 3 4 2 1 As3B4C2D1 148.25 144.85 143.25 145.45
13 4 1 4 2 A4B1C4D2 204.52 206.25 204.65 205.14
14 4 2 3 1 A4B2CsD1 171.25 166.25 170.79 169.43
15 4 3 2 4 A4B3C2Ds 173.98 171.25 171.79 172.34
16 4 4 1 3 A4B4CiD3 113.25 115.75 118.19 115.73
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6.1.2 Statistical analysis of experimental results

The statistical modelling for the microhardness and polarization resistance of Cu-Ni/Gr
composite coatings synthesized by electro-co-deposition method has been done. General
first-order models are developed for estimating the microhardness and polarization
resistance of the coatings. The models are developed by regression analysis of the
experimental data as listed in Table 6.3. The microhardness obtained for the coatings in
all three sets of sixteen experiments has been subjected to statistical analysis. The analysis
done for the microhardness is given in Table 6.6. The microhardness of coatings is
analyzed by using variance analysis. The analysis is carried out by using the Taguchi
method with significant values of process parameters. The data obtained by this analysis

are shown in Table 6.6.

The model was obtained after performing regression analysis which is given as
Equation (6.2):

Microhardness = 275.6 - 1.35 A+ 0.41 B+ 0.3392C + 0.651 D (6.2)

where, microhardness in HV, A is the pH, B is the current density (A/dm?), C is the amount

of Gr concentration (mg/L) and D is the amount of nickel sulfate (g/L).

The main effect plot and the effect of the process parameters in terms of percentage
contribution are shown in Figure 6.1(a, b).

Table 6.6: Analysis of variance for microhardness

Source DF  AdjSS Adj MS F-Value P-Value R?
Regression 4 26780.9 6695.2 37.57 0.000 93.18%

A 1 9.1 9.1 0.05 0.825
B 1 13.6 13.6 0.08 0.787
C 1 23018.1 23018.1 129.15 0.000
D 1 3740.1 3740.1 20.99 0.001

Error 11 1960.5 178.2

Total 15 28741.4
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Main Effects Plot for Means
(a) Data Means

A B C D

o

N

wv
1

3

Mean of Means

375 -

30 35 40 45 2 4 6 8 100 200 300 400 42 63 84 105

(b) acpi

Error 30,

6.82%

B: Current density

D: Amount of NiSO,.6H,0 0.05%

13.01% \

Figure 6.1: (a) Main effect plot showing effect of process parameters on change in
microhardness (HV), (b) Percentage contribution of process parameters on change

in microhardness (HV)
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The analysis done for the polarization resistance is shown in Table 6.7. The polarization
resistance has been investigated by variance analysis. The study is carried out by using the
Taguchi method with significant values of process parameters. The data obtained by this
analysis are shown in Table 6.7. The great value of R? of 93.18% gave a convinced
justification to the reliability of regression models for microhardness of Cu-Ni/Gr
composite coating. A small error of 6.82% is mainly due to uncontrollable fluctuations in
current density, electrolyte temperature, magnetic stirring rate, and pH.

The model was obtained after performing regression analysis which is given as
Equation (6.4):

Rp = 48.5+0.83 A +0.791 B +0.3280 C + 0.3815 D (6.3)

where, Ry represents polarization resistance in kQ.cm?, A is the pH, B is the current density
(A/dm?), C is the amount of Gr concentration (mg/L) and D is the amount of nickel sulfate
(9/L). The main effect plot and the effect of the process parameters in terms of percentage

contribution are shown in Figure 6.2(a, b).

Table 6.7: Analysis of variance for polarization resistance

Source DF  AdjSS Adj MS F-Value P-Value R?
Regression 4 22849.4 5712.4 152.93 0.00000 08.23%

A 1 3.4 3.4 0.09 0.76732
B 1 50.1 50.1 1.34 0.27126
C 1 21512.2 21512.2 575.92 0.00000
D 1 1283.7 1283.7 34.37 0.00011

Error 11 410.9 37.4

Total 15 23260.3

It can be seen from the main effect plot that for the considered range of process parameters
used pH, current density and amount of nickel sulfate have an insignificant effect on
microhardness and polarization resistance. It can be observed from the main effect plots
that Gr concentration in the electrolyte bath was found to be the most significant process

parameter for microhardness and polarization resistance of Cu-Ni/Gr composite coatings.
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(a) Main Effects Plot for Means
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Figure 6.2: (a) Main effect plot showing effect of process parameters on change in
polarization resistance (kQ.cm?), (b) Percentage contribution of process parameters

on change in polarization resistance (k€2.cm?)
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For the validation of the developed regression model, three sets of experiments have been

carried out at random values of process parameters. The data for these set of experiments

are shown in Table 6.8.

Table 6.8: Experiments for the validation of the regression model developed by

variance analysis

Process Parameters Microhardness (HV) Rp (kQ.cm?)
Sr. No. Regression ) Regression ]
A | B| C D ) Experimental ) Experimental
predicted predicted
1 3 | 2100 63 347 + 23 356 109.40+ 1.9 113.12
2 4 |8 300 42 402 + 24 412 172.52 £ 3.0 169.25
3 45 | 4 1200 | 84 393+ 23 381 153.04 £ 2.7 156.46

The optimized values of process parameters for the maximum value of the microhardness

and polarization resistance are shown in Table 6.9.

Table 6.9: The optimized values of process parameters for the maximum value of
the microhardness and polarization resistance of Cu-Ni/Gr composite coatings

Parameter No. Description Value
A pH 4
B Current density (A/dm?) 6
C Gr concentration (mg/L) 400
D NiS04.6H20 (g/L) 105

Cu-Ni/Gr composite coatings are fabricated by electro-co-deposition method and tested
for microhardness and polarization resistance. The microhardness and polarization
resistance of coatings are investigated by using a microhardness tester and potentiostat,
respectively. All prepared coatings are tested under the identical conditions in the
controlled environment. From the results, it is revealed that the microhardness and
polarization resistance of the Cu-Ni/Gr composite coating increases with increase in the
Gr concentration in the electrolyte bath. By Taguchi and regression analysis, it is found
that the Gr concentration in the electrolyte is the most influencing parameter of the process

for microhardness and polarization resistance of the Cu-Ni/Gr composite coatings. The
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addition of Gr decreases the crystallite size of the coating and hence requires more power
for penetration, which results in a rise in microhardness [9]. More concentration of the
nickel sulfate in the electrolyte results in an increase in the amount of Ni in the Cu-Ni/Gr
composite coatings and improves the microhardness value. Also, graphene nanoplatelets
act as an inert physical barrier to the initiation and growth of corrosion defects and hence

improving the corrosion resistance [10].

6.2 Effect of electrolysis parameters on microhardness and corrosion
resistance of Cu-Ni/Gr composites prepared by modified electro-co-

deposition method followed by powder metallurgy method

We also studied the effect of electrolysis parameters such as pH, current, Gr concentration
and amount of nickel sulfate on the microhardness and polarization resistance of the Cu-
Ni/Gr composite pellets. The Taguchi's statistical method has been employed to design the
experiments. The available literature on Cu-Ni/Gr composite lacks any statistical
investigation to conclude on parameter, which may significantly influence mechanical and

corrosion properties of the Cu-Ni/Gr composite.
6.2.1 Experimental design of Cu-Ni/Gr Composites

In the current investigation, pH, current, Gr concentration and amount of nickel sulfate
have been selected as process variables. The fixed electrolysis parameter for the
experimental study is listed in Table 6.10. The experiments have been designed based on
the Taguchi method, and the results have been analyzed for microhardness and
polarization resistance values of Cu-Ni/Gr composites. Based on the results of the above
studies, the significances of the parameters are ranked by order. Analysis of variances
(ANOVA) studies are performed to recognize the significances of process parameters and
the percentage of contributions is identified. In the present work, we have investigated as
the maximum hardness and high polarization resistance (Rp) as performance index and

have chosen a larger-the-better S/N ratio for hardness and polarization resistance.

S 1 1
> —-10log—% = 6.4
. o2y (64)
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where, Yy, denotes the N, observations of response variables.

In electro-co-deposition method, major parameters, which influence the quality of formed
Cu-Ni/Gr composite powder are 1) pH 2) current density 3) Gr concentration in the
electrolyte and 4) amount of nickel sulfate. With the four parameters as variables and
considering four levels of each variable, a fractional factorial design of 16 experiments is
done with Lie orthogonal array. Table 6.11 shows the respective process variable with their
corresponding levels with which the composite coatings have been experimented and
optimization of microhardness and polarization resistance using Taguchi was performed
using MINITAB software. The Lis orthogonal array having four parameters with four
levels is selected to conduct experiments. The optimal level of the process parameters is
obtained by using Taguchi optimization technique and a mathematical model is developed
using regression analysis to predict the output from a selected range of process parameters.
The experimental output values are used to find the best combination of optimal
parameters. Here the objective is to maximize the microhardness and polarization
resistance of Cu-Ni/Gr composite coatings. The higher the value of microhardness and
polarization resistance better is the result. For the optimization of the process parameters

using the Taguchi method, the objective is taken as larger is better.

Table 6.10: Fixed electrolysis parameter for experimental study

Fixed Parameters Quantity
Amount of CuSQO4.5H20 23 g/L
Electrodeposition Time 120 min
Magnetic stirring 350 rpm
Ultrasonication time 120 min
Temperature 35°C
Table 6.11: Input variables and their levels
Parameter No. Description Level 1 | Level 2 | Level 3 | Level 4
pH 3 3.5 4 4.5
B Current (A) 4 5 6 7
C Gr concentration (mg/L) 50 100 150 200
D NiSO4.6H20 (g/L) 65 75 85 95
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Table 6.12: The basic Taguchi Lis orthogonal array

Parameters

Exp. No. Notation Microhardness (HV) Rp (kQ.cm?)
A B C D
1 1 1 1 1 A1B1C1D1 69 4.237
2 1 2 2 2 A1B2C2D> 92 6.723
3 1 3 3 3 A1B3CsDs 100 8.198
4 1 4 4 4 A1B4C4D4 110 9.725
5 2 1 2 3 A2B1C2D3 93 6.766
6 2 2 1 4 A2B2C1D4 4 5.487
7 2 3 4 1 A:2B3C4D1 109 8.984
8 2 4 3 2 A>B4CsD2 99 7.452
9 3 1 3 4 A3B1CsDas 100 8.354
10 3 2 4 3 A3B2C4D3 110 9.532
11 3 3 1 2 AzB3C1D2 73 4.956
12 3 4 2 1 A3B4C2D1 92 6.384
13 4 1 4 2 AsB1C4D2 108 9.124
14 4 2 3 1 A4B2C3D1 98 7.356
15 4 3 2 4 A4B3C2Da4 96 7.584
16 4 4 1 3 A4B4C1D3 73 5211
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Table 6.13: The basic Taguchi Lis orthogonal array

Exp.No. | A| B | C | D | Notation Microhardness 1 Microhardness 2 Microhardness 3 Microhardness (HV)
1 11111 ABiCiD: 67 72 68 69
2 1121|212 AiBCoD2 94 95 87 92
3 13| 3] 3| AiB3CsDs 103 101 96 100
4 1|44 ] 4| AiBsCsDs 113 108 109 110
5 2 11|23 | ABiCDs 96 94 89 93
6 212 |1| 4| AB2CiD4 77 76 69 74
7 2 13|41 AB3CiD1 106 112 109 109
8 24| 3| 2| AB4CsD2 103 104 90 99
9 3113 |4 | ABiCsD4 99 103 98 100
10 3 12| 4| 3| AB2CsD3 108 112 110 110
11 313|112 | ABCiD2 74 71 74 73
12 3|14 ] 2| 1| AsBsCD: 03 92 91 92
13 4 |1 |4 | 2| ABiCiD2 107 106 111 108
14 4 | 2|1 3|1 | A4B2CsD: 96 101 97 98
15 4 | 3| 2| 4| ABsCzD4 94 97 97 96
16 4 14| 1|3 | ABsCiDs 71 71 77 73
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Table 6.14: The basic Taguchi Lis orthogonal array

Exp. No. A B C D Notation Rpl Rp2 Rp3 Rp (kQ.cm?)
1 1 1] 1 1 A1B1C1D1 4.123 4.254 4.334 4.231
2 1 2 | 2 2 A1B2C2D: 6.524 6.854 6.791 6.723
3 1 3 | 3 3 A1B3C3D3 8.145 8.235 8.214 8.198
4 1 4 | 4 | 4 A1B4CaD4 9.801 9.758 9.616 9.725
5 2 1] 2 3 A2B1C2Ds3 6.654 6.798 6.846 6.766
6 2 2 1 4 A2B2C1D4 5.354 5.452 5.655 5.487
7 2 3 | 4 1 A2B3C4D1 8.851 9.012 9.089 8.984
8 2 4 | 3 2 A2B4C3D: 7.354 7.548 7.454 7.452
9 3 1| 3 4 A3B1C3Ds4 8.265 8.368 8.429 8.354
10 3 2 | 4 | 3 As3B2C4Ds3 9.547 9.658 9.391 9.532
11 3 3 |1 2 A3BsC1D2 4.825 5.012 5.031 4.956
12 3 4 | 2 1 A3B4C2D1 6.245 6.425 6.482 6.384
13 4 1| 4 | 2 AsB1CaD2 9.125 9.254 8.993 9.124
14 4 2 | 3 1 AsB2C3D1 7.254 7.456 7.358 7.356
15 4 3 | 2 4 A4B3C2D4 7.452 7.654 7.646 7.584
16 4 4 | 1 3 A4B4C1D3 5.154 5.354 5.125 5.211
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6.2.2 Statistical analysis of experimental results

The statistical modelling for the microhardness and polarization resistance of Cu-Ni/Gr
composites prepared by modified electro-co-deposition followed by powder metallurgy
method has been studied and discussed. General first-order models are developed for
estimating the microhardness and polarization resistance of the coatings. The models are
developed by regression analysis of the experimental data as listed in Table 6.12. The
microhardness obtained for the coatings in all the three sets of sixteen experiments have
been subjected to statistical analysis as given in Table 6.13. The analysis done for the
microhardness is given in Table 6.15. The microhardness of coatings is analyzed by using
variance analysis. The analysis is carried out by using the Taguchi method with significant

values of process parameters. The data obtained by this analysis are shown in Table 6.15.

Table 6.15: Analysis of variance for microhardness

Source DF  AdjSS Adj MS F-Value P-Value R?
Regression 4 2761.80 690.45 38.13 0.000 93.27%

A 1 0.80 0.80 0.04 0.837
B 1 3.20 3.20 0.18 0.682
C 1 2737.80 2737.80 151.18 0.000
D 1 20.00 20.00 1.10 0.316

Error 11 199.20 18.11

Total 15  2961.00

The model was obtained after performing regression analysis which is given as
Equation (6.5):

Microhardness =52.3 + 0.40 A + 0.40 B + 0.2340 C + 0.100 D (6.5)

where, microhardness in HV, A is the pH, B is the current (A), C is the amount of Gr

concentration (mg/L) and D is the amount of nickel sulphate (g/L).

The main effect plot and the effect of the process parameters in terms of percentage

contribution are shown in Figure 6.3(a, b).
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Figure 6.3: (a) Main effect plot showing effect of process parameters on change in
microhardness (HV), (b) Percentage contribution of process parameters on change

in microhardness (HV)
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The analysis done for the polarization resistance is shown in Table 6.16. The polarization
resistance has been investigated by variance analysis. The study is carried out by using the
Taguchi method with significant values of process parameters. The data obtained by this
analysis are shown in Table 6.16.

Table 6.16: Analysis of variance for polarization resistance

Source DF AdjSS Adj MS F-Value P-Value R?
Regression 4 421777 10.5444 140.91 0.00000 08.09%

A 1 0.0367 0.0367 0.49 0.49839
B 1 0.0280 0.0280 0.37 0.55308
C 1 39.6563 39.6563 529.95 0.00000
D 1 2.4567 2.4567 32.83 0.00013

Error 11 0.8231 0.0748

Total 15 43.0008

The model was obtained after performing regression analysis which is given as
Equation (6.6):

Rp = 0.403 + 0.086 A +0.0374 B + 0.02816 C + 0.03505 D (6.6)

where, R, represents polarization resistance in kQ.cm?, A is the pH, B is the current (A),

C is the amount of Gr concentration (mg/L) and D is the amount of nickel sulfate (g/L).

The analysis done for the polarization resistance is shown in Table 5. The deposition
height has been analyzed by using variance analysis. The study has been carried out by
using the Taguchi method with significant values of process parameters. The data obtained

by this analysis are shown in Table 5.

The main effect plot and the effect of the process parameters in terms of percentage
contribution are shown in Figure 6.4(a, b).
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Figure 6.4: (a) Main effect plot showing effect of process parameters on change in
polarization resistance (kQ.cm?), (b) Percentage contribution of process parameters

on change in polarization resistance (kQ.cm?)
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For the validation of the developed regression model, three sets of experiments have been
carried out at random values of process parameters. The data for these set of experiments

are shown in Table 6.8.

Table 6.8: Experiments for the validation of the regression model developed by

variance analysis

st Process Parameters Microhardness (HV) Rp (kQ.cm?)
' Regression ) Regression ]
No. A C D ) Experimental ) Experimental
predicted predicted
1 3.5 150 | 65 | 92+6.17 96 7.46+0.14 7.44
2 4 50 | 85 | 68+4.58 73 5.35+0.10 5.36
3 4.5 100 | 95 | 79+£5.35 86 7.12+0.13 7.13

The optimized values of process parameters for the maximum value of the microhardness

and polarization resistance are shown in Table 6.9.

Table 6.9: The optimized values of process parameters for the maximum value of
the microhardness and polarization resistance of Cu-Ni/Gr composites.

Parameter No. Description Value
A pH 4
B Current density (A/dm?) 6
C Gr concentration (mg/L) 200
D NiS04.6H-0 (g/L) 95

Cu-Ni/Gr composites are fabricated by a modified electro-co-deposition method followed
by powder metallurgy method and tested for microhardness and polarization resistance.
The microhardness and polarization resistance of prepared Cu-Ni/Gr composites were
investigated by using microhardness tester and potentiostat, respectively. All prepared Cu-
Ni/Gr composites are tested under identical conditions in the controlled environment.
From the obtained results, it is revealed that the microhardness and polarization resistance
of the Cu-Ni/Gr composites increases with increasing the Gr concentration in the
electrolyte bath. By Taguchi and regression analysis, it is found that the Gr concentration
in the electrolyte is the most influencing parameter of the process for microhardness and
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polarization resistance of the Cu-Ni/Gr composites. The addition of Gr reduced the

crystallite size of the Cu-Ni alloy powder and hence required more power for penetration;

hence the microhardness is improved. A higher concentration of nickel sulfate in the

electrolyte results in an increase in the amount of Ni in the Cu-Ni/Gr composite and

improves the microhardness value [11]-[13]. However, the reinforcement of graphene

nanoplatelets in the Cu-Ni alloy matrix fills the defects such as several voids, gaps and

cracks owing to its nano size, which contribute to the outstanding resistance to the Cu-

Ni/Gr composite to undergo corrosion [14].

6.3 Conclusion

1.

Cu-Ni/Gr composite coatings were fabricated by electro-co-deposition method
and characterized for microhardness and corrosion resistance. The statistical study
of the effect of electrolysis parameters on the microhardness and polarization
resistance was carried out using Taguchi statistical method.

The obtained results revealed that the Gr concentration in the electrolyte bath and
amount of nickel sulfate in the electrolyte had a significant influence on the
synthesis of Gr reinforced Cu-Ni alloy matrix composite coatings.

The other process parameters such as pH of the solution and current density
supplied showed less significance on the microhardness and corrosion resistance
of the Cu-Ni/Gr composite coatings.

Also, Cu-Ni/Gr composites were produced by a modified electro-co-deposition
method followed by powder metallurgy method and characterized for
microhardness and corrosion resistance.

The statistical study showed that the Gr concentration in the electrolyte bath and
amount of nickel sulfate in the electrolyte had the greatest influence on the
synthesis of Cu-Ni/Gr composites.

The other electrolysis parameters such as the current supplied and pH of the
electrolyte exhibited less significant effect on the microhardness and corrosion
resistance.

The optimized values of pH, current density, Gr concentration and amount of
NiSO4.6H,0O for the maximum value of the microhardness and polarization
resistance of Cu-Ni/Gr composite are 4, 6 A/dm?, 200 mg/L and 95 g/L,

respectively.
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Chapter 7

Overall Conclusions and Future Scope

7.1 Overall Conclusion

The overall conclusion of the thesis is presented based on work done in the individual
chapters. In the present thesis, two synthesis methods have been developed for the Cu-
Ni/Gr composite coatings using the electro-co-deposition method and for the Cu-Ni/Gr
composite powder using a modified electro-co-deposition method. The later method is
followed by the powder metallurgy method to fabricate Cu-Ni/Gr composite pellets. The
surface morphology, elemental composition, and microstructure of synthesized Cu-Ni/Gr
composite coatings and Cu-Ni/Gr composite powder samples have been studied in detail.
The effect of electrolysis parameters such as pH, current density, graphene nanoplatelets
concentration and amount of nickel sulfate on microhardness and polarization resistance of
Cu-Ni/Gr composite coatings prepared by the electro-co-deposition method are briefly
discussed. Also, the statistical modeling for the microhardness and polarization resistance
of Cu-Ni/Gr composites prepared by modified electro-co-deposition followed by powder
metallurgy method has been studied and discussed. The important results of present study

are summarized in the following paragraphs:

The Cu-Ni/Gr composite coatings have been successfully prepared by electro-co-

deposition method. The main conclusion can be stated as follows:

1. In chapter 4 and 5, the effect of various current densities (2, 4, 6 and 8 A/dm?) on
surface morphology, elemental composition, microstructure, mechanical,
tribological and corrosion properties of composite coatings was investigated. The
EDS analysis showed that the content of Gr in the Cu-Ni/Gr composite coating was
increased with an increase in current density from 2 A/dm? to 6 A/dm? and then
decreased with further increase in the current density to 8 A/dm? The XRD
analysis showed that the incorporation of Gr in Cu-Ni alloy coating influenced the
crystallite size. The crystallite size of the Cu-Ni/Gr composite coating was
decreased with an increase in current density from 2 A/dm? to 6 A/dm? and then
increased with further increase in the current density to 8 A/dm?. As the graphene
nanoplatelets content was increased, the crystallite size of the coating decreased,

which in turn increased the microhardness, corrosion resistance and decreased the
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coefficient of friction of the coating. The Cu—Ni/Gr composite coating reached the
maximum values of desirable properties at 6 A/dm2 of current density.

In chapter 4 and 5, the effect of various Gr concentrations (0, 100, 200, 300, and
500 mg/L) in the electrolyte bath on surface morphology, elemental composition,
microstructure, mechanical, tribological and corrosion properties of composite
coatings were investigated. The EDS analysis showed that the content of Gr in the
Cu-Ni/Gr composite coating was increased with an increase in Gr concentration in
the electrolyte bath from 100 mg/L to 400 mg/L and then decreased with a further
increase in the Gr concentration in the electrolyte bath to 500 mg/L. The XRD
analysis showed that the incorporation of Gr in Cu-Ni alloy coating influenced the
crystallite size. The crystallite size of the Cu-Ni/Gr composite coating was
decreased with an increase in Gr concentration in the electrolyte bath from 100
mg/l to 400 mg/L and then increased with further increase in the Gr concentration
in the electrolyte bath to 500 mg/L. The measured microhardness for Cu-Ni/Gr
(400 mg/L) composite coating increases by 44.17% compared to pure Cu—Ni
coating. Also, the average friction coefficient of Cu—Ni coating was decreased
from 0.74 to 0.27 when it was incorporated with graphene nanoplatelets. The
immersion study indicates that the incorporation of graphene nanoplatelets
stabilizes the corrosion potential and enhances the corrosion resistance.

In Chapter 6, the effect of electrolysis parameters on mechanical and corrosion
properties of Cu-Ni/Gr composite coatings was studied by statistical method using
Taguchi and variance analysis. By Taguchi and regression analysis, it was found
that the Gr concentration in the electrolyte is the most influencing parameter of the
process for microhardness and polarization resistance of the Cu-Ni/Gr composite
coatings. The other process parameters such as pH of the solution and current
density supplied showed less significance on the microhardness and corrosion
resistance of the Cu-Ni/Gr composite coatings. The addition of Gr decreases the
crystallite size of the coating and hence requires more power for penetration, which
results in a rise in microhardness. More concentration of the nickel sulfate in the
electrolyte results in increase in the amount of Ni in the Cu-Ni/Gr composite
coatings and improves the microhardness value. Also, graphene nanoplatelets act
as an inert physical barrier to the initiation and growth of corrosion defects and

hence improving the corrosion resistance
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The Cu-Ni/Gr composites have been successfully prepared by a modified electro-co-

deposition method followed by powder metallurgy method. The main conclusion can be

stated as follows:

4.

In chapter 3, the co-deposition of Gr, copper and nickel was carried out on the tip
surface of the cathode electrode during the modified electro-co-deposition method.
Arduino-controlled stepper motor mechanism was employed to tap the cathode
electrode during the deposition process to drop down the Gr reinforced Cu-Ni
matrix powder from the tip surface of the cathode. A modified electro-co-
deposition method eliminates the use of the ball milling step in the powder
metallurgy method, which helps to prevent Gr from structural damage during
processing.

In chapter 4, the effect of different concentrations of Gr (0, 50, 100, 150, 200 and
250 mg/L) in the electrolyte bath on the surface morphology, elemental
composition, microstructure, mechanical, tribological and corrosion properties of
the composites were systematically investigated. The reinforcement of Gr into the
Cu-Ni alloy matrix was confirmed from FESEM, EDS, XRD and HRTEM
analysis. The SEM analysis showed that the average particle size of pure Cu-Ni
alloy and Cu-Ni/Gr nanocomposite powder samples are in the range of 5-15 um.
The uniform dispersion of Gr into the Cu-Ni alloy matrix was observed from EDS
and TEM analysis. The Gr and Cu-Ni alloy particles interact at a molecular level
and hence dispersion takes place at a molecular level. The XRD analysis revealed
that the crystallite size of the Cu-Ni alloy powder sample was decreased by the
addition of Gr in the electrolyte bath up to 200 mg/L. When Gr concentration in the
electrolyte bath was 200 mg/L, the microhardness of 107 HV, friction coefficient
of 0.25, YS of 265 MPa and UTS of 299 MPa were achieved in Cu-Ni/Gr
composite, which were 84.5%, 55.3% 138.7% and 90.5% improvement over pure
Cu-Ni alloy. The fracture mode of Cu-Ni/Gr composite transforms from ductile
fracture to brittle fracture with an increase in Gr concentration. The reinforcement
of graphene nanoplatelets in the Cu-Ni alloy matrix fill the defects such as several
voids, gaps and cracks owing to its nano size, which contribute the outstanding
resistance to the Cu-Ni/Gr composite to undergo corrosion.

In chapter 6, the statistical study showed that the Gr concentration in the electrolyte
bath and amount of nickel sulfate in the electrolyte had the greatest influence on

the synthesis of Cu-Ni/Gr composites. The other electrolysis parameters such as the
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current supplied and pH of the electrolyte exhibited less significant effect on the

microhardness and corrosion resistance.

7.2 Future Scope of the Work

No research concludes with an absolute end. The proposed work can be extended in many
directions, which may lead to further investigations about Cu-Ni/Gr composites. From the

perspectives of present work, the following aspects can be investigated further:

1. The enhancement of mechanical, tribological and corrosion properties due to the
addition of Gr have been discussed. It would be of both academic and technical
interest to study the effect of Gr addition on the electrical and thermal properties of
Cu-Ni/Gr composites.

2. Study on computational techniques in Cu-Ni/Gr composites are not yet reported.
Computational techniques will help in predicting the properties of the composites

without even fabrication.
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