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ABSTRACT

Electroless nanocomposite coating on various substrate (metals, metal alloys, ceramics,
composite etc) has used for the enhanced the surface properties of substrates. Surface
enhancement of materials through the deposition of electroless nanocomposite coating is
a new process. Nano-sized second phase particles are co-deposited with Ni-P matrix on
the surface of substrate by the use of electroless coating process. Lots of outstanding
characteristics of electroless nanocomposite coatings have generated great interest in
numerous industries including construction, automotive, chemical processing,
manufacturing and materials handling, mining, gas and oil production, and electronic
industries. Some of outstanding properties of electroless nanocomposite coatings are self-
lubricating property, high hardness, superior wear and corrosion resistance in different

environments, uniform coating thickness and superb erosion resistance properties.

Electroless coating deposition is an autocatalytic process in which reduction of the
metallic ions in the deposition can be done through the oxidation of a chemical compound
present in the deposition bath itself i.e. reducing agent, which supplies an internal current.

In this process, external current source is not required.

The objectives of this research work were to synthesis of electroless Ni-P and Ni-P-TiO>
nanocomposite coatings on mild steel and to evaluate various characteristics of both type
of coatings. In the first phase of this research work, Ni-P coating and Ni-P-TiO>
nanocomposite coatings with various of concentration of nickel sulphate as a nickel
source, concentration of sodium hypophosphite as a reducing agent and concentration of
nano TiO; particles as second phase material were deposited on mild steel. In the second
phase of this research work, various characterisation methods were implemented to
evaluate properties of these coatings. Also, effects of various deposition parameters
including nickel and phosphorous contents on the properties of electroless Ni-P-TiO-
nanocomposite coatings on mild steel were broadly investigated. Furthermore, the effect
of inclusion of different concentration of nano TiO2 on various properties of these coating

was studied. Concentration of TiO- in the deposition bath was vary from 0.4 g/l to 2 g/l.



The results of this research work showed that the various properties of mild steel i.e.
corrosion resistance, wear resistance, microhardness and surface finishing are enhanced
by the deposition of the electroless Ni-P and Ni-P-TiO2 nanocomposite coatings on mild

steel.

The results of this research work showed that various characteristics of electroless Ni-P-
TiO2 nanocomposite coatings are directly related to the nickel, phosphorous, TiO>
contents of the coatings. FESEM and EDS analysis carried out on all Ni-P-TiO>
composite coatings samples revealed the co-deposition of nano TiO> particles into Ni-P
matrix and formation of a uniformly distributed homogeneous coating layer on mild steel
substrate. X-ray diffraction results also revealed that co-deposited second phase particles
(TiO2) did not influence the structure and phase transformation behavior. Microhardness
of the electroless Ni-P-TiO2> nanocomposite coating is 343 HVio (for 0.4 g/l TiO>
concentration) and 517 HVyo (for 2 g/l TiO2 concentration). Nanocomposite coating with
high TiO> concentration (2 g/l) shows decreased corrosion resistance compared to
nanocomposite coating with low TiO2 concentration (0.4 g/l). Wear during the pin-on-
disc tests of coatings under 5 N load and 500 m sliding distance are calculated by weight
loss methods. Wear loss is decreased with increased concentration of nano TiO> particles
in the deposition bath. Wear resistance property of the material is inversely propositional
to the wear loss. Wear resistance of the nanocomposite coatings are increased when the

concentration of nano TiO2 particles is increased.

The study showed that incorporation of TiO: in coating causes increasing of corrosion
resistance, microhardness, wear resistance and improved surface morphology. The
improvement in surface properties offered by such composite coatings will have a
significant impact on numerous industrial applications as aerospace, marine, automotive,
military, oil and gas production etc., and in the future, they will secure a more prominent

place in the surface engineering of metals and alloys.
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Chapter 1

INTRODUCTION

1.1. Background

Mild steel has extensive use in construction, automotive, machining, marine, military,
chemical processing industry, oil and gas production, mining and material handling
application due to the mechanical, physical, electrical and magnetic properties. Due to
it’s versatility, cost-effective and easy to manufacture quality, mild steel is a commonly
used material by the various industries. Mild steel has some adverse characterization
such as wear, corrosion, erosion-corrosion, and finishing at the surface on different
working conditions with some advantages. For the advancement of the surface of mild
steel to increase its engineering application, surface modification of mild steel is

needed.

Surface coatings have been used for hundreds of years and electroplating started in
1800’s. Subsequently, last 50 years, continuous progress has been taken place to
increase the types and performance of coatings. In recent years, various researches have
done widespread research on electroless nickel deposition particularly on electroless
cermet/ nanocomposite coating as well as the co-deposition of silicon nitride, diamond,

silicon carbide titanium oxide, and aluminum particles.

Electroless deposition is a category of the process in which plating is deposited with the
use of a reducing agent chemical in solution and without the use of any external current
source. Autocatalytic plating, a synonym of electroless deposition, is well-defined as
the film formation of a metallic plating through a precise chemical reduction that is
catalyzed by the metal or metal-alloy being deposited. In addition, electroless plating as
compared to traditional electroplating processes can be used on numerous substrates
(electrically conductive and nonconductive), since no external electric power is

supplied to the element.

The co-deposition of composite materials with electroless plating is called as electroless
composite plating. Electroless composite coating becomes electroless nanocomposite
coating, if the thickness of the obtained coating or embedded particles that are dispersed



into the Ni-P coating in the nano size (less than 100 nanometers). The clue of co-
depositing several nanosized second phase materials in the electroless nickel plating
bath, to take advantage of their uniformity in coating thickness, hardness, corrosion
resistance, chemical resistance, thermal resistance and wear resistance and is led to the

generation of electroless nanocomposite plating.

Electroless nanocomposite coatings have been broadly applied in mechanical,
automobile, electronic, chemical and oil production industries because of their
hardenability, wear resistance and corrosion resistance. Co-deposition of nano TiOzinto
Ni-P coating improves the properties such as thermal resistance, wear resistance or
corrosion resistance and improve the performance of the coating. In 2008, A. Abdel Aal
et.al. reported electroless Ni-P-TiO2, composite coating through variation in
concentration of nano TiO particles on commercial carbon rod. In 2010, Weiwei Chen
et.al. worked on the electroless deposition of novel Ni-P-TiO2 nanocomposite coating
on commercial AZ31 Mg alloy. In 2013 and 2014, Preeti Makkar et. al. worked on the
preparation of nanosized TiO2 powder and synthesis of Ni-P-TiO> nanocomposite
plating on mild steel discs. As T.R. Tamilarasan and his team (2015) mentioned in their
work, Ni-P and Ni-P-TiO. coatings on low carbon steel were developed by the
electroless coating process and they studied effects of two surfactants (SDS and DTAB)
on the properties of the coatings. In 2015, Xiaoyan Wu et. al. synthesized electroless
Ni-P-TiO2 nanocomposite coating on 211Z Al alloy and they investigated the properties
of 211Z Al alloy with electroless Ni-P alloy and Ni-P-TiO2 nanocomposite coating.
Electroless Ni-P-TiO2 nanocomposite plating on various substrates have shown
excellent properties such as good corrosion resistance, superior wear resistance,

superior mechanical properties, solderability, and uniform coating thickness.

As research work recorded in literature, synthesis of electroless Ni-P-TiO>
nanocomposite plating was done on magnets, carbon rod, stainless steel, Al alloy, and
AZ31 Mg alloy. Work on the deposition of electroless Ni-P-TiO2 nanocomposite
coating on mild steel is limited till date. Characterization studies of electroless Ni-P-
TiO2 nanocomposite coated mild steel such tribological study and mechanical properties

evaluation are also limited.



1.2.  Objectives

On the basis of research gaps, the primary aim of this research work was to improve the
wear resistance and corrosion resistance properties of mild steel by the deposition of
Ni-P-TiO2 nanocomposite coating on the mild steel by an electroless deposition method.
To achieve the primary objective of this research work, the following specific objectives

were carried out:

e Synthesis the electroless Ni-P coating and Ni-P-TiO2 nanocomposite coatings
with a variation on the concentration of TiO2 on the mild steel substrates.

e Effect of phases presented in the electroless Ni-P and Ni-P-TiO2 nanocomposite

coatings.
e Effect of the surface texture of these coatings on their properties.

e To evaluate and compare the corrosion behavior of the uncoated mild steel, Ni-
P coated mild steel and Ni-P-TiO2 nanocomposite coated mild steels with

various concentration of nano TiO> particles.

e To evaluate and compare the microhardness of the uncoated mild steel, Ni-P
coated mild steel and Ni-P-TiO2> nanocomposite coated (with various

concentration of nano TiO particles) mild steels.

e Toevaluate and compare the wear resistance property of the uncoated mild steel,
Ni-P coated mild steel and Ni-P-TiO2 nanocomposite coated mild steels with

various concentration of nano TiOz particles.

1.3. Thesis outline

The matter of this thesis is constituted of six chapters. Chapter 1 consists of the
introduction of this thesis and chapter 2 consists of a literature review on electroless
nanocomposite coatings on different substrates. Parameters optimization for the
synthesis of the electroless Ni-P coating and Ni-P-TiO2 nanocomposite coating on mild
steel specimen are discussed in chapter 3. Experimental procedure for this research
work is given in chapter 4. Chapter 5 assigned to show the obtained results and
discussion. Chapter 6 presents conclusions obtained from this study and probable future

research work. The research work in this study is schematically shown in Figure 1.1. In
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the first phase, including the first stage of this study, electroless Ni-P and electroless
Ni-P-TiO2 nanocomposite coatings on the mild steel were developed. In the next phase
of this study, several microstructural, mechanical (wear-resistance and microhardness),
physical and electrochemical properties of both type electroless coatings were

investigated.

Ni-P alloy
coating Electroless
\ coatings synthesis

Ni-P-TiO, on mild steel
nanocomposite
coating

Phase Two

Electroless
coatings
characterization

Phase One

Microscopic Physical )

. sica .
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X-Ray diffraction
SEM analysis Corrosion study
EDS Elemental ’ Microstructure
Mapping
. Surface Roughness Microhardness
Wear analysis

measurement measurement

Figure 1.1: Outline of the research work

Chapter 1 presents an introduction to the necessary background of this research work

including the objectives of this research work followed by the thesis outline.

Chapter 2 provides a critical review of the surface engineering of the engineering
components as well as fundamental of the electroless nanocomposite coating and its
types, mechanism, properties, and applications. Bath chemistry during the electroless
Ni-P and Ni-P-TiO2 nanocomposite coatings and properties of these coatings have also
thoroughly been reviewed. Surface structure, phase analysis, physical properties, wear
analysis corrosion analysis and other characteristics of the electroless coatings on
different substrates have been also reviewed in this chapter. Research gaps between

previous work done in this field and the present study are mentioned in the same chapter.

Chapter 3 deals with the optimization of the parameters for the synthesis of Ni-P

coating and Ni-P-TiO2 nanocomposite coatings on mild steel. Parameters optimization



included the selection of suitable parameters for the coatings such as bath loading, the
temperature of the chemical bath, pH of the bath and the time period for deposition.

Chapter 4 contains the materials and experimental procedure used to complete this
research work. Chapter four has four sections. Compositional analysis of mild steel is
given in the first section. The second section of this chapter focuses on the procedure
of substrate preparation. The deposition method of electroless Ni-P-TiO>
nanocomposite coatings on the mild steel is given in the third section of this chapter.
The obtained coatings were characterized in term of microstructure, chemical
composition, phases present, coating roughness, microhardness, corrosion resistance

and wear resistance. Details of these characterizations are mentioned in section four.

Chapter 5 presents the results obtained from the experiments and their discussion.
Firstly, the electroless Ni-P coating on mild steel substrate is characterized in term of
presented phases, microstructure, roughness, microhardness, tribological and
electrochemical properties followed by detailed discussion. Then results related to the
characterization of electroless Ni-P-TiO2 nanocomposite on the mild steel are discussed.
Properties of mild steel enhanced by the electroless Ni-P and Ni-P-TiO2 nanocomposite

coatings which are discussed in the last section of this chapter.

The research work of this thesis is concluded in chapter 6. The scope of further

investigation is also included in the same chapte



Chapter 2

LITERATURE REVIEW

The second chapter has an inclusive review of the literature correlated to surface
engineering, enhancement of surfaces of engineering materials, surface coating, types
of surface coating, electroless coating, types of electroless coating, electroless Ni-P
coating, mechanism of the electroless Ni-P coating and electroless composite coating.
Electroless composite and nanocomposite coatings are also deliberated.
Electrochemical and tribological studies of nanocomposite coating are also added in the
second chapter. After a review of the available previous literature, the research gap
between literature work and this research work has been added at the last section of this
chapter.

2.1. Surface engineering

Engineering which deals with the materials surfaces, their surface properties,
modification of surfaces by surface treatments is called surface engineering. Surface
engineering is a process used to improve surfaces properties of engineering components

thus their performance, function-ability and service life can be enhanced [1-3].

According to ASM Handbook, surface engineering is described as “operation of the
materials surface and nearby surface zones of material to permit the surface to do
functions which are separate from those functions required from the bulk material” [1].

According to Ian Hutchings and Philip Shipway, surface engineering is defined as “it is
a process of altering or coating the surface of the engineering components to improve

its properties and has a vital role to play in tribology” [4].

Reyna Areli Vazquez Aguilar says that engineering components are manufactured using

surface engineering processes and advanced materials in order to minimalize wear loss

[5].

According to Gary P. Halada and Clive R. Clayton, “the role of surface engineering is
to create a substrate/surface system which ensures dependability of structures

manufactured for use in demanding service environment” [6].
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A. Matthews said, “normally, such as the importance of surface engineering to product
quality and reliability, it is necessary that design engineers and other involved in
optimizing performance and preventing failure have a reasonable knowledge of the

main features of the coating and treatment methods at their disposal” [7].

According to Lee and Daeyeon, “surface engineering of a range of materials together
with colloidal particles and porous membranes has been accomplished by
exploitation of a layer-by-layer assemblage of pH-sensitive polymers and

nanoparticles” [8].

In the surface engineering casebook, surface engineering is described as, “it is a speedily
developing discipline which allows the design and production of metal, polymer,
composite and ceramic systems, with exclusive combinations of surface and bulk

properties obtainable in neither the surface nor the bulk material alone” [2].

Improve corrosion
resistance

Improve wear
resistance

Improve oxidization
resistance

Enhance electrical Enhance mechanical

properties properties (hardness,
Surface fatigue resistance)
Enhance electronic Engineering .
properties Increase product-life

Reduce emissions
and environmental
waste

Reduce frictional
energy and losses

Reduce maintenance
cost

Figure 2.1: Importance of surface engineering

As above mentioned, surface engineering is defined by various researchers. According
to these definitions, surface engineering is used to enhance the surface properties of
materials by the modifying their surfaces. Under surface engineering processes,
painting, electroplating, galvanizing, thermal and plasma spraying, nitriding, and
boriding etc these all come [1-8]. Figure 2.1 is showing the importance of surface

engineering in different fields.



By the use of surface engineering, the characteristics of the engineering components are
changed, which are given below [1-8]:
e Enhancement of the corrosion resistance, wear resistance, oxidation resistance
properties.
e Improvement of mechanical properties (hardness, fatigue resistance),
electronics properties, electrical properties, and thermal insulation.
e Reduction in the maintenance cost, emission and environmental waste and
frictional energy losses.

e Extend the product life.
2.2. Surface coating

A material coated to other substrates to alter the physical, metallurgical, mechanical,
electrical, electrochemical and magnetic properties of the surface such as color, luster,
resistance to oxidation, resistance to wear, hardness, resistance to chemical attack
without affecting the bulk properties. Surface coatings have been used for hundreds of
years and electroplating began in 1803. Since the last 50 years, continuous development
has been taken place to increase the type and performance of coatings [9-17].
According to Sunil Takalapally et.al., “Coating” means a material applied to another
material to modify the surface gloss, color, resistance to chemical attack or wear or
oxidation, or permeability, without altering the properties of bulk. Basically, coatings
are classified into two groups; decorative coatings and protective coatings or functional
coating [18].

Patrik Karlsson said that extended service life, capability to bear greater loads, easy
maintenance, low cost of maintenance, environmental gain in protection of resources,
better response in Kinetic systems, lesser energy consumption, resistance to corrosion,
friction and wear, use of low-cost base material, etc are just some good reasons for
coating machine parts and engineering components. According to him, coating
techniques are categorized into three groups: solid phase, liquid phase and vapor phase
[19].

According to Munger and G. Charles, “protective surface coatings are an exclusive

method of corrosion and wear control. These coatings used for a long-term shield from



a wide range of eroding environments, covering form atmospheric exposures to full

immersion in strong corrosive solution” [20].

According to Daniel Woldegebriel Gabretsadik, “one of the significant approaches in
enchanting friction and wear resistance of surfaces is deposition of surface coatings”

[21].

According to L. Bonin and V. Vitry “surface coating has been widely used in the
engineering industry as a method that decreases surface reactions such as wear and

corrosion and, in addition, helps better surface finishing” [22].

In surface engineering casebook, coatings techniques are grouped into two categories

as given below;
e Traditional techniques
e Advanced techniques

Painting, electroplating, plasma and hypervelocity spraying, weld surfacing, nitriding
and carburizing are included in traditional techniques. Chemical vapor deposition,
physical vapor deposition, laser surfacing, ion mixing, and ion implantation come under

advanced surface engineering techniques [2].

Figure 2.2 is showing the classification of surface engineering processes. According to

A. Matthews, the film deposition processes divided into the following three categories;
e (Gaseous state deposition processes
e Solution-state deposition processes
e The semi-molten state deposition process

In gaseous state coating processes include surface coating through a vapor or gaseous
phase to modifying the surface of substrates. Generally, physical vapor deposition
(PVD) and chemical vapor deposition (CVD) come in the gaseous state deposition
processes. In solution state processes, aqueous solutions are usually used and coating
can be possible on metallic and non-metallic substrates. Electroplating and electroless
plating come in the solution state processes. The main benefit of the solution state
coating process is that these types of coating have no lower or upper limit on thickness,

unlike CVD and PVD processes, which, because of stress develop leading to debonding,

9



are typically used for coatings less than 10 pum thick during the hard-ceramic deposition.
Within, molten and semi-molten state processes may be covered laser surface

treatments, thermal spraying and electro-spark deposition [7].

Figure 2.2: Classification of surface coating methods [7]
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For the selection of coating materials, an assessment of all applicable features such as
given below shall be conducted [1].

e Corrosion, oxidation, and wear protection properties.

e Necessities to health, environment, and safety.

e Belongings of application conditions, equipment, and personnel.
e Economical cast and availability of coating materials.

The current review on the surface coatings presented different types of coating
techniques and characteristics of the surface coating. Surface coating against the
corrosion, oxidation, friction, wear, chemical attack, environmental attack, and
corrosion-wear are extensively used in various industries: food packaging, automobile,
aerospace, glass, and ceramic manufacturing, cutting tools, metal processing, oil and
gas production, chemical processing, paper industry, printing industries, medical,

military applications and waste management [7-21].

There are uses of electroless nickel in many fields such as thermal barrier coatings
(TBCs), corrosion and oxidation barrier coatings and composite coatings. In recent
years various research has been done on electroless nickel deposition especially on
electroless nickel deposition especially on electroless nanocomposite plating or
electroless cermet with co-deposition of soft/hard particles of silicon carbide, diamond,

titanium oxide, silicon nitride, and alumina.

2.3. Electroless coating

The electroless coating method is a type of solution state processes [7]. In 1844, Wurtz
noted a chemical accident corresponds to the electroless deposition of nickel metal from
aqueous solution in the existence of hypophosphite [23]. Electroless deposition method
first time successfully used by Brenner and Riddell in the 1940°s [17, 24-26]. At general
american transportation corporation (GATC) during the 1954-1959 period, Gutzeit
conducted research on extensive development of electroless coating by chemical
reduction without using other things, as an alternative method to usual electroplating
[27-28]. If the electroless coating method compared to traditional electroplating
depositions, electroless plating can be used on different materials (conductive and
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nonconductive) meanwhile no external electricity is applied to the constituent. The
electroless coating is described by various researchers, some of those are given below;

“Electroless coating is unquestionably the most important catalytic coating process that
outcomes in uniform deposits in use today” [29].
-MA Azmah Hanim

“The technique of EN deposition is one in all of the modish processes existing for the
synthesis of alloy deposits. This method contains the autocatalytic reduction reaction,
at the surface and solution interfaces, of cations by electrons released from presented
reducing agent permitting simultaneous deposition with reduced metallic nickel so as

to synthesis alloys (binary or tertiary or quaternary alloys coatings)” [30].
-P. Gillespie

“Electroless coating is also called a chemical coating. It is a method for producing a
thin metallic film on all types of materials such as metal, metal-alloy, plastics or
ceramics at room temperature by just dipping and holding the substrate materials in the
chemical bath” [31].

- Izumi Ohno

“Electroless nickel coating is an autocatalytic chemical process in which the chemical
compound used as a reducing agent is oxidized and reduced Ni** ions are deposited on

the material surfaces” [32].
-Ray Taher

“Electroless coating is a chemical reduction method, depends upon the catalytic
reduction of a metallic ion in an aqueous solution containing a reducing agent and
therefore the sequent deposition of the metallic material while not the employment of
electricity” [33].

-J. N. Balaraju and S. K. Seshadri

According to Jothi Sudagar et.al. “electroless technique is an autocatalytic process
within which the reduction of the metallic ions within the chemical solution and
therefore the coating will be dispensed through the chemical reaction of a chemical
compound present in the deposition itself, i.e. reducing agent, that provides an inside

current” [34].
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Preeti Makkar et.al. mentioned in their research paper, electroless plating is one of the
reliable and efficient surface engineering methods used in industries to enhance the
physical, metallurgical, mechanical and electrochemical properties due to its uniform

deposition at the entire surface, excellent wear and corrosion resistance [35-38].

On the basis of above-mentioned definitions, it can say that electroless coating
technique is an autocatalytic process in which the reduction of the metal ions within the
solution and the layer deposition will be done through the oxidation of a chemical
compound present in the solution itself, i.e., reducing agent, which supplies an internal
current [32-43]. In simple words, the method used to deposit without external electric
power called electroless plating. Electroless plating methods used to deposit metals like,
Ni, Co, Pd, Cu, Au, and Ag with or without P or B are currently known [44-58]. The
basic difference between cell setup of electroplating method and electroless deposition
method is shown in Figure 2.3. In the experimental setup of electroplating, anode,
cathode and external current source are required while in experimental setup of

electroless coating, the external current source is not required [34].

|~  POWER 0 @

ANODE CATHODE
Substrate Electrolyte

Figure 2.3: Electrodeposition cell set up (left side) and electroless deposition cell
set up [34]

The electroless coating is the most important catalytic coating process in the current
scenario. The main components of the electroless coating bath are a metal ions source,
a reducing agent, stabilizers, buffer-solution, suitable complexing agents and energy. In

case of electroless nickel coating, nickel sulphate, nickel chloride or nickel acetate are
13



preferred as the source of nickel cations and the four reducing agents such as sodium
borohydride, sodium hypophosphite, dimethylamine borane, and hydrazine are used.
As complexing agents, the additives are referred. Group VI elements (S, Te, Se etc)
compounds, compounds containing oxygen (AsO2, MoO4~ etc), unsaturated organic
acids (itaconic, maleic etc) and heavy metal cations (Sn**, Sb™" etc) are referred as
stabilizers [34, 59-63]. In electroless nickel deposition, a surface reaction constitutes
five small steps [44, 64-65];

e Diffusion of reactants to the surface;

e Adsorption of reactants at the surface;

e Chemical reaction on the surface;

e Desorption of products from the surface;

e Diffusion of products away from the surface

Mechanism of the electroless deposition are explained in term of certain characteristics

of the electroless process as mentioned below [34, 44];

e Always by the evolution of Hz, the reduction of nickel happens.

e The deposit is not pure nickel because the deposit contains either P, B or N,
depending on the used reducing medium.

e On the surface of certain metals, the reduction reaction takes place, but must
also take place on the depositing metal.

e Asaby-product of the reduction reaction, hydrogen ions are generated

e For depositing metal, the utilization of the reducing agent is not 100 percent.

e The molar ratio of deposited nickel to consumed reducing agent is generally less

than or equal to one.

Electrochemically, an electroless coating reaction can be viewed as the combined

response of two separate electrode reactions as given below [64];

e Partial cathodic reactions, e.g. reduction of metal ions

e Partial anodic reactions, oxidation of the reductant

Reducing agents supplied the electrons essential for the reduction of metal ions. For the
electroless nickel coating with sodium hypophosphite reducing agent, the partial
cathodic and anodic reactions are generally written as following manner [44, 64];

14



Anodic reaction (oxidation of H2PO>)
H2PO2 + H2O — HaPO3 + 2H + 2e
Cathodic reactions

Ni™" +2e"— Ni

2H" + 2e"— H>

H,PO2+ 2H* + e — P + 2H20

...

2.3.1. Composition of the electroless coating bath

The chemical bath is prepared with chemicals for electroless coating as described in

Table 2.1.

Table 2.1: Components/parameters of electroless bath and their work [34]

S.No. | Component/Parameter | Function

1 Source of metal-ions Provide the metal

2 Reducing agents Provide electrons and reduce the
metallic ions

3 Complexing agents Avoid the precipitation of metal
source,
Reduce the free metal ions
concentration, and exert the buffering
action

4 Stabilizers Steady the bath from random
breakdown by protective catalytically
active deposition, and prevent the
homogeneous reaction

5 Accelerators boost the reducing agent for the
reduction reactions and increase the
rate of deposition

6 Buffers Maintain the fix pH for a long time

7 pH regulators pH adjustment

8 Temperature Energy for catalytic reactions and
deposition
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Effect of Bath Loading: The ratio of the total exposed surface area of the work-piece
to the volume of solution in the container is defined as bath loading.

) surface of the work piece
Bath loading =

volume of the solution

Commercial deposition solutions are functioned in 0.1-1.0 dm?#/I bath loading range
dependent on the solution concentration in the bath [Reidel, 1997]. Figure 2.4 and 2.5
demonstrate the result of bath loading on the rate of deposition. As results revealed in
Figure 2.4 and 2.5, the rate of deposition reduces with increasing bath loading. Hence,
an optimal bath loading is essential to afford the suitable deposition rate as well as bath
efficiency [32].
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Figure 2.4: Effect on deposition rate due to the varying bath load and
temperature [MFPP-Process Guide]
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Figure 2.5: Effect on deposition rate at different bath load [Grunwald, 1983]
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Taheri, Ray et. al. also said that variation in concentration of nickel salt has no clear
effect on the reduction-rate of nickel but variation in concentration of hypophosphite
affects the process noticeably. Even though the increase in concentrations of
hypophosphite improves the nickel reduction rate, a further amount of reducing agents
mustn’t be used as this could cause bulk reduction of chemical solution. The suitable
quantity of the hypophosphite can be selected by the bath condition observation during
the deposition reaction. Less amount of Hx is a sign of a low hypophosphite

concentration and a vital Hz evolution shows extra hypophosphite [32].

2.3.2. Types of electroless plating

Classification of the electroless coatings is shown in Figure 2.6. Electroless coatings
can be categorized into three main groups like [34, 44, 66];
I.  Electroless pure metal coating (pure nickel coating) [34, 66-70]
ii.  Electroless alloy coating (Ni-B, Ni-P, Ni-Co-B, Ni-Cu-P etc.) [34, 44, 66, 71-
83]
iii.  Electroless composite coating (Ni-B-SiC, Ni-P-SiC, Ni-B-Al>O3, Ni-P-Dimond
etc.) [34, 44, 66, 80]

Electroless coatings can be also classified on the basis of reducing agent [34];

i.  Electroless Ni-P coating (reducing agent - sodium hypophosphite)
ii.  Electroless Ni-B coating (reducing agent - amino boranes and sodium
borohydride)

iii.  Electroless pure nickel coating (reducing agent - hydrazine)

For a specific application such as electronics (semiconductor) application, electroless
pure nickel coating have great use. During the deposition of electroless pure nickel
plating, hydrazine is used as a reducing agent. The hardness of electroless pure nickel
deposit is ~ 455 HV. This type of coatings is not much used by the industry because of
hydrazine cost and hazards [44, 67-70].

Electroless alloy coating is an auto-catalytic reaction method applied to deposit a film
of nickel-boron alloy or nickel-phosphorus alloy or other alloys on the surface of the
solid materials, such as metal, ceramic, glass and plastic [34, 44, 66]. The electroless
nickel coating is a different technique to synthesise boron or phosphorus alloy with
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varying composition. Dependent on the construction and the chemistry of process, for
boron, deposit compositions have been varied from 0.1 to 10 wt.% and 1 to 15 wt.% for
phosphorous. This variation in the content of deposit alloys shown noteworthy
advantages. Characteristics of deposited nickel-boron or nickel-phosphorus coating are
relatively brittle, even, easily-solderable, hard, lubricious, and highly
oxidation/corrosion resistant. These properties combination makes the coatings suitable
for numerous applications and permits them to be used in the more expensive
application or less willingly available alloys [80-120]. With a few differences, mostly
the properties of nickel-boron are similar to that of nickel-phosphorous. Heat-treated
nickel-boron alloy coating has a very high hardness similar to hard chromium. This
coating also has outstanding resistance to abrasion and wear. Nickel-boron film is
pricier than nickel-phosphorous while it has reduced corrosion resistance [80]. Similar
to binary alloys (nickel-boron, nickel-phosphorous etc.), Pollyalloys (ternary and
quaternary alloys) also deposited by the electroless coating methods. Some ternary and
quaternary alloys i.e. Ni-Cu-P, Ni-Cu-B, Ni-Sn-P, Ni-W-B, Ni-W-P, Ni-P-W, Ni-Fe-P,
Ni-Zn-P, Ni-Co-P, Ni-Co-Fe-P, Ni-W-Cu-P etc. have been broadly applied in different
engineering components because of their electrical, superior mechanical, electronics,

and magnetic properties [34, 120-133].

Pure metal
coating

Composite
coating

Alloy coating

Figure 2.6: Types of the electroless coating [34, 66]
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Even though electroless nickel alloy coatings can be applied for the fulfilling numerous
engineering purpose, but important of enhanced properties i.e. anti-sticking, wear
resistance, higher hardness, lubricity, oxidation resistance, and corrosion resistance has
focused to the inclusion of several hard and soft particles in the electroless nickel-
phosphorous/boron matrix [33-38, 134-157]. These particles selection based on the
precise properties which are desired. For the tribological use, electroless nickel-
phosphorous/boron composite coatings can be divided into two types, i.e. anti-wear
composite coatings and self-lubricating composite coatings, on the basis of the
categories of the incapacitated organic and/or inorganic particulate materials. The
electroless nickel-phosphorous/boron composite coatings for lubrication purpose for the
engineering components generally contain embedded solid particles like poly tetra
fluoro ethylene (PTFE), WSz, MoS, and graphite. This type of coatings has low friction
coefficient compared to electroless nickel-phosphorous/nickel-boron alloys plating. In
the same way, the anti-wear composite coatings are co-deposited with particles of hard
material i.e. B4sC, WC, Al:O3, SiC, diamond, and TiO2. Numerous Ni-P/B based
composites coatings have been developed such as Ni-SiO2-B, Ni-P-SiO2, Ni-P-ZrO,,
Ni-P-Al203, Ni-Al203-B, Ni-P-SiC, N-P-WC, Ni-P-B4C, Ni-Dimond-B, Ni-P-
Diamond, Ni-P-PTFE, Ni-P-BN, Ni/CNT, Ni-P-CNT, Ni-P-SizNa4, Ni-P-Gr-SiC, Ni-P-
ZnO, Ni-P-K>TisO13 whiskers, Ni-WC-B, Ni-SiC-B, Ni-P-PTFE-SiC, Ni-P-CNT-SiC,
Ni-P-TiO2, Ni-Mo-P/PPS, Ni-P-Cr,03 [34, 134-173].

2.3.3. Key benefits of electroless plating

In engineering applications, electroless plating is a plating method that has numerous
advantages over the electroplating process. Some of these given below [34]:
e Deeply recessed areas and complicated shapes (e.g. through-hole) can be coated

by the electroless plating process, which is tough to plate through electroplating.

e Electroless plating process does not include external electric current passing
through a plating solution, while in case of electroplating external current is
required [11-16, 44].

e Unlike electroplating process that can cause extreme build-ups of coating on
edges and corners, electroless plating can produce a coating that has a uniform
and can homogeneously cover the whole surface of a complicated shape [39].
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e The electroless process can produce a coating that is homogeneous across the

coating’s thickness.

e Itis possible to reduce the production cost through implementing the electroless
method, as like in the electroplating process, it does not involve complex and

arrangements that are often costly to produce and set-up.

e Electroless deposits are often much superior to that of electroplated deposits
because the deposits are dense (less porous) and thus provide better protection
to corrosion of steel-based substrates [34].

2.4.  Electroless Ni-P coating

Since the early 1980’s, electroless Ni-P alloy coating has been used progressively in
numerous industries [41, 55, 174]. Few of the excellent properties of this coating are
higher corrosion and oxidation resistance, deposit uniformity, wide-thickness range as
well as electrical, physical and mechanical properties, good solderability, and surface
lubricity [32, 89-90, 105-107, 110-113, 174-176]. Electroless nickel-phosphorus
coatings are usually used either decorative or functional coatings in several industries,
such as automotive, optics, plastic, petroleum, electronics, chemical, aerospace, textile,

nuclear, mining, computer, food, and paper [32, 44-45, 57, 175]

An electroless Ni-P deposit is a pore-free alloy of nickel and phosphorus [65]. The
quantity of P deposited is in the range <1% - 15%, dependent on bath constitutions, bath
age, and working pH. Usually, electroless Ni-P deposits identify on the basis of their
phosphorus content in the deposits, example: low phosphorus, medium phosphorus,
high phosphorus [34].

a) Low phosphorus (2-5% P): Electroless Ni-P coatings with low phosphorous
content have a crystalline structure. These types of deposits provide excellent
wear resistance. In concentrated caustic soda, they also have outstanding

corrosion resistance.

b) Medium phosphorus (6-9% P): As-deposited Ni-P coating is a combination of
microcrystalline and amorphous nickel at medium phosphorus levels. Their
resistance of abrasion and resistance are good enough for the maximum

application.
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¢) High phosphorus (10-15% P): Electroless Ni-P coatings with high phosphorous
content have an amorphous structure. These types of deposits are ductile and
anti-corrosive. Mainly, they show anti-corrosive nature against chlorides and

simultaneously they have mechanical stress.

As the above classification of electroless Ni-P deposits say that Ni-P deposits are
structurally crystalline, semi-crystalline and amorphous due to the concentration of P.
Ni-P nanocrystalline deposits exhibit non-magnetic nature, wear resistance, high
hardness, low friction coefficient, and superior activity of electro-catalytic [32, 175-
176]. An alloy of the nickel and phosphorous is thermodynamically unstable and during
the heat treatment, ultimately form FCC nickel crystal and BCT NisP compounds as
stable structures. In the literature, many studies have been described the microstructures
of the coating as deposited form and stable phases in the heat-treated form. For low
phosphorus nickel and medium phosphorous nickel deposits, first of all, nickel crystal
precipitated and followed by NisP though in high phosphorous coating first of all NisP
and (or) NixPy compounds such as Ni2P, NisP2, NizP3 and Ni12Ps occur. Generally, by
the use of suitable heat treatment Ni-P coating’s hardness can be enhanced, that can be
ascribed to fine nickel crystallites and hard inter-metallic NisP precipitated within

crystallization of the amorphous phase [32].

2.4.1. Chemical reactions involved in the electroless Ni-P coating process

In this chapter, four mechanisms of electroless nickel-phosphorous deposition proposed
by various researchers have been discussed to describe the principle reaction
mechanisms involved in electroless nickel deposition. These mechanism schemes
attempt to describe nickel reduction by sodium hypophosphite in acidic and alkaline
bath and a secondary reaction of conversion of hypophosphite to elemental phosphorous
[24-28, 56, 64].

15t mechanism:

The first proposal mechanism of electroless nickel-phosphorus deposition reaction was
modified by Brenner and Riddell. They said that the actual nickel reductant is atomic
hydrogen. This atomic hydrogen acts by heterogeneous catalysis at the catalytic nickel
surface [24-28].
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By the reaction of hypophosphite with water, the atomic hydrogen is generated:

HPO, + H,0 =» H,PO; +2H,y v)

The absorbed atomic hydrogen at the catalytic surface reduces nickel ions:

Ni¥24+ 2H_, — (Ni¥2 4+ 2HT+2e) = Ni®+ 2HT ... (vi)
The evolution of hydrogen gas:

2H - H+H = H, (vii)

Gutzeit agrees with Brenner-Riddell reaction mechanism and attributes the evolution
of atomic hydrogen and formation of the metaphosphate ion:

cat

H,PO; — PO + 2H
The formation of hydrogen ion and an orthophosphate molecule:
PO; + H,0 — HPO;*+H" (ix)

Formational of elemental phosphorous due to the secondary reaction between atomic

hydrogen and hypophosphite

H,PO; +H — P+ OH™ +H,0

Although this mechanism has the support of several authors, it fails to describe certain
other phenomena and it is not explained the reason behind less than 50 percent

stoichiometric utilization of hypophosphite.
2" mechanism:

The hydride transfer mechanism is known as the second mechanism of nickel-
phosphorous deposition. The first time, this mechanism was suggested by Hersch.
Hersch supposed that hypophosphite acts as the hydride ions donor. This mechanism
was advanced by the Lukes [56].

At the catalytic surface, the reaction of water with hypophosphite:

In acidic solution
cat
2H,PO; + 2H,0 — 2H,PO; + 2H* +2H™ (xi)
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In alkaline solution

car
2H,PO; + 60H™ — 2H,P0; +2H,0+ 2H™ ... . (xii)

Nickel ion reduction:
Ni*24+ 2H™ — (Ni¥?+ 2e”+2H) = Ni+H, . (xiii)

The reaction between the hydride ion and water or hydrogen ion:

Acid

HY™+H - H, (xiv)
Alkaline

H,0+H = H,+ OH™ (xv)

Lukes said that the hydrogen ion which reveals as hydride ion was attached to P in
hypophosphite. The second mechanism gives a reasonable description for joined
reduction of nickel and hydrogen.

3 mechanism:

The third mechanism of nickel-phosphorus deposition was proposed by Brenner and
Riddell and modified by other researchers. This mechanism is also called

electrochemical mechanism [24-26, 64].

By the reaction between water and hypophosphite, electrons are formed:

Anodic reaction

H,PO; + H,0 — H,PO; + 2H" +2e~, E°=050V ... (xvi)
Utilization of electrons generated in Eq. (xvi):

Cathodic reactions

Nit®+2e - Ni®, E®= —025v (xvii)
2H* + 2e - H,,E°=0.000Vv . (xviii)
H,PO; + 2H" 4+ e = P + 2H,0 E’=050V . (xix)
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On the basis of the third mechanism of nickel-phosphorus deposition, it can say that
during nickel deposition, the evolution of hydrogen gas takes place. This mechanism

also says that nickel ion concentration should significantly affect the rate of deposition.
4™ mechanism:

Forth mechanism of nickel-phosphorus deposition was proposed by Cavallotti and
Salvago and supported by Randin and Hintermann. This mechanism involves the
coordination of Hydroxyl ions and hexaquonickel ion [108].

At a catalytic surface, reduction of nickel can be shown by the following reactions:

2H,0— 2HT+20H° (xx)
Ni(H,0)g" + 20H™ — [Ni(OH)ly +2H,0 (xxi)
[Ni(OH),]uq +H,PO; = NiOHZL \H,POT vyy (xxii)
NiOH.4 + H,PO; — Ni° + HPO;+H (xxiii)
Hydrogen atoms react and evolve hydrogen gas

H+H = Hy, (xxiv)

Phosphorous co-deposition by the direct nitration between the catalytic nickel surface

and hypophosphite:

Ni_., + H,PO; — P+ NiOH, + OH™

The researchers point out that silver, palladium, and copper can be also reduced
with/without phosphorus co-deposition.

2.5.  Electroless Ni-P composite coating

Electroless composite plating is the electroless plating which forms with co-deposition
of hard or soft or non-metallic second phase particles. By the co-deposition of fine
particulate matter, wear-resistant composite coatings are formed. For the formation of
electroless composite deposits PTFE, RGO particles as solid lubricants and SiC,
diamond, Al;O3 as hard particles have been used. Fluorocarbons and other small

intermetallic compounds, and can co-deposited in an electroless Ni-P matrix for the
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development of other electroless composite coatings. Initially, electroless composite
deposition was not effective and frequently caused in the decay of the bath because of
the dispersion of fine particles rises the bath loading of the electroless bath by almost
700-800 times of that of normal electroless bath and this leads to uncertainty of the bath.
With the addition of appropriate stabilizers in electroless bath, nickel composite plating
was ready [34, 66, 177-197]

Electroless nickel-phosphorus composite coatings can be categorized into two main

groups as given in Figure 2.7.

Electroless Ni-P
composite coating

Electroless bulk composite coating Electroless nanocomposite coating

e.g. Ni-P-Xcomposite coating e.g. Ni-P-Xn nanocomposite coating
Here X is second phase particle Here Xn is nano-sized second phase particle
(particle size > 100 nm) (particle size 1- 100 nm)

Figure 2.7: Types of electroless composite coating

Materials that incorporate nano-sized (less than 100 nanometers (nm)) particulates into
a matrix material are called Nanocomposites. The effect of the inclusion of
nanoparticles is an extreme improvement in toughness, thermal or electrical

conductivity, mechanical strength, other mechanical and physical properties [198-200].

The co-deposition of nano-sized second phase particles (hard particles or ceramic) with
the electroless coating is known as electroless nanocomposite coating. Electroless Ni-P
alloy coatings show good abrasion, wear, and corrosion resistance but there is a scope
for further enhancement in properties by co-depositing second phase particulate
materials in a metal matrix. The idea of co-depositing several second phase particulate
materials in an electroless nickel-phosphorus matrix so that taking advantage of their
surface finish, hardenability, wear resistance and corrosion resistance is impelled to
development of electroless nanocomposite coating. Wear-resistant electroless
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nanocomposite coating can be produced by co-depositing nano-sized lubricants (solid)
such as PTFE and hard materials in form of powder e.g.; silicon carbide, alumina
diamond etc. The co-deposition capability of the second phase particulate materials
reinforced in the metal matrix effect by the shape, density, size, concentration, polarity
and technique of suspension in the solution. The properties of nanocomposite coatings
extremely dependent upon the stable dispersion of second phase materials in deposition
bath otherwise deposited composite coatings would have non-uniformly distributed
particles. Well-dispersed second phase particles within metal matrix exhibit superior
corrosion resistance, wear resistance and hardness [34, 138, 141-142, 144, 148, 151-
157, 159, 201-209].

The incorporation of hard particles like, SiC and B4C has a tendency to improve the
coefficient of friction and has poor lubrication property in comparison to electroless
nickel-phosphorous coating because of high mechanical interlocking force and high
surface roughness of the hard particles. On the other side, adding soft particles like
graphite, PTFE and MoS; showed a drastic reduction in coefficient of friction and
exhibit self-lubrication property [152, 154, 202, 205].

Several second phase soft and hard particulate materials enhanced the tribological
applicability of electroless nickel-phosphorus plating which includes, aluminum oxide,
boron carbide, silicon oxide, silicon carbide, silicon nitride, molybdenum sulfide, and
PTFE. In general, researchers have found that Al.Oz reinforcement in the deposit
diminished the scaling and improved resistance against to wear of deposits as compared
to the without reinforced nickel-phosphorous deposits [34, 150, 153, 155, 158, 206].
Good chemical inertness and non-sticking properties of PTFE are helpful for avoiding
severe oxidation wear and adhesive wear [205]. Weiwei Chen et.al. informed that Ni-

P-TiO deposits show enhanced wear resistance than conventional Ni-P coating [166].

The quantity of co-depositing particles, P concentration within the matrix and heat-
treatment method govern the hardness of electroless nanocomposite deposits. The
deposit hardness enhanced with the improved concentration of hard second phase
particles (e.g.; SisN4, TiO2, SiC) in the electroless deposit while hardness reduces with
the particles of soft materials (e.g.; PTFE). Hard particulate materials are mostly
responsible for a rise in hardness in case of electroless nanocomposite coatings. These

nanocomposite coatings are claimed to superior hardness for materials/apparatuses
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applied at ambient temperatures, e.g.; core boxes for castings, extruders for plastics,
molds, metal patterns, casting dies of zinc alloys and forging dies. The heat treatment
effect on the hardness of electroless nanocomposite coating has alike trend of that in
electroless Ni-P alloy coating. The hardness of deposits rises with heat-treatment
temperature up to 400°C is by the creation of inter-metallic NisP phase due to
precipitation hardening and reduces beyond 400°C heat treatment temperature, due to a
reduction in lattice defects and coarsening of NisP compounds [136, 154, 174, 177, 180
190].

Though the inclusion of second phase particulates materials in nickel-phosphorous
deposit marks in the enhancement of resistance against wear and friction of the deposits,
the same unfavorably affects the corrosion and oxidation resistance of the deposits.
Second phase particles like, B4C, SisN4, and PTFE in Ni-P coating reduced its anti-
corrosion characteristics which may be due to the flaws in the matrix or may be as a
result of micro-cracks formation on the surface by the impregnation of the embedded
particles in the deposit. As reported in literature, some electroless nanocomposite
coatings claimed good corrosion behavior [143, 155, 167, 168, 184, 202, 205]. Bigdeli
et.al. stated that the inclusion of SiC particulates in electroless Ni-P deposits provided
improved corrosion and oxidation protection [202]. Good corrosion-resistant

performance has been also demonstrated by electroless Ni-Mo-P/PPS deposit.

2.6.  Properties of electroless coatings (Ni-P coating and Ni-P-composite coating)

Electroless coatings are often used for the protection of the metal, polymer, and other
materials surfaces due to coating properties like high anti-corrosion, high oxidation
resistance, low friction and wear resistance. It can see in the above literature, various
electroless alloy, electroless composite, and nanocomposite coatings have been
developed for the enhancing the surfaces of various materials such as metals, metal
alloys, magnetic materials, plastics etc. Electroless Ni-P coatings protect surfaces of
materials against the friction, corrosion, abrasion, and their properties are enhanced by
the co-deposition in Ni-P matrix, composite coating has improved physical, electrical,
mechanical, electrochemical and tribological properties. Basic characteristics of the
electroless coatings are shown in Figure 2.8. Physical, mechanical, magnetic,
electrochemical and tribological properties of nickel-phosphorus and Ni-P-X (where X

is second phase particles) composite coating are described below.
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Figure 2.8: Properties of electroless coatings
2.6.1. Structure

Materials have a structure-property correlation, so for the understand the properties of
materials, it is necessary to know the structure of materials. This section is started with
the structure of electroless nickel-phosphorous deposit followed by structural influence
due to the inclusion of the various second phase particles like SiC, TiO2, ZrO; CeOg,

SizNgetc. in the Ni-P matrix.

Nickel-phosphorous deposits with various phosphorus concentration, i.e. low
phosphorus (3-5 wt.% phosphorous), shows crystalline structure, medium phosphorus
(6-9 wt.% phosphorous) shows the semi-crystalline structure and high phosphorus (10-

15 wt.% phosphorous) shows amorphous structure [32, 34].

From SEM image (Figure 2.9), it is detected that the coating is deposited as a
combination of numerous spherical globules [83]. These spherical globules have a
tendency to adhere with the clean and active surface of the materials. The appearance
of electroless nickel-phosphorus deposits is uniform and free of blisters, pits, cracks and
pimples. The mechanism of synthesis of the coating is clear from scanning electron
microscopic micrographs. During the electroless nickel-phosphorous deposition, the
development of the coating starts at isolated locations on the surface and complete entire
surface is then shielded by lateral growth [66, 94-97, 117].
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Figure 2.10: SEM images of (a) Ni-P coatings; (b) Ni-P-SiC composite coatings
(100 g/l SiC suspension) [177]
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In 2002, C. K. Chen et al. presented their work as electroless nickel-phosphorus plating
with SiC particle were deposited on tool steel specimen and effect of post heat treatment
of composite coatings. The cross-sectional scanning electron microscopic images of the
nickel-phosphorus deposits and composite deposits in Figure 2.10 show that the SiC
particles are homogeneously distributed in the whole Ni-P film matrix. The SiC
concentration in the composite coating increased with increasing SiC powder
concentration in the deposition bath. Heat treatment changed the structure of composite
coatings. In both the as-deposited and the annealed below 400°C states, the structure
of nickel-phosphorus deposit and Ni-P-SiC composite deposit were same. NisSiz, NizSi
(L12) and graphite precipitate were produced by the reaction of nickel with SiC during
annealing above 450°C [177].

In 2006, J.N. Balaraju et. al. worked on the electroless nickel-phosphorous coating and
Ni-P-CeO> (4-17 pm sized CeO3), Ni-P-SisNs (2-10 pm sized SisNs) and Ni-P-TiO>
(2.4-3 pum) composite coating on stainless steel (AISI 304 grade) specimen. They
concluded their study work as the inclusion of the particles of TiO2, CeO2, and SizNa in
the nickel-phosphorous matrix does not influence the phase transformation behavior

and structure of electroless Ni-P deposits [179].

In 2006, J. Novakovic et. al. presented their work on production and properties of Ni-
P-TiO2 composite deposit on brass [210]. In 2009, J. Novakovic et.al. presented their
work on vacuum heat-treated electroless Ni-P-TiO2 composite coating on steel substrate
[211]. They used 200-300 nm sized TiO: particles for the deposition of Ni-P-TiO;
composite deposit. The Ni-P-TiO2 nanocomposite deposits show superior fineness,
uniformity, and density. J. Novakovic et. al. presented scanning electron images of the
electroless nickel-phosphorous and Ni-P-TiO2 nanocomposite deposits in Figure 2.11
[211]. The obtained nanocomposite deposits show metallic surface of mat-gray color.
All these deposits display the occurrence of micro-voids on their surface. The included
TiO2 in the nickel-phosphorous matrix shows the influence of the heterogeneity of the
surface [211]. J. Novakovic et. al. [211] compared (Figure 2.12 (a)) nickel-phosphorous
and nanocomposite Ni-P-TiO> deposits formed with various TiO2 particles
concentrations in deposition bath by XRD patterns. The electroless nickel-phosphorous
deposit has amorphous nature with embedded crystalline TiO2 particles. X-ray
diffraction patterns of vacuum thermal treated (at 800°C/10 minutes) electroless nickel-
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phosphorous and Ni-P-TiO2 nanocomposite deposits with varying bath concentration
shown in Figure 2.12 (b). The rapid transformation of nickel-phosphorous deposit from
a disordered arrangement to an ordered arrangement of FCC nickel and BCT NisP
occurs during thermal treatment which founds in numerous sharp peaks. These XRD

patterns have not metastable phases.

Figure 2.11: SEM images of the electroless Ni-P and Ni-P-TiO2 nanocomposite
coating with various TiO2z bath concentrations (a) 0 g/l, (b) 0.5 g/l, (c) 1.0 g/l, (d)
1.5g/l, (e) 2.0 g/l and (f) cross-section (3000x) [211]

In 2008, A. Abdel Aal et. al. synthesized electroless Ni-P-TiO2 composite coating with
variation in nano TiO. particles concentration on commercial carbon rod. The
microstructure of deposited coatings shown in Figure 2.13. As they observed, the
nanocomposite Ni-P-TiO2 deposits exhibited smaller size grains compared with Ni-P
deposit [169]. They also reported that the TiO2 content in Ni-P-TiO, composite deposits
increases with increasing TiO2 concentration in the deposition bath. Ni-P-TiO;
nanocomposite displayed high catalytic activity with regard to the oxidation of small
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organic molecules than nickel-phosphorous and the maximum activity was shown by

electrode Ni-P-TiO2 (4.5% TiOz2) [169].
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Figure 2.12: Phase analysis of the as-deposited (a) and vacuum thermal treated

(b) Ni-P deposit compared to the nanocomposite Ni-P-TiO2 deposits [211]

Figure 2.13: Morphology of the electroless (a) Ni-P deposit and (b) Ni-P-TiO2
composite deposit [169]
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Figure 2.14: The scanning electron microscopic pictures of Ni-P-ZrO:
nanocomposite coatings: (a) without surfactant and (b) with 2.00 x cmc
concentration of DTAB [204]

In 2012, Katarzyna Zielinska et. al. [204] synthesized Ni-P-ZrO, nanocomposite coating
on AISI 304 steel alloy. The scanning electron images of coatings are presented in
Figure 2.14. In the presence of DTAB, the Ni-P-ZrO2 nanocomposite coating changed
the surface structure and became smoother. For the extensive increase in the amount of
the entrenched solid particles in situations where the concentration of the surfactant is

equal to or higher than cmc, some factors can account such as:

o Improved particle wettability,

e The reduction in the surface tension among H> bubbles present at the surface
and also between the surface of the steel substrate and ZrO: particles,

e The improvement of the electrostatic adsorption of suspended ZrO: particles at

the surface of the steel.

As T.R. Tamilarasan and his team (2015) mentioned in their work, on the electroless
deposition of nickel-phosphorous and Ni-P-TiO. deposits on low carbon steel and the

deposits properties due to the presence of SDS and DTAB surfactants have been also
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studied by them. Surface morphology of the Ni-P-TiO2 nanocomposite is displayed in
Figure 2.15.

(a)

Figure 2.15: SEM images of composite coatings: (a) Ni-P deposit without
surfactant, (b) Ni-P-TiO2 nanocomposite deposit without surfactant, (c) and (d)
Ni-P-TiO2 nanocomposite deposit with surfactant [171]

For enhancing the corrosion resistance of deposits, surfactants concentrations have been
optimized by them. The deposition bath with DTAB gives higher deposition rate as
compared with deposition bath having SDS. The quantity of TiO. particles in the
deposit is also high when surfactant DTAB is used. On the basis of morphological
analysis of Ni-P-TiO2 deposits, it can say that at the optimum DTAB concentration TiO>
particles were uniformly distributed while nodular structures of TiO, were found for
surfactant SDS. The corrosion resistance of Ni-P-TiO> deposit is significantly improved
as an effect of the increase in Rct (charge transfer resistance) four times higher to that

of nickel-phosphorous deposits [171].

In 2017, Prasanna Gadhari et. al. worked on the optimization of the deposition

parameters for understand the wear behavior of Ni-P-TiO. composite coating. They

used Taguchi orthogonal array for optimization of the deposition parameters to reduce

the wear of Ni-P-TiO2 composite deposited. Their work on surface morphology reveals

the nodular structure of deposit with even dispersion of titanium particles. At 10 g/l
34



TiO2 in the deposition bath, the content of titanium and phosphorus is respectively 9.97
wt.% and 7.74 wt.% in the deposit. The content titanium is 6.41 wt.% and phosphorus
8.13 wt.% (at 5 g/l TiOz in the electroless bath). The coating has amorphous nature as-
deposited condition [212].

Above studies show the structures of electroless Ni-P deposit and Ni-P-X composite
coating. These deposits have a crystalline, semi-crystalline and amorphous structure on
the basis of presented constituents in the deposits. The incorporation of ZrOz, TiO,,
CeOg, SizN4 etc. does not much influence the structure and phases of the electroless Ni-

P coating.

2.6.2. Electrochemical properties

Electrochemical characteristics mean corrosion current density, polarization potential,
and resistance against to corrosion and oxidation. This section started with the
description related to corrosion followed by the electrochemical parameters and
corrosion resistance of electroless nickel-phosphorous coating and various Ni-P-X

composite coating given by the various researchers.

“The corrosion of metals is a very complex process,” said by the Nicoleta Cotolan [213].
Corrosion is defined as “deuteriation of the materials and materials properties caused
by chemical, electrochemical reactions that are produced between the materials and
external environment”. For the protection of the materials and materials properties from
the corrosion, surface modification is required [214]. Electroless alloy and composite

coatings modified the surface of the materials.

The resistance against corrosion of electroless nickel-phosphorous plating is a function
of its constituents’ composition [32, 34, 66, 89, 138, 112, 115]. Most of the electroless
coatings act as naturally passive and resistant to attack in maximum environmental
conditions. Passivity or corrosion resistance of these coatings is significantly affected
by their P content. Other constituents of electroless nickel bath are also more important
for its corrosion resistance than its P content. Heat treatment of these coatings is a most
important variable which affects the corrosion [143, 167-168].

In 2010 Taher Rabizadeh et.al. (Iran) investigated corrosion resistance behavior of
vacuum thermal treated electroless nickel-phosphorous coating by the help of

electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization in 3.5
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wt.% sodium chloride electrolyte. Their electrochemical tests were done with the
standard three-electrode cell using an EG & G potentiostat/galvanostat, model 273A.
Ag/AgCl electrode and platinum plate were acted as a reference and counter electrodes,
respectively. Polarization experiments were done by sweeping the potential at a scan
rate of 1 mVs? in the range of 400 mV vs. OCP (open circuit potential). The
impedance experiments were done with Solartron Model SI 1255 HF Frequency
Response Analyzer (FRA) attached to a Princeton Applied Research (PAR) Model
273A potentiostat/galvanostat [89].
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Figure 2.16: Tafel curves for as-plated and heat treated electroless nickel-

phosphorous deposits in 3.5% sodium chloride electrolyte [89]

The electrochemical impedance spectroscopic results were measured at (OCP) in a
range of 0.01 Hz-100 kHz frequency with an AC signal of 5 mV using electrochemical
impedance spectroscopy software model 398 [89]. Their results show in Table 2.2 and
Figure 2.16.

Table 2.2: Polarization parameters of coated and thermal treated electroless

nickel-phosphorous coatings in 3.5% NaCl solution [89]

Coating Polarization potential | Current density
(V vs. Ag/AgCl) (A/lcm?)
Without heat-treated 376 x 10°® 10 x 10°
Heat-treated at 200°C, 2 h 355 x 10°® 6.3 x 10°
Heat-treated at 400°C, 1 h 320 x 10°® 1x10°
Heat-treated at 600°C, 15 min 250 x 10 2.5 x10°
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Figure 2.17. displays the Nyquist plots got for deposited and heat-treated nickel-
phosphorous coatings in 3.5% NaCl electrolyte at their respective OCPs. All Nyquist
plots similarly appeared, having a single half circle in high-frequency regions indicating
the charge-controlled reaction. It can be noted that these semi-circles have a similar
shape, but they have different sizes. This shows that the similar fundamental procedures
must be happening on all these deposits but over a various effective area in each case
[89].
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Figure 2.17: Nyquist plot for deposited and thermal treated nickel-phosphorous

electroless coatings in 3.5% NaCl electrolyte [89]

In 2004, Y.S. Huong et. al. worked on electroless nickel-phosphorous composite
coatings incorporated with particles of PTFE and/or SiC. The results obtained by them
show that [178]:

e Both Ni-P coating and composite coatings confirmed significant enhancement
of corrosion resistance in the both acidic and salty atmosphere;

e Co-deposition of either SiC or PTFE particles slightly reduced anti-corrosive
property of the composite coatings in 3% NaCl electrolyte but had insignificant

effects on their corrosion resistance in 1.0 N H2SOgy;

e Ni prominent significantly enhanced resistance again the corrosion due to the
enhancement of the surface autocatalytic properties and homogeneousness for
Ni-P-SiC-PTFE complex composite coating.

e Correct post-thermal-treatment (400°C and 1 hr) advance the deposit density
and structure, giving rise to improved corrosion resistance.
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In 2008, Laizhou Song et.al. (China) studied the corrosion resistance of Ni-P-TiO>
coating on permanent magnet NdFeB by polarization technique and EIS tests. They
performed polarization measurements with ZF-3 potentiostat, ZF-4B dynamic

potentiometer and ZF-10 data collection recorder, and they recorded Tafel curves at the

potential 50 mV/min scan rate [215].

1500 ,
2 1000} 2 800}

w :jj
= 500} < 400+
- :
N S| S
.g ; iy

§ -500} :

O =

] L

-1000} 5 -800;

-150 . . | | - | I | I

97.5 60 45 30 15 00 -07'5 60 -45 30 -15 00

Log Current Density!(Afcmz)

: g 8
Log Current Density/(A/em’)

Figure 2.18: Tafel curves of (a) NdFeB magnet, (b) Ni-P coating and (c) Ni-P-
TiO2 nanocomposite coating dipped in 0.5 mol/l H2SO4 electrolyte and 0.5 mol/I
NaCl electrolyte respectively [215]
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Figure 2.19: EIS results of (a) NdFeB magnet and (b) coated NdFeB in 0.5 mol/I
H2SO4 electrolyte and 0.5 mol/l NaCl electrolyte, respectively [215]
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Polarization curves of uncoated NdFeB, nickel-phosphorous and Ni-P-TiO;
nanocomposite coating in 0.5 mol/l H2SO4 electrolyte and 0.5 mol/l NaCl electrolyte
are presented in Figure 2.18 [215]. They conducted EIS measurements by
CHI660C(USA) electrochemical analyzer/workstation at the OCP. EIS plots of NdFeB
magnet and deposited NdFeB magnet in 0.5 mol/l H2SO4 electrolyte and 0.5 mol/l

sodium hypophosphite electrolyte is shown in Figure 2.19 [215].

Table 2.3: Corrosion resistance of nickel-phosphorous deposit and Ni-P-TiO2

nanocomposite film on NdFeB magnet [215]

Specimen NdFeB Ni-P coated | Ni-P-TiO
magnet magnet coated magnet

0.5 mol/l NaCl Rp/(kQ cm?) 1.83 60 120

(Deep for 1 hr) lcor/(nA/cm?) 495.45x 10% | 1.44 0.22

0.5 mol/I H2SO4 Ry/(kQ cm?) 3.33x10° |8 12.5

(Deep for 1 hr) lcor/(nA/cm?) 1.19x10° | 7.64 2.38

From Table 2.3, lcorr Of Ni-P-TiO2 nanocomposite coating is 2.38 pA/cm? in 0.5 mol/I
H2S04 electrolyte about 33% of that of Ni-P deposit and 0.22 pA/cm? in 0.5 mol/I NaCl
electrolyte about 14% of that of Ni-P coating, respectively. In 0.5 mol/l H.SO4 and 0.5
mol/l NaCl electrolyte, the corrosion resistance of the nanocomposite coating is 12.5
kQcm? and 120 kQcm?, around 1.6 and 2 times that of nickel-phosphorous coating,
respectively. These observations indicate that Ni-P-TiO2 nanocomposite coatings have
an improved corrosion resistance than Ni-P coating [215].

In 2009, Faryad Bigdeli et al. worked on structural and corrosion properties of Ni-P-
SiC nanocomposite coating on St. 367 tool steel. Nyquist plots of deposited and
thermal-treated electroless nickel-phosphorous and Ni-P-SiC composite coatings are
shown in Figure 2.20. Corrosion tests indicated that both nickel-phosphorous and Ni-
P-SiC composite coatings demonstrated significant enhancement of corrosion
resistance [202]. Better corrosion resistance was got for Ni-P-SiC composite coating
over Ni-P deposit, which can be attributed to a reduction in the available effective
metallic area for corrosion. Post-thermal-treatment at 400°C for 1 hr increased the
density of coating and improved corrosion resistance for the applied nickel-

phosphorous and Ni-P-SiC composite coatings [202].
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Figure 2.20: EIS results of nickel-phosphorous and Ni-P-SiC composite coatings
in 3% NaCl electrolyte [202].

In 2012, M. G. Hosseini et. al. worked on the synthesis of electroless coating and
electrochemical studies of Ni-PCTFE-P nanocomposite coating. Tafel curves of Ni-
PCTFE-P nanocomposite coatings in 3.5% NaCl electrolyte with 0.2 mV/s scan rate are
shown in Figure 2.21. Electrochemical measurements showed that increase in PCTFE

concentration led to a reduction in corrosion current density and improvement in

potential corrosion [205].
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Figure 2.21: Tafel curves of electroless nickel-phosphorous deposit and Ni-
PCTFE-P composite deposits in 3.5 wt.% NaCl electrolyte [205].

In 2014, Chunyang Ma et al. [154] synthesized Ni-P-SiC nanocomposite coating on
mild steel and gave the corrosion study for this type of coatings. Tafel curves of the

plated and thermally-treated Ni-P-SiC nanocomposite coatings in 3.5 wt.% NaCl
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electrolyte at room temperature are shown Figure 2.22. Figure 2.23 shows the measured
EIS data in the Nyquist plot. Nyquist plot results present that the maximum Rt and the
minimum CPE for Ni-P-SiC nanocomposite coatings are 188254 Q/cm? and 7.244
uF/cm, respectively. The minimum corrosion current density value is got for the
coatings thermally treated at 400°C for 1hr.
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Figure 2.22: Polarization curves of plated and thermal-treated at different

temperature electroless Ni-P-SiC nanocomposite coatings in 3.5 wt.% NaCl
electrolyte [154]
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Figure 2.23: Nyquist plots of Ni-P-SiC nanocomposite coatings in 3.5 wt.%

sodium chloride solution [154]

In 2015, Hong Luo et. al. developed Ni-P-WC nanocomposite coating on L80 carbon

steel and analyzed the corrosion behavior of the coatings. The open circuit potentials of
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the steel specimen, nickel-phosphorous plating and Ni-P-WC nanocomposite plating in
3.5 wt.% NaCl electrolyte at room temperature are presented in Figure 2.24. Tafel
curves of the steel substrate, nickel-phosphorous plating and Ni-P-WC nanocomposite
plating in the 3.5 wt.% NaCl solution are shown in Figure 2.25. The electrochemical
tests prove that the addition of WC nanoparticles also significantly expands the

coating’s corrosion resistance in the NaCl solution [207].
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Figure 2.24: OCPs of carbon steel, nickel-phosphorus plating and Ni-P-WC
composite plating in the 3.5 wt.% NaCl solution [207]
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Figure 2.25: Tafel curves of the substrate, Ni-P plating and Ni-P-WC composite
plating in the 3.5 wt.% NaCl electrolyte [207]

In 2016, J. A. Calderon et. al. worked on the corrosion behavior of electroless Ni-P-
TiO2, Ni-P-SiC and Ni-P-Dimond nanocomposite films on commercially pure
magnesium substrate (99.9 percent). Figure 2.26 shows the polarization curves during

the erosion-corrosion tests of nickel-phosphorus coating and nickel-phosphorus-
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ceramic nanocomposite coatings. The impedance plots obtained at OCP for the nickel-
phosphorus coating and nickel-phosphorus-ceramic nanocomposite coatings at high and
low concentrations of TiO2, SiC and Dimond nanoparticles are shown in Figure 2.27.
The incorporation of the TiO2 SiC and Dimond nanoparticles into the nickel-
phosphorus matrix decreases the increases the deposition rate by around 5 times with

respect to the Ni-P coating and corrosion rate of the coating by 4 times [209].
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Figure 2.26: Polarization curves during erosion-corrosion experiment in an
electrolyte of 0.6 mol/l sodium chloride + 20% w/w SiO2 particles for Ni-P-

ceramic nanocomposite coatings with various nanoparticles concentrations (a)
0.2 g/l concentration (low) and (b) 2.0 g/l concentration (high) [209]
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Figure 2.27: Nyquist plots during erosion—corrosion experiment in an electrolyte
of 0.6 mol/l sodium chloride + 20% w/w SiO2 particles) for Ni-P and Ni-P-
ceramic nanocomposite coatings with various nanoparticles concentrations (a)
0.2 g/l concentration (low) and (b) 2.0 g/l concentration (high) [209]

In 2017, Nadtinam Promphet et. al. prepared an electroless Ni-P-TiO2 sol-RGO coating
on steel. They improved corrosion resistance properties and electrical conductivity of
steel by the Ni-P-TiO2 sol-RGO deposition on steel. Corrosion characteristics and

relative conductivity of uncoated steel and coated steel are shown in Figures 2.28 and

2.29 respectively [181].
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Figure 2.28: Potentiodynamic polarization curves of steel (black), Ni-P (red), Ni-
P-TiO2sol (blue) and Ni-P-TiO2 sol-RGO (pink) coatings in 3.5 wt% NaCl
electrolyte [181]
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Figure 2.29: Relative conductivity of the Ni-P, Ni-P-TiO:2 sol, and Ni-P-TiO2 sol-
RGO coated surfaces, respectively. The error bars correspond to the standard

deviation obtained from five measurements (n = 5) [181]

As above corrosion studies given by various researchers are reviewed, electroless
coating is provide higher resistance against corrosion compare to uncoated substrates
(e.g. steel, aluminum etc.). These coatings protect the materials by providing a dense

coating (pore-free). Corrosion resistance of the nickel-phosphorus plating with high
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phosphorus and passivity is excellent due to its amorphous nature. Amorphous Ni-P
deposits have improved corrosion resistance than corresponding polycrystalline Ni-P
deposits. Generally, the corrosion resistance of the composite deposits is lower than that
of electroless Ni-P deposits. In case of some coatings such as electroless Ni-P-TiO2, Ni-
P-SisNa4, Ni-P-SiC, and Ni-P-CeO, composite coatings, by EIS, demonstrated improved
corrosion resistance than the electroless nickel-phosphorous deposit [143, 155, 184,
202, 205].

2.6.3. Mechanical properties

In case of mechanical evaluation of coatings, hardness, wear resistance and coefficient
of friction are studied by various researchers. As was already discussed in the literature
by various researchers, a principal reason for using electroless coatings is to protect
materials not only from the corrosion and oxidation but also from wear. Wear is not
directly related to the hardness of materials but high hardness materials have less plastic
deformation. Hardness, wear, wear resistance of electroless nickel-phosphorous plating
and Ni-P-X composite plating (here X is second phase particles) studies given by

various researchers are mention in this section.

Hardness is defined as a property of materials which provide the resistance to
penetration by an indenter under load and pressure. Micro and nano-hardness have also
been developed for measuring the hardness of coatings and thin films [216]. The main
factor contributing to improved resistance to mechanical abrasion of electroless

coatings is hardness [110].

According to Staffan Johansson, wear is defined as a process of removal of material
from the surface of the substrates which experiencing relative motion to each other and

wear loss is occurs mostly at the outer surface [217].

It is necessary to make a surface modification of materials for reducing the wear loss
from the materials. In the as-deposited and hardened condition, electroless nickel-
phosphorous deposit and electroless composite deposits showed the excellent wear and
abrasion resistance. Different laboratory experiments mentioned in literature have
shown coating with high hardness to have wear and erosion-wear resistance near to hard
chromium in different tribological conditions. Electroless nickel-phosphorous and

composite coatings can be used to replace hard chromium and high alloy materials
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because of its excellent wear resistance. Post-heat-treatment of high nickel-phosphorous
coatings provide the high wear resistance due to the formation of NixPycompounds [66,
86, 106, 107].

The hardness of the electroless nickel-phosphorous and composite coatings is the most
important property for many engineering and industrial application. The microhardness
of electroless nickel deposits is from 500 to 700 HV. This microhardness value is around
equal to 45 to 58 Hardness (Rc scale) and equal to numerous hardened alloy steels [32,
34, 66, 95, 105]. Approximately 1100 HV microhardness equal to the hardness of
commercial chromium coatings is achieved by the thermal-treatment of these coatings.
The hot hardness of electroless nickel deposits is shown in Figure 2.30. As the figure

shows, excellent hardness is achieved by heat-treated at 500°C [95].
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Figure 2.30: Hardness vs temperature [95]

Table 2.4: Microhardness of the as-plated and vacuum thermally-treated nickel-

phosphorous and Ni-P-TiO2 composite coatings [210]

Bath load (TiO2), g/l Microhardness, HV
Plated Vacuum thermally treated
Brass 2407 202130
0 643110 1173435
2.5 651+12 1433+47
5.0 651+9 1384+50
10.0 648+13 1275+42
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In 2006, J. Novakovic et.al. (Greece) observed Vickers micro-hardness of substrate and
coating through microhardness tester with a Vickers diamond indenter (Leitz Wetzlar
tester). Observation was carried out on the vacuum thermal treated electroless Ni-P-
TiO2 nanocomposite coated brass substrate providing 40 gm load for 20 s. The results
are shown in Table 2.4 with variation of wt.% TiO> particles in the coating as plated

and vacuum treated [210].

In 2007, Y. Y. Liu et. al. worked on the investigation of mechanical properties of Ni-P-
WC nanocomposite plating on medium carbon steel. Microhardness of samples Ni-P
plating, Ni-P-WC nanocomposite plating, and the vacuum heat-treated Ni-P-WC
nanocomposite deposits at 600°C, 400°C, and 200°C are shown in Figure 2.31. The
microhardness of Ni-P-WC nanocoating coating is 19% better than that of the nickel-
phosphorous plating. Figure 2.32 presents the graphs between the friction coefficients
and sliding time for Ni-P plating, Ni-P-WC nanocomposite plating, and the vacuum
heat-treated Ni-P-WC nanocomposite deposits at 600°C, 400°C, and 200°C. It was
observed that the tungsten carbide nanoparticles were able to significantly enhance the

microhardness and wear resistance and decrease coefficient of friction [151].
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Figure 2.31: Vickers hardness of (a) Ni-P coating, (b) Ni-P-W nanocomposite
coating, and the vacuum annealed Ni-P-WC nanocomposite coatings at (c)
200°C, (d) 400°C, and (e) 600°C [151]

In the Ni-P-WC nanocomposite coatings, abrasive wear phenomena occurred due to the
existence of the tungsten carbide nanoparticles, while the combined fatigue and
adhesive wear mechanism observed for the nickel-phosphorous coating. 1150 HV

microhardness and 0.13 friction coefficient were found in the thermally treated
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nanocomposite coating due to the development of NisP phase and duping of the

reinforced nanoparticles. [151].
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Figure 2.32: Friction coefficient of electroless (a) Ni-P coating, (b) Ni-P-W, and

the vacuum annealed Ni-P-WC nanocomposite coatings at (c) 200°C, (d) 400°C,

and (e) 600°C under dry sliding wear conditions [151]

In 2009, J. Novakovic and P. Vassiliou (Greece) observed micro-hardness of substrate

and coating through microhardness tester with a Vickers diamond indenter (Leitz

Wetzlar tester). The observation was carried out on the vacuum thermal treated

electroless Ni-P-TiO2. nanocomposite coated steel applying 100 gm load for 10 s. The

results are shown in Table 2.5 with variation of wt.% TiO: particles in the coating as a

plated and vacuum treated [211].

Table 2.5: Microhardness of as-plated and vacuum heat-treated nickel-

phosphorous and Ni-P-TiO2 composite coatings [211]

TiO2 particles (wt.%) | Microhardness (HV)
Plated Thermally heated
0 673+18 1194+30
3.7 74521 1210+33
5.0 767123 1306+43
6.2 780+32 1350+51
8.8 797+35 1434462
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In 2010, Taher Rabizadeh et.al. (Iran) observed microhardness (VHN) of vacuum
thermal treated electroless Ni-P coated API-5L X65 steel substrates using a Vickers
diamond indenter at 100 gm load for 20 s. They resulted that microhardness of

thermally-treated Ni-P electroless coatings is increased [Figure 2.33] [89].
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Figure 2.33: Microhardness of nickel coating and thermally-treated Ni-P

electroless deposits [89]
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Figure 2.34: Microhardness of: (a) conventional nickel-phosphorus plating, (b)
conventional Ni-P-TiOz nanocomposite plating, and (c) novel Ni-P-TiO2
nanocomposite plating [166]

In 2010, Weiwei Chen et.al. worked on the novel electroless deposition of Ni-P-TiO>
nanocomposite plating on commercial AZ31 Mg alloy. They observed micro-hardness
(VHN) of electroless Ni-P-TiO2 nanocomposite coated Mg alloy substrate by using a
load of 200 gm with a holding time of 15 s. They reported that the novel Ni-P-TiO;
coating process resulted in a significantly improved micro-hardness. Figure 2.34
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demonstrates that micro-hardness of the new Ni-P-TiO, nanocomposite coating
(102515 HV2q0) is better than micro-hardness of conventional Ni-P-TiO. coating
(710+12 HV200) [166]. Similarly, the wear resistance of the novel composite plating has

also been enhanced significantly (Figure 2.35).

Figure 2.35: Wear track images on: (a) conventional nickel-phosphorus plating,
(b) conventional Ni-P-TiO2 nanocomposite plating, and (c) novel Ni-P-TiO2

nanocomposite plating [166]
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Figure 2.36: Hardness of the electroless Ni-P-SiO2 nanocomposite deposits with
various concentration of SiOz2 in the deposition bath and temperature of thermal
treatment [156]

In 2010, Yoram De Hazan et. al. worked on the deposition and wear behavior of Ni-P-
SiO2 nanocomposite coating on 100Cr6 steel. The hardness (HVo3) of the Ni-P-SiO>
composite deposits after thermal treatment at 270°C / 10 hrs, 390°C / 2 hrs and 480°C
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/1 hr are presented in Figure 2.36 as a function of SiO, content in the deposition bath.
Figure 2.37 shows the pin-on-disc wear resistance of the Ni-P-SiO2 composite deposits
as a function of SiO> content in the deposition bath and temperature thermal treatment.
The microhardness of the thermally-treated composite deposit is reduced compared to
the Ni-P coating. Simultaneously an enhancement in wear resistance by factors of 1.5
and 2 is found after thermal treatment at 270°C and 390°C, respectively [156].
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Figure 2.37: Wear loss of Ni-P-SiO2 nanocomposite deposits (a) gravimetric,
and (b) volumetric with various SiO2 concentration in the deposition bath and

heat treatment temperature [156]
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In 2013 and 2014, Preeti Makkar et. al. worked on the preparation of nanosized TiO>
powder and synthesis of Ni-P-TiO, nanocomposite plating on mild steel discs. As
compared to nickel-phosphorus plating, Ni-P-TiO2 nanocomposite plating displays the
improved wear resistance and microhardness [36, 37]. Improved microhardness and
wear resistance of Ni-P-TiO2 nanocomposite coating are shown in Figures 2.38 and
2.39. After thermal treatment, the wear resistance and microhardness of the deposits are
enhanced significantly. Superior wear resistance and microhardness are observed for

Ni-P-TiO2 nanocomposite coatings over Ni-P coatings.
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Figure 2.38: Microhardness of EL nickel-phosphorus deposit and Ni-P-TiO2

nanocomposite deposit (M)40 in “as coated’ and thermally treated condition [36]
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Figure 2.39: Wear rate of EL nickel-phosphorus and Ni-P-TiO2 (M)40
nanocomposite coatings in thermally treated condition at (a) different loads (b)

different velocities [37]
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In 2014, S. Karthikeyan et. al. worked on the mechanical properties of Ni-P-Al.O3
nanocomposite coating on AISI 1040 steel plate. Figure 2.40 shows the variation of
microhardness of as plated and thermally treated nickel-phosphorus coating and Ni-P-

Al>,Oz nanocomposite plating with varying sodium hypophosphite concentration [206].
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Figure 2.40: Microhardness of the plated and thermally-treated nickel-
phosphorus plating and Ni-P-Al203 composite plating with sodium
hypophosphite concentration and heat treatment [206]

Figure 2.41: Optical microstructure images of the wear track of the (a) Ni-P
plating (b) Ni-P-Al.O3 composite plating [206]

The optical microstructure image (Figure 2.41) displays the worn surface of nickel-
phosphorous plating and Ni-P-Al>O3 composite plating exposed to a pin-on-disc wear
test. The worn surfaces show the presence of patches in nickel-phosphorous plating and

Ni-P-Al,O3 composite plating in Figure 2.41. Hardness increased from 410 HV to 460
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HV (increase in 12.19%) for Ni-P-Al,O3 composite plating in as coated condition.
Further enhancement of hardness to 1083 HV after thermal treatment and enhanced
wear resistance was observed. The specific wear rate is reduced by 52.62% and 32.38%

for coated and thermal-treated Ni-P-Al>O3s composite coating [206].

In 2015, Xiaoyan Wu et. al. prepared electroless Ni-P-TiO2 nanocomposite coating on
2117 aluminum alloy and they investigate the properties of nickel-phosphorus and Ni-
P-TiO2 nanocomposite coatings on aluminum alloy. They reported that the
nanoparticles of TiO; are able to refine the mechanical properties of aluminum alloy
with the given heating technique which lead to the increment of microhardness about
1325 HV in this study. The reason can be considered in the context of the formation of
hard NizP phase in which the effectiveness of TiO, nanoparticles in composite coating
strengthened due to the precipitation and dispersion strengthening [172].

In 2015, Huihui Wu et. al. prepared Ni-P-GO composite plating on mild steel. The Ni-
P-GO composite deposition procedure is similar to the deposition process used in
convention Ni-P plating. Figure 2.42 illustrations the microhardness of the nickel-
phosphorus plating and Ni-P-GO composite plating. The electroless Ni-P-GO
composite plating (780 HV) had a higher hardness than the nickel-phosphorus (416 HV)
[163].
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Figure 2.42: Comparison of the microhardness of nickel-phosphorus and Ni-P-

GO composite deposits with various GO concentration [163]
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Figure 2.43: Comparison of wear mass loss of Ni-P-GO composite deposits with

COF
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Figure 2.44: The coefficient of friction of nickel-phosphorus deposit and Ni-P-GO

composite deposits with variation in GO concentration [163]

Figure 2.43 represents the graph between the wear mass loss and GO concentration for

the Ni-P-GO composite coating. Figure 2.44 shows the coefficient of friction of the

electroless Ni-P-GO composite deposits with respect to the effect of GO concentration

in the coating bath under 10 N. Their findings shows that GO positively affected the
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friction properties of the coating. Friction coefficient and particle concentration showed
a direct relationship. However, excess GO results lead to reduce of the coating
properties. The best anti-wear and microhardness properties of the Ni-P-GO composite
deposits were obtained at 40 mg/l in the electroless bath formulation for the substrate
[163].

In 2016, Ulas Matik et. al. studied the structural and tribological properties of coated
and thermally-treated Ni-P-SisN4 composite deposits on iron-based powder metallurgy
compacts. Results of Vickers hardness show that average microhardness of the PM
substrate, nickel-phosphorous deposit, and Ni-P-SizsN4 nanocomposite deposit is 112
HV100, 612 HV100 and 784 HV 100, respectively (Figure 2.45). Figure 2.46 illustrations
the effect of heat treatment temperature on the friction coefficient of nickel-
phosphorous and Ni-P-SisN4 nanocomposite deposits. The wear loss curves as a
function of thermal treatment temperature for nickel-phosphorous deposit and Ni-P-
SisN4 nanocomposite deposit before and after the thermal treatment were presented in
Figure 2.47. Wear tests results that the average friction coefficient of uncoated PM
substrate is 0.57 N. Their observations show that the co-deposition of particles of micro-
sized SizN4 in the coating improved the wear resistance and microhardness of composite
deposits. Thermally-treated (at 400°C) nickel-phosphorus and Ni-P-SisN4 deposits have

the highest wear resistance and hardness [180].
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Figure 2.45: The effect of temperature of thermal treatment on the hardness of

electroless nickel-phosphorous and Ni-P-SisN4 composite deposits [180]
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Figure 2.46: Effect of temperature of thermal treatment on the friction

coefficient of nickel-phosphorous and Ni-P-SisN4 composite deposits [180]
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Figure 2.47: The effect of temperature of thermal treatment on wear resistance

of electroless nickel-phosphorous and Ni-P-SisN4 composite deposits [180]

In 2016, A. Sadeghzadeh Attar et. al. worked on the improvement in tribological

behavior of Ni-P-SiO> nanocomposite coating on low carbon steel alloy. Comparison
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of the microhardness of Ni-P-SiO2 nanocomposite coating with the microhardness of
steel and electroless nickel-phosphorous coating given in Figure 2.48 [208].
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Figure 2.48: Comparison of microhardness for steel deposited and annealed
electroless nickel-phosphorous and Ni-P-SiO2 nanocomposite [208]
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Figure 2.49: Weight loss with the sliding distance for deposited and annealed

with temperatures (a) electroless nickel-phosphorous and (b) novel Ni-P-SiO2

nanocomposite coatings temperatures [208]

Comparison of the weight loss for the electroless nickel-phosphorous deposit and Ni-
P-SiO2 nanocomposite deposits are presented in Figure 2.49. The scanning electron
micrographs of wear scratch on the surface of the Ni-P coated steel and Ni-P-SiO>
nanocomposite coated steel heat-treated at 400°C are shown in Figures 2.50 (a) and (b),

respectively. The microhardness and wear-resistance of electroless coatings are
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enhanced by the inclusion of SiO2 nanoparticles and the presence of hard crystalline
nickel precipitates and NisP, which hinder the growth of grains and hinder the
movement of dislocations. After the study of wear mechanism, abrasive wear was found

as the dominant mechanism for wear of this type of coatings [208].
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Figure 2.50: Micrographs of worn (a) electroless Ni-P coated surface and (b)
novel Ni-P-SiO2 composite coated and heat-treated surface [208]

As above studies say that electroless nickel-phosphorous and Ni-P-X composite coating
have established as hard coatings for tribological applications. The hardness of the
electroless nickel-phosphorous coating is increased with co-deposition of second phase
particles within the Ni-P matrix. The electroless nickel-phosphorous deposit hardness
improved with the increased concentration of hard SiC, SisN4, Al2O3 particles in the
deposit. The wear resistance of electroless composite deposit increases with increase in
SiC incorporation concentration. The wear resistance of the electroless nickel-

phosphorous coatings further increased by the co-deposition of both ZrO; and W
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particulates. So, it is concluded that electroless composite coatings improve the
mechanical properties of substrates [135-136, 151, 154, 156, 163, 173-174, 177, 180,
190, 206, 208].

2.6.4. Other properties

In 2007, S. M. A. Shibli et. al. presented work on 90-130 nm sized TiO; reinforcement
on Ni-P electroless plates. Enhanced the quantity of electro-active sites, roughness
factor and hydrogen adsorption capability due to the reinforcement of the plates with
TiO,. The TiO.-reinforced plates showed high electrocatalytic action during HER
[218].

In 2003, Yoram Hazan et. al. presented their work as homogeneous functional Ni-P-
ceramic nanocomposite coating through constant dispersion in electroless nickel
solutions. They used nanosized particles of CeO, ITO, a-Fe;O3 and TiO as second
phase particles in the deposition of nanocomposite coatings. Baths containing ITO
nanoparticles exhibited no deposition reactions and other baths containing a-Fe>O3 have
not co-deposition of the nanoparticle. In contrast, uniform Ni-P-CeO; and Ni-P-TiO>

nanocomposites up to 22 vol.% nanoparticles are synthesized [209].

In 2013, Zhao, Qi, et. al. work on antibacterial properties of electroless Ni-P-TiO>
coating. They used nanosized TiO2 powder (25 nm) for depositing the nanocomposite
coating. The bacterial adhesion examines in reducing bacterial attachment presented
that the Ni-P-TiO> deposits achieved antibacterial characteristics better than the nickel-
phosphorous deposit and uncoated stainless steel [219].

2.7.  Applications

Electroless  deposition today has many applications, for example,
in corrosion prevention and electronics. Materials with unique properties, such as
nickel-phosphorus (corrosion resistance) and cobalt-phosphorus (magnetic properties)
based alloys are easily obtained by electroless deposition. If the components being
plated are of complex shape electroless deposition may produce coatings with a high

degree of uniformity [42, 44].

Electroless nickel-phosphorus can produce coatings with varying properties because it

has the ability to easily control the phosphorus content, so according to it alters deposit
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properties, such as corrosion resistance and wear resistance. Electroless nickel
phosphorus is by far the most widely used electroless process in the industry; it has been
successfully used in computers and electronics to the automotive, aerospace, and oil
and chemical industries. Some recent uses of electroless coating include application in
MEMS, electromagnetic interference (EMI), in powder metallurgy, as membrane
reactors, minimizing fouling in heat exchangers and reduction of bacterial adhesion [32,
34, 42, 44-45, 66].

The Ni-P composite coatings containing ceramic particles as the reinforcing phase find
wide applications, especially as anti-wear and self-lubricant materials. The main
application of electroless composite coatings is for machining and finishing tools

requiring maximum wear resistance, and hard surface [34, 66].

The incorporation of TiO2 nanoparticles into the Ni-P matrix is likely to take advantage
of the different properties of Ni-P alloy and TiO>, including good wear and good
corrosion resistance and anti-bacterial properties. Because the electroless Ni-P-TiO>
coatings are metal-based, their thermal conductivity, anti-abrasive property, mechanical
strength and adhesion strength to the substrate are superior to standard PTFE coatings.
Therefore Ni-P-TiO2coatings have great potential applications in reducing biofouling
formation in heat exchangers, pipelines, ship hulls and many other devices that suffer
from biofouling problems. Electroless Ni-P-TiO2 nanocomposite coatings on aluminum
alloys, carbon steel or low-grade stainless steels, mild steel, brass, sintered NdFeB
permanent magnet are used in chemical process industry, seawater cooling, food
industry, oil and gas industry, pumping systems, automotive industry, aerospace
industry, electronics industry, foundry tooling, mould protection, textile industry etc
[34, 36, 44, 45, 66, 211, 215, 219]

As above mentioned-literature are showing, electroless deposition process has the
ability to produce uniform coatings on the entire surface. Electroless deposition avoids
the excessive build-up at projection & Edges. Electroless nickel-phosphorous alloy and
composite coatings are used as a functional or protective coating because of their unique
combination of physical, electrochemical and mechanical properties. Nano TiO>
particles also have unique properties combination and non-hazardous nature. Nano TiO-

particles can be used for thin film formation or thin coating deposition due to it’s
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anisotropic structure. The corrosion and wear studies on nano TiO2 embedded
electroless Ni-P composite coating are limited till date.

2.8. Identification of Research Gap

After a review of the available previous literature, the research gap between literature

work and this research work has been given below

e In past research work, deposition of electroless Ni-P-TiO2 nanocomposite was
done on carbon rod, AZ31 Mg alloy, stainless steel, and Al alloys. Currently,
work on of Ni-P-TiO2 nanocomposite coating with co-deposition of nano TiO-

particulate on mild steel is limited.

e In the past research work, the effect of variation in concentration of nano TiO;
particles in the electroless bath has not been done. So, this parameter is selected
for the present study.

e Morphological study of Ni-P-TiO2 nanocomposite coated sample is very
important due to the texture of the surface influences the properties of the
deposits. The effect of the texture of nano TiO2 coating on mild steel has been
rear studied previously. So morphological study with surface texture is chosen
for further study.

e Effects of the concentration of TiO2 nanoparticles on the tribological and
electrochemical properties of electroless Ni-P-TiO2 nanocomposite on mild steel

has not been studies.

2.9.  Objectives

The primary objectives of this research work are to deposit electroless Ni-P-TiO>
nanocomposite coatings on the surface of mild steel specimen with a variation of nano
TiO2 content and study the properties of obtained coatings. Various characterization
technique such as X-ray diffraction analysis, FESEM with EDS and area mapping,
microhardness measurements, potentiostat tests and wear tests were implemented to

conduct this research work.

The present work therefor contemplates the following study in respect of electroless Ni-

P-TiO2 nanocomposite coating on mild steel.
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Effect of varying concentration of nickel sulphate (in the deposition bath) on
mechanical, electrochemical and tribological properties of electroless Ni-P-
TiO2 nanocomposite coated mild steel.

Effect of varying concentration of sodium hypophosphite (in the deposition) on
mechanical, electrochemical and tribological properties of electroless Ni-P-
TiO2 nanocomposite coated mild steel.

Effect of varying concentration of TiO2 nanoparticles on surface morphology
and surface texture of electroless Ni-P-TiO2 nanocomposite coated mild steel
Effect of varying concentration of TiO2 nanoparticles on mechanical properties
of electroless Ni-P-TiO2 nanocomposite coated mild steel.

Effect of varying concentration of TiO2 nanoparticles on electrochemical
properties of electroless Ni-P-TiO2 nanocomposite coated mild steel

Effect of varying concentration of TiO2 nanoparticles on tribological properties

of electroless Ni-P-TiO2 nanocomposite coated mild steel.
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Chapter 3

PARAMETERS OPTIMIZATION

The electroless coating is an autocatalytic deposition process. In this process, a metal
source (to be deposited) and reducing agent are used. Some chemical reactions occur in
the chemical bath. These chemical reactions influenced by pH of the solution, the

temperature of the deposition bath and bath loading of the solution.

Before starting the deposition of Ni-P-TiO2 nanocomposite coating on mild steel,
optimization of effective parameters such as temperature, pH, deposition time period is
an important step. Electroless nanocomposite coating is an autocatalytic chemical
reduction method which has not required external electric sources. So suitable coating
process parameters such as the pH of the bath, the temperature of bath and deposition-
time are required. Optimization of parameters for the coating process is a necessary

action.

In this chapter, the essential parameters for electroless Ni-P coating and Ni-P-TiO>

nanocomposite coating have been decided.

3.1. Important parameters of the electroless coating process

Following parameters affect the electroless Ni-P and Ni-P-TiO2 nanocomposite coating
process [30-32, 44]:

i.  Bath concentration or bath loading

i.  pH of the chemical bath

iii.  The temperature of the chemical bath

iv.  Time-period of the coating process

Autocatalytic reactions, such as electroless Ni-P and Ni-P-TiO2 nanocomposite
coatings, required energy in order to proceed. In the electroless process, the required
energy is coming in the form of heat. Heat (energy) is measured in terms of temperature,
hence temperature during the plating is the principal variable. A number of chemical
reactions involved in the electroless Ni-P coating and Ni-P-TiO2 nanocomposite coating
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technique are sensitive to pH of the electroless coating bath. The time duration of the
electroless Ni-P coating has a profound effect on the rate of deposition. The
concentration of second phase particles (nano TiO> particles) is an essential parameter

for the Ni-P-TiO2 nanocomposite coating.

3.1.1. Bath concentration or bath loading

Chemical bath for the electroless deposition is made with the combination of deionized
water, nickel salt, reducing agent and a complexing agent. There is autocatalytically
reduction of the Ni** with the reducing agent in the electroless deposition. Nickel
concentration and hypophosphite (reducing agent) concentration are very important
parameters affecting the rate of deposition of Ni-P coating and Ni-P-TiO;

nanocomposite coating.

3 NaH2PO2 + 3 H,O + NiSO;——» 3 NaH2POz + HoSO4 + Ni+ 2 Hot ..., (1)
Ni** + HoPO2 + HO  —» Ni°+ H.POs +2HY .. (i1)
3 HPOy —» HPO3+HO+20H+2P (1i1)

As above equation (i) shows, three moles of hypophosphite is consumed by the one
mole of Ni ion. Optimize concentration of nickel salt with reducing agent is required to
develop adhere deposition [32, 44]. The concentration of second phase particles (nano
TiO») also affects the rate of deposition and properties of Ni-P-TiO2 deposit. The TiO>
nanoparticles dispersed within nickel-phosphorous matrix on the surface of the

substrate.

Bath loading for the electroless process is defined as the ratio of the exposed surface of
the substrate divided by the volume of chemical solution. According to Reidel et.al., for
the commercial bath bath-loading range (0.1 - 1.0 dm?/1) depends on the chemical bath
solution [40].

3.1.2. pH of the solution

The pH value of bath solution is defined by the richness of the concentration of H* ions
in the solution. The pH of the solution is varied with the concentration of hydrogen ions
in solution. In the coating bath, pH value of the solution is decreased by the
accumulation of H* ions.
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2H" + 2e » Ho 1

In an above chemical reaction, hydrogen gas is liberated by reaction between generated
H* ions in the bath. Hydrogen gas formation hinders chemical reactions on the surface
of the substrate. Hence, pH of the solution is another parameter of the electroless coating
process which affects the appearance of electroless nickel-phosphorous and Ni-P-TiO-
nanocomposite deposits on a substrate of mild steel. According to many types of
research, no significant Ni-P coatings were obtained from Ni-P bath solution with low
pH value (pH 1, 2, 3) as well as with very high pH value (pH 12, 13, 14). Optimization

of pH of the solution is a must for deposition of significant coatings [32, 40, 44].

3.1.3. The temperature of the bath

The temperature of the electroless nickel-phosphorous deposition bath is an effective
parameter which affects the rate of deposition. Electroless deposition is a self-catalytic
process, thus sufficient temperature of the solution is required for the generation of a
chemical reaction while very high temperature is also not suitable for coating because
the bath becomes unstable. On the basis of literature, the rate of deposition was low at
a temperature below 65°C, in this temperature range the bath chemical reactions were
not taking place. Increase the rate of deposition with the increase in temperature up to
95°C. In the electroless deposition process, water is used as the solvent for the chemical
bath. Water boils at 100°C, so the maximum temperature of the deposition bath is
100°C. Hence optimization of the temperature of the solution is required for the study
[32, 44].

3.1.4. Time-period of coating process

The time period of the electroless coating affects the rate of deposition. The rate of
deposition in initial hours differs from the rate of deposition in the last hours because
the rate of chemical reactions is changing with time. For deposition of the significant
coating, optimization of deposition period is demanded. In the literature, studies related
to the effect of the time-period of the coating process on deposition-rate are found.
Figure 3.1 shows the effect of deposition time-period on the rate of deposition. As

shown, the rate of deposition decreases with increasing time. After a certain time period,
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the deposition rate is constant. Thus, an optimum bath load is required to produce the
acceptable deposition rate [32].
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Figure 3.1: Effect of deposition time-period on deposition rate [Grunwald, 1983]
[32]

3.2. Optimization of parameters

The parameters detailed in the previous section for the deposition of the electroless Ni-
P alloy and Ni-P-TiO2 nanocomposite coating. In this section, optimization of
parameters required to achieve the adhered coating is carried out. Following parameters
of temperature, pH and time period for deposition of Ni-P and Ni-P-TiO>

nanocomposite coatings are selected:

Table 3.1: Selected parameters for the study

The temperature of chemical bath 70°C, 80°C, 90°C
pH of the chemical bath 1,2,3,4,5,6,7,8,9,10,11,12, 13,14

Time-period for the deposition | 30 minutes, 60 minutes, 90 minutes,

process 120 minutes

For the above parameters shown in Table 3.1, the concentration composition of the bath

is 30 g/l nickel sulphate and 20 g/l sodium hypophosphite.

68



In this parameter-optimization study, Ni-P coatings on the substrates of mild steel with
varying temperature (70°C, 80°C and 90°C), pH (1-13) and time period for deposition
process (30 minutes, 60 minutes, 90 minutes and 120 minutes) were done by chemical
bath deposition (electroless coating) method as discussed below. The chemical bath for
the electroless coatings constituted with NiSO4 as a source of nickel in the solution,
sodium hypophosphite as a reducing agent to reduce the nickel from nickel ions. It also
constituted with lactic acid as a complexing agent to prevent precipitation of nickel
sulphate and sodium hypophosphite. Setup for electroless coating is shown in Figure
3.2. The pH and temperature were measured at regular intervals for the optimization of
pH of solution and temperature of the solution. The pre-treated mild steel substrate was
dipped in the chemical bath for the particular period of time for deposition of the
coating. The sample then removed outside of chemical bath and washed with distilled

water and dried.

== Thermometer
PH Meter {:H — Sample
1 — .
Bath : Solution

-

Figure 3.2: Electroless Ni-P coating set up

3.2.1. Bath concentration or bath loading

Bath concentration for the electroless deposition form with the salt of the source of
metal to be deposited, a reducing agent to reduce this salt to obtain metallic ion in the
bath. Ni-P deposition takes place by the reduction of nickel sulphate with the sodium
hypophosphite in a provided chemical bath. The nickel salt and sodium hypophosphite

were consumed in the chemical bath of the electroless coating so their concentration in
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the chemical bath was decreasing with increase in deposition time. There were many
researchers who did a coating of Ni-P and Ni-B on mild steel with variation in the
composition of a chemical bath. Bath concentrations used by the various researchers are
given in Table 3.2. C. Y. Wang et.al. mentioned in their work, the concentration of nickel
salt and sodium hypophosphite was 30 g/l, and 25 g/l respectively for the preparation
of the electroless bath [150]. A. Abdel Al et. al. prepared an electroless bath with 30 g/1
nickel salt concentration and 15 g/l sodium hypophosphite [169]. Preeti Makkar et. al.
constituted the electroless bath with 30 g/l nickel sulphate and 20 g/l sodium
hypophosphite with 20 g/l complexing agent [36]. The concentration of sodium
hypophosphite in the deposition bath differs in above previous research work done by
the various researchers. The content of P in the Ni-P deposit is varied by the variation

of the concentration of sodium hypophosphite in the deposition bath.

Table 3.2: Bath composition used by the various researchers

S. Researchers Concentration
No NiSO4 NaH;PO, Temp pH
(9/1) (9/1) °C)
1 C.Y. Wang et.al. 30 25 85 4.6
2 | A. Abdel Aal et.al. 30 15 90+2 |4.7-49
3 | Preeti Makkarn et.al. 30 20 90 9

On the basis of research work done by various researchers, bath concentration was
selected for the optimization of pH of the solution, the temperature of solution and time-
spend of the coating process. Chemical composition for the electroless coating is shown

in Table 3.3.

Table 3.3: Chemical composition and parameters of the electroless bath for Ni-P

coating
S. No. Chemicals/parameters Concentration
1 Nickel Sulphate 30 g/l
2 Sodium Hypophosphite 20 g/l
3 Lactic Acid 35 ml/l
4 Temperature 70°C, 80°C, 90°C
S) pH 1-13
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Variation in concentration of nickel sulphate and sodium hypophosphite with the
second phase particles (nano TiOy) in the electroless bath for the study of structural,
corrosion tribological behavior of Ni-P-TiO2 nanocomposite deposit was done in the
main experimental work. Here, in this work, the optimization of pH of a chemical bath,

the temperature of the chemical bath and time-spend of deposition process was done.

Bath loading for the deposition of Ni-P and Ni-P-TiO2 nanocomposite coating was

calculated by the given formula

Bath loading = Exposed surface area / Total volume of solution

In this optimization work, 2 cm x 1 cm sample size was used. Calculated exposed
surface area for both sides of the plate was 4 cm? and 200 ml solution was used for the

coating of one sample. Calculation for the determining the bath loading is given below:
Bath loading = 4 cm? / 200 ml
=0.4dm?/0.2 |
=0.2 dm?/I

The calculated value of bath load for these experiments is 0.2 dm?/I, which is lying in
the range of bath loading value given in the literature (0.1 to 1.0 dm?/I) [40].

3.2.2. pH of the chemical bath

For the optimization of pH of the solution, the concentration of the chemicals in the
bath were selected from the above optimization study of bath concentration. For the
optimization purpose, deposition of the Ni-P coating on mild steel substrate was done
by the variation of pH from 1 to 14. Obtained coating thickness and weight at different
pH are given in Table 3.4. As the deposition results shown in Table 3.4, deposition did
not occur at pH 1. Some amount of Ni-P deposits deposited at pH 2 and pH 3. As the
pH reached at 4 and 5, the thickness of the coating is very high after then thickness
decreased. It means the appropriate pH for coating is pH 4 in the acidic electroless bath.
In alkaline electroless bath at pH 9, good coating results were obtained. At very high
pH (pH 12-14) coating process was uncontrolled because of involvement of fast
chemical reactions and no deposition was obtained.
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Table 3.4: Obtained coating thickness and weight with different pH (1-14 pH)
pH of Coating Weight (mg) Coating Thickness (micron)
solution | 70°C 80°C 90°C 70°C 80°C 90°C
1 -0.07 -0.64 0.12 -0.7 -0.4 1.2
2 0.11 3.20 0.86 1.2 16 6
3 0.94 3.40 0.94 6 15 14
4 4.94 5.76 4.00 20 26 21
5 3.48 5.19 3.90 16 24 20
6 3.63 4.76 3.83 18 23 20
7 3.73 3.27 3.25 16 15 12
8 2.88 2.90 1.01 11 11 6
9 3.89 3.91 0.67 12 16 3
10 0.86 2.83 Coating |25 8 Coating

was not was not
found found
11 coating 1.66 Coating | coating 3 coating
was not was not | was not was not
found found found found
12 coating 1.34 coating coating 2.8 coating
was not was not | was not was not
found found found found
13 coating coating coating coating coating coating
wasnot |wasnot |wasnot | was not was not was not
found found found found found found
14 process process process process process process
wasnot |wasnot |wasnot | wasnot was not was not
controlled | controlled | controlled | controlled | controlled | controlled

Comparison of the coating weight and thickness of deposits at different pH (1-12) with
70°C, 80°C and 90°C chemical bath temperature is presented in Figure 3.3(a) and (b)

respectively. As comparison graphs show at 70°C, 80°C and 90°C with pH 4 has highest

coating thickness and weight in acidic bath and at 80°C with pH 9 has highest coating

thickness and weight in the alkaline bath. Very low pH and temperature not suitable for

obtaining required coating thickness and weight because at low temp and pH

autocatalytic reduction of the metal salt in the electroless bath is not started, so no

deposition or very less deposition occurred. Reduction of the metal salt in the bath took

place very fast at high temp and pH. Due to this, more metallic ions accumulated in the

bath and the proper coating did not take place.
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Fig. 3.3. (a) Weight of deposited electroless Ni-P coatings; and (b) thickness of

deposited electroless Ni-P coatings, as a function of temperature and pH
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For the studies of microhardness of the Ni-P coating with a variation of pH, Vickers
microhardness tester was used. Measurements of microhardness were carried out on
the coated substrate by applying a 10 gm load for 15 s because thickness of the obtained
coatings (given in Table 3.4) are in micrometer. An average value of microhardness was
reported after repeating five measurements for microhardness. Microhardness value of
obtained Ni-P coatings on mild steel specimen is given in Table 3.5.

Table 3.5: Vickers microhardness of obtained coatings with different pH (1-14)

pH of Microhardness (VHN)

solution 70 °C 80 °C 90 °C

1 133 132 135

2 177 298 288

3 280 330 301

4 319 446 420

5 319 363 338

6 318 361 320

7 319 356 315

8 204 220 190

9 325 397 295

10 242 337 198

11 258 240 183

12 143 233 180

13 132 176 Not deposited
14 Not deposited | Not deposited | Not deposited

Microhardness evaluation was done to understand the effect pH value of solution on the
microhardness of electroless Ni-P coating on the mild steel substrate. Figure 3.4 shows
the effect of pH of the solution on the microhardness of the electroless Ni-P coating on
mild steel. Mild steel (uncoated) has microhardness ~132 VHN1o. The maximum
microhardness achieved for electroless Ni-P coatings on mild steel has been reached at
pH 4 with 70°C, 80°C, and 90°C. Microhardness value of the electroless Ni-P coating
on mild steel at pH 4 and 80°C (acidic bath) is ~ 446 VHN10. ~397 VHNjyo is the
microhardness of the Ni-P coating on mild steel at pH 9 and 80°C (alkaline bath).
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Figure 3.4: Comparison of microhardness values for obtained Ni-P coatings on
mild steel at different pH (1-12)

From the above studies, it is concluded that pH for the acidic electroless bath is 4 and
for alkaline bath 9 to obtain, significant coating thickness and microhardness of Ni-P

coating, which are the important parameters of this work.

3.2.3. Temperature of chemical bath

Next parameter for the optimization is the temperature of the chemical bath.
Temperature is varying as 70°C, 80°C and 90°C for the acidic and alkaline electroless
deposition bath. The thickness and weight of the obtained coating deposited by use of
the acidic bath and alkaline bath with 70°C, 80°C and 90°C bath temperature are given
in Table 3.6 and 3.7. The thickness of Ni-P deposits by the electroless deposition at
80°C with pH 3, pH 4 and pH 5 are 15 um, 26 pm & 24 pum respectively. These are the
higher thickness of deposits in case of acidic deposition. In the case of alkaline
deposition, 16 um is the highest coating thickness. It was obtained in the alkaline bath
with 80°C and pH 9.
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Table 3.6: Obtained coating thickness and weight at different temperature (70°C,

80°C and 90°C) by the acidic bath

Temperature Coating weight (mg) at Coating thickness (micron) at
of solution different pH value different pH value
(°C) 3 4 5 3 4 5
70 0.94 4.94 3.48 6 20 16
80 3.40 5.76 5.19 15 26 24
90 3.14 4.00 3.90 14 21 20

Table 3.7: Obtained coating thickness and weight at different temperature (70°C,
80°C and 90°C) by the alkaline bath

Temperature Coating weight (mg) at Coating thickness (micron) at
of solution different pH value different pH value
(°C) 8 9 10 8 9 10
70 2.88 3.89 0.86 11 12 2.5
80 2.90 3.91 2.83 11 16 8
90 1.01 0.67 0 6 3 0
—=— 3pH —=— 8pH
—e— 4pH —*— 9pH
bl (a) —a— 5pH (b) —a— 10pH
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Figure 3.5: The thickness of Ni-P deposits by electroless deposition of (a) acidic

bath & (b) alkaline bath, as a function of temperature
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Figure 3.6: The weight of Ni-P deposits by electroless deposition of (a) acidic bath

and (b) alkaline bath, with varying temperature

Comparative studies for deposited coating thickness and weight at 70°C, 80°C and 90°C
are given in Figure 3.5 and 3.6. The comparison of coating thickness obtained by the
deposition in the acidic medium and alkaline medium has been presented in Figure 3.5
(@) and (b), respectively. As graphs show, the coating thickness is higher at 80°C as
compare to at 70°C and 90°C in both deposition medium. Figure 3.6 (a) and (b) are
showing the comparison of the weight of deposits deposited in acidic medium and
alkaline medium respectively. Similar to coating thickness, coating weight is also higher

in the case of deposition with 80°C.

Table 3.8: Vickers microhardness of obtained coatings with different temperature
(70°C, 80°C and 90°C)

Temperature Microhardness (VHN) at different pH value

of solution In acidic bath In alkaline bath
(°C) 3 4 5 8 9 10
70 280 314 319 204 325 242
80 330 446 363 220 397 337
90 301 420 338 190 295 198

Values of microhardness of various deposits deposited at different temperature (70°C,
80°C and 90°C) are mentioned in Table 3.8. Microhardness values of the Ni-P coatings
deposited in the acidic bath at 80°C with pH 3, pH 4 and pH 5 are 330 VHN1o, 446
VHN10, and 363 VHN1g respectively and the microhardness of coatings deposited in the
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alkaline bath at 80°C with pH 8, pH 9 and pH 10 are 220 VHN10, 397 VHN10, and 337
VHN1o respectively.

Comparison of microhardness for obtained coatings at 70°C, 80°C and 90°C by acidic
bath & alkaline bath deposition is presented in Figure 3.7 (a) and (b). Significant coating
thickness is obtained at 80°C, so microhardness of this deposit is high.
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Figure 3.7: Comparison of microhardness values for obtained coatings at 70°C,
80°C and 90°C by (a) acidic bath and (b) alkaline bath

As result obtained from the optimization of chemical bath temperature with help of

coating thickness, weight, and microhardness measurement, 80°C is the optimal
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temperature for the deposition of electroless Ni-P coating in the acidic medium and

alkaline medium.

3.2.4. Time-period for coating process

By the optimization of pH and temperature of the chemical bath for the electroless
nickel-phosphorus deposition, pH 4 and 80°C temperature was fixed during the
optimization of time-spend for this coating process. During the optimization of time-
period for electroless coating, the thickness of deposits measured after 30 minutes, 60
minutes, 90 minutes and 120 minutes of deposition. 80°C bath temperature and pH 4 of
the solution are maintained during the deposition. These tests were repeated in three
times. The average thickness of deposits after 30 minutes was 10 um. The thickness of
deposits after 60 minutes, 90 minutes and 120 minutes of deposition were 18 um, 22
pm, and 22.5 pm respectively. As results observed, it can say that coating thickness is
increased with an increase in deposition-time. Figure 3.8 shows, in the initial first hour,
the rate of deposition of the coating is high as compared to the second hour. In the last
30 minutes thickness is increased only 2 um. 90 minutes of deposition is sufficient for
the achieving good coating thickness.
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Figure 3.8: Comparison of the obtained Ni-P coating thickness after 30 minutes,
60 minutes, 90 minutes, and 120 minutes (at 4 pH and 80°C)

On the basis of above studies done for the parameters optimization of an electroless

chemical bath, selected pH of the solution is 4 for acidic bath and 9 for alkaline bath,
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the temperature of the solution is 80°C and 90 minutes are time-period of the coating

process.

For the study of structure and phase identification of Ni-P coating on mild steel
deposited with above selected parameters, X-rays diffraction method was used. The
surface morphology and chemical analysis of Ni-P coated mild steel was carried out by
using FESEM with EDS technique.

The study of the structural changes in the produced coating was performed with help of
X-ray diffraction technique. The X-ray diffraction patterns of Ni-P for the acidic bath
(with pH 4) as well as the alkaline bath (with pH 9) both exhibited a single peak
corresponding to Ni (1 1 1) phase and more diffused peaks revealed amorphous nature
of coatings. X-ray diffraction analysis of Ni-P coatings for acidic and alkaline as shown
in Figure 3.9 (a) and (b), confirmed that the Ni phase was present in both the samples.
The X-Ray diffraction pattern of the electroless Ni-P coating obtained from acidic bath
has a single broad peak centered at 43.6566, 20, indicating the amorphous nature of the
coating and having high phosphorous content in the deposit. The X-Ray diffraction
pattern of the electroless Ni-P coating obtained from alkaline bath has a single sharp
peak centered at 43.8266, 20, indicating the semi-crystalline nature of the coating and
having low phosphorous content in the deposit. When the pH value of the electroless
bath is increased then the percentage of phosphorous content is decreased in the deposit.
Amorphous nature of electroless Ni-P coating is showing when P content in the coating
is higher [10, 11].
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Figure 3.9: X-ray diffraction pattern of electroless Ni-P coatings obtained using
(a) bath with pH 4; and (b) bath with pH 9
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The studies of surface morphology of Ni-P deposits were studied by using scanning
electron microscopic analysis, which was used for the surface analysis of the deposits.
FESEM images of Ni-P deposits on mild steel obtained at pH 4 and pH 9 are shown in
Figure 3.10 (a) and (b). FESEM micrographs show that Ni-P coating was deposited on
mild steel substrate in form of spherical globules of Ni-P. The globules had a tendency
to adhere with the clean upper surface of the mild steel substrate. At first, globules were
formed at some random place on the mild substrate after then these globules grew in
the lateral direction on the substrate. As the first layer of globules growth completed,
the second layer of globules deposited on the previous layer. By this continuous process,
a coherent uniform Ni-P coating developed on mild steel substrate [83]. EDS results of
Ni-P coatings deposited with pH 4 and pH 9 are given in Table 3.9. The concentration
of Ni is increased and the concentration of P decreases in the Ni-P deposits when the

pH value of the solution is increased.

Figure 3.10: FESEM images for electroless Ni-P coating at (a) pH 4 and (b) pH 9

Table 3.9: The weight percent of elements in Ni-P alloy coating and on mild steel

Sample wt.% Ni wt.% P
Ni-P alloy coating withpH 4 | 84.4 15.6
Ni-P alloy coating withpH9 | 90.6 94

Ni-P coatings were fruitfully developed on the mild steel substrate with help of
electroless plating technique using a hypophosphite reduced bath. Electroless Ni-P

coatings reveal good adherence to the mild steel substrate and were deposited as a
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thickness of ~20 um. Selected parameters for deposition of the Ni-P coating on mild
steel are given in Table 3.10.

Table 3.10: Selected parameters of the electroless Ni-P coating on mild steel

Coating Parameters Ni-P  deposition | Ni-P  deposition
with acidic bath | with alkaline bath

pH of solution pH 4 pH 9

Temperature of solution 80°C 80°C

Time period of the 90 minutes 90 minutes

coating process

XRD result obtained for Ni-P coating with acidic bath exhibited a single broad peak
corresponding to Nickel (1 1 1) phase, indicated the amorphous nature of coatings and
XRD pattern obtained for Ni-P coating with alkaline bath exhibited a sharp peak of
nickel, indicate the semi-crystalline nature of the coating. Increase in pH of solution
showing Ni-P deposits having semi-crystalline nature. On the basis of literature coating
at low pH has a high content of phosphorous compared to the coating at high pH and
the high phosphorous coating has an amorphous structure and low phosphorous coating
has a semi-crystalline structure. If thickness, weight, and microhardness of coating are
compared for deposition in the acidic and alkaline bath then deposit deposited with
acidic bath has superior results so for further deposition experiments of this research
work was done by the use of the acidic chemical bath.

As the conclusion of this chapter, it can say that optimize pH of the chemical bath is 4,
optimize temperature of the chemical bath is 80°C and optimize time-spend of the
coating process are 90 minutes for deposition of significant electroless coatings. For the
further deposition of Ni-P and Ni-P-TiO2 nanocomposite coating for studying
corrosion-behavior, tribological research and structural analysis, the above parameters

are used.
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Chapter 4

EXPERIMENTAL

In the present chapter, the procedure used to perform the experiments is discussed. The
chapter starts with the chemical analysis of raw material as received and substrate
preparation for deposition of the electroless nanocomposite coating. Development of
Ni-P-TiO2 nanocomposite coating with a variation of the bath constituents is mentioned
followed by characterizations of the developed nanocomposite coatings. In the
characterization part, XRD analysis, SEM analysis, surface roughness, microhardness,

corrosion and wear studies are included.

In the present study, the effect of electroless Ni-P coating and Ni-P-TiO2 nanocomposite
coating on mild steel carried out for the structural, mechanical, corrosion resistance and

tribological properties.

4.1. Compositional analysis of mild steel

The confirming that the mild steel used as a substrate in coating processes is chemically
sound or not, the compositional analyses are done by spectroscopic analysis and by

chemical root.

4.1.1. By instrumentation

The sample used for chemical analysis was cut from rectangular mild steel sheet in the
size of 30 mm x 30 mm x 1 mm. The chemical analysis of the mild steel substrate was
done using Optical Emission Spectrometer (Bench type). The result of the chemical
analysis of mild steel sample is summarized in Table 4.1, a slight variation in

composition was observed from the desired composition.

Table 4.1: Chemical Composition of mild steel sample (wt.%b)

Al

Mn B C Cu Nb S Si P W Ni Fe

0.0576 | 0.0599 | 0.0079 | 0.1623 | 0.0325 | 0.0402 | 0.0139 | 0.50 0.0289 0.0837 | 0.025 98.97
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4.1.2. By chemical analysis

Carbon percent in the mild steel substrate was done using chemical analysis method in
metallurgical analysis lab

% of carbon =0.16

The weight percentage of iron and carbon was found to be 98.97% and 0.1623% which
is very close to the standard composition of mild steel (0.05% to 0.25% carbon content).

4.2.  Substrate preparation

This process included the cutting of the substrate from a mild steel sheet. The substrate
size was taken as 20 mm x 10 mm x 1 mm (100 samples). The substrates were then filed
or grinded to eliminate the sharp edges. The substrates were drilled on one side of its

corner to hang in the solution.

4.2.1. Substrate surface pretreatment

To obtain good adhesion of electroless deposition to the surface of the substrate it is
essential that the surface should be thoroughly cleaned [220]. Therefore, all the mild

steel substrates were subjected to the following pre-treatment method [220]:

i.  Degreasing in acetone.

ii. It was then washed with deionized water and immersed in the light acidic
solution.

iii. It was then rinsed with deionized water and immersed in a 3% NaOH solution.

iv. It was again rinsed with deionized water and then treated with 10 g/l SnCl>
solution (for sensitization purpose).

v. It was again rinsed with deionized water followed by dipping in 0.6 g/l PdCl>
solution (for activation purpose).

Now the substrate is ready for the electroless coating process.

The pretreatment process of electroless Ni-P and Ni-P-TiO2 nanocomposite coating on

mild steel is shown in Figure 4.1.

84



Alkaline Acidic

Degreasing Rinse cleaning Rinse cleaning
Acetone Distilled water NaOH solution Distilled water HCl solutlon
Activation Rinse Sensitization Rmse
Pretreated
mild steel
sample
( Readv‘h — —
Deposition) - -
PdCl, solution Distifled water SnCl, solution Distilled water

Figure 4.1: Procedure for substrate surface pre-treatment

4.3.  Deposition of Ni-P-TiO2 nanocomposite coating

Development of the different electroless Ni-P-TiO2 nanocomposite coatings by varying
concentration of nickel salt, reducing agent and second phase particulate material in the

coating bath was done.

The process of deposition of electroless Ni-P-TiO2 nanocomposite coating on the mild

steel is in two steps:
Step I: Pre-treatment of the substrate
Step II: Deposition of Ni-P-TiO2 nanocomposite coating on the mild steel substrate.

Pretreatment of the substrate is very essential due to this coating is a type of chemical
bath deposition and a good adhered uniform surface is getting after properly
pretreatment. Pretreatment process for mild steel substrate described in section 4.2.1.

After pretreatment of the mild steel substrate, it is ready to the electroless deposition.

For the deposition of Ni-P-TiO; nanocomposite coating on mild steel, made a chemical
reduction bath containing nickel salt, a complexing agent, a reducing agent, and nano
TiO2 powder is as shown in Figure 4.2. Ni-P-TiO2 nanocomposite coatings on the mild
steel substrate were done by chemical bath deposition (electroless coating) method as

follows:
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I. 200 ml of distilled water was heated at 90°C with hot plate cum stirrer and then
it was mixed with Nickel Sulphate and Sodium hypophosphite and then the
solution is added with lactic acid. The pH and temperature were measured at
regular intervals this stage (to maintain the optimized pH value of 4 and
temperature of 90°C).

ii.  The pre-treated mild steel substrate was dipped in the chemical bath for
prescribed time i.e. 90 minutes for deposition of the coating.

iii.  Then the sample was taken out from the chemical bath and rinsed with deionized

water and dried.

TiO, suspension Electroless deposition
//——\ Thermometer
- Bath
— a
—Holder cli
.- older clips -
Deionized water — Solution
ol i | +Ti0,
"-JWater P - Sample
—\ Ultrasonicator . . e | Hot plate
&L SR
Speed Temp with stirrer
Temp rpm

pH meter

Figure 4.2: Electroless nanocomposite coating set up
4.3.1. Mechanism of Ni-P-TiO2 nanocomposite coating

Deposition of electroless Ni-P-TiO> nanocomposite coating is a surface reaction,
divided into elementary steps, such as diffusion of Ni*? and H.PO, to the surface,
adsorption of Ni*? and H,PO;" at the surface of activated mild steel, chemical reaction
on the mild steel surface desorption of HPO3", Hz, and H* from the surface and last
diffusion of HPO3", Hz, and H* away from the mild steel surface. Reduction of nickel
with hypophosphite is always conducted by the release of H.. As a by-product of
reduction reaction, hydrogen ions are generated. Chemical reactions involved in the

electroless coating prosses are given below [44].

86



(a)

(b)

HzPOz' + Hzo — H2P03' +2H* +2e"

Nit* +2e — w
2H* + 2¢— H,

H,PO; +2H* + e —>®+ 2H,0

Cnip D Nitt +ze-® s

2H* +2e¢ — H,

H,PO; +2H* + & @ 2H,0

H,PO, + H,0 — H,PO; + 2H* +2¢
®TiO,

Ni* +2e— m

2H* + 2 — H,
H,PO; +2H* + & _>®+ 2H,0
eTio,

®TiO,

o _Ni-PC Ni-P
. N D Nit m—@
[ — CNi-P D
CNiP ONP D )+ 4 2e— H, \P
m H,POy +2H* + & —® 2H,0

Figure 4.3: Mechanism of electroless deposition of (a) Ni-P coating and (b) Ni-P-

TiO2 nanocomposite coating on mild steel
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Mechanism of the electroless deposition on the mild steel surface is shown in Figure
4.3. when hypophosphite ion reacts with water, atomic hydrogen form and these atomic

hydrogens adsorbed in the surface of mild steel.

H,PO; + H,0 = HyPO3 + 2HT +2€7 oo, (i)
Nit2 +2e - Ni® (ii)
2HY 4 2e > Hy e, (iii)
H,PO; + 2H" +e = P +2H,0 e, (iv)

Then co-deposition of nickel-phosphorus (Ni-P) by the reduction for atomic hydrogen
of Ni*2ion and H,PO; ion. Again, atomic hydrogen (H) adsorption in the formed Ni-P
deposit. These atomic hydrogens also formed by the reaction of the hypophosphite ion
with water. Again, co-deposition of Ni-P in the Ni-P deposit by new reaction for atomic
hydrogen of Ni*2 jon and H2POy2™ ion. TiO, nanoparticles were simply co-deposited with

Ni-P coating.

A number of experiments done for the obtaining the electroless nanocomposite coating
with a variation of concentration of TiO> content, a nickel source, and reducing agent
are shown in Figure 4.4. Electroless bath chemical composition and parameters for Ni-
P-TiO2 nanocomposite coatings are given in Table 4.2, 4.3 and 4.4, with variation of
concentration of nickel sulphate 25 g/l, 30 g/l, and 35 g/I, concentration of sodium
hypophosphite20 g/I, 30 g/l, and 40 g/l and concentration of TiO2 nanopowder 0.4 g/1,
0.8 g/1,1.2 g/l, 1.6 g/l, and 2 g/l respectively.

Nickel Sulphate Sodium Hypophosphite TiO, nano powder (10-25 nm)

20/l —_
Awen |

4 | 0.4 g/l

—_{osg/l

03, ,
30 :jl, /:/_, I 7_ ‘

\\

1.2 g/l

35g/l NG

T {use

/
/

| Ta0g/
~. ] 40¢g/l

Figure 4.4: Chemical bath compositions: variation in concentration of nickel
sulphate, sodium hypophosphite, and TiO2 nanoparticles
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Table 4.2: Electroless bath chemical composition for composite coating (only

variation in concentration of nickel-source)

S. No. | Chemicals Concentration

1. Nickel sulphate 25 g/1,30 g/1, 35 g/l
2 Sodium hypophosphite 30 g/l

3 Lactic acid 35 ml/l

4 TiO2 nano powder (10-20 nm) | 2.0 g/l

5. pH of solution 4

6 Temperature of bath 90+2°C

7 Bath loading 0.002 m?/1

Table 4.3: Electroless bath chemical composition for composite coating (only

variation in concentration of reducing-agent)

S.No. | Chemicals Concentration

1. Nickel sulphate 30 g/l

2. Sodium hypophosphite 20 g/l, 30 g/l, 40 g/l
3. Lactic acid 35 ml/l

4, TiO2 nano powder (10-20 nm) | 2.0 g/l

5. pH of solution 4

6. Temperature of bath 90+2°C

7. Bath loading 0.002 m?/I

Table 4.4: Electroless bath chemical composition for composite coating (only

variation in concentration of second phase particles)

S. No. | Chemicals Concentration

1. Nickel sulphate 35¢/1

2 Sodium hypophosphite 30 g/l

3 Lactic acid 35 ml/l

4 TiO2 nano powder (10-20 nm) | 0.4, 0.8, 1.2, 1.6, and 2.0 g/l
5. pH of solution 4

6 Temperature of bath 90+2°C

7 Bath loading 0.002 m*/1
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4.3.2. Coating thickness and weight measurement

The coating thickness and coating weight was measured by digital micrometer with
precision 0.001 mm and digital weighing balance with a precision of 0.1 mg
respectively. After obtained a well-adhered coating on mild steel substrate, the thickness
and weight of the electroless deposited coating were measured by taking the difference
of thickness and weight of the substrate with and without coating. The following
formulas were used to calculate the coating thickness and weight:

Coating Thickness (mm) =to—t1 ...l (4.9)

Coating weight (Mg) = W2—W1  ...oiiiiiiiiiiiieenen, (4.b)

Where t1 and t2 are thickness measured in mm by digital micrometer before and after
coating respectively. wi and w» are weight measured in mg by weight balance before

and after the deposition respectively.

4.4. Characterization techniques for obtained coatings

Surface texture and microstructure of coating have an enormous effect on its corrosion
and wear performance. Therefore, it was necessary to do XRD analysis, scanning
electron microscopy and surface roughness analysis before conducting microhardness,
electrochemical and wear tests. XRD analysis and FESEM analysis of coatings were
helpful to understand the information related to presented phases and morphological
information such as particles size, shape, and distribution in the deposit on the mild steel

surface.

4.4.1. X-ray diffraction (XRD)

X-rays diffraction analysis is a technique worked for studying the structure (crystalline
or amorphous) and parented phases in the materials. The XRD testing was carried out
on XRD testing machine (Model: Panalytical X Pert Pro) using Cu as the anode material

with K alpha wavelength of 1.540598A. The size of the samples was 20 mm x 10 mm
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X 1 mm. The scan range was 20° to 80° and the scan rate was 2° per minute. X-ray

diffractometer machine is shown in Figure 4.5.

In this research work, X-rays diffraction analysis was used for the generating X-ray
diffraction spectra for electroless Ni-P coating on mild steel and Ni-P-TiO>
nanocomposite coatings on mild steel with a variation in concentration of nickel
sulphate, concentration of sodium hypophosphite and concentration of second phase

particles ( nano TiO>).

Figure 4.5: X-Ray Diffractometer (Panalytical X Pert Pro)

The size of the Ni-P globules and developed strain within the nickel-phosphorous
matrix due to the inclusion of second phase particles (TiO2 particles) calculated by
formula (4.c) and formula (4.d) respectively [206, 221-222].

xd
L= P RPN I o) |
Bros@ _ 1 N £sing
A LT s (4.d)

Where L is particle size, 4 is the used X-ray wavelength, x is the correction faction (~
0.9), 8 is the FWHM of observed Peaks, ¢ is the effective strain and © is the Bragg’s
angle.
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4.4.2. Field emission scanning electron microscope (FESEM)

FESEM was conducted to study the surface morphology (shape, size, and distribution
of the presented elements) of the Ni-P and Ni-P-TiO> nanocomposite coated mild steel
as well the effect of inclusion of second phase particles (nano TiO2) on morphological
changes. Different electron microscopic analysis such as mapping and spot analysis
(EDS) were performed with FESEM for studying the distribution of the elements in
particular area and wt.% and atm.% of presented elements in a particular spot.

Microstructural characterization study was done to observe the microstructure of the
sample surface. This was done by using field emission scanning electron microscope
with energy dispersive X-ray spectroscopy at the materials research center, MNIT
Jaipur, and T Kanpur. Figure 4.6 shows the SEM equipment. The FESEM
micrographs of the samples were obtained. The images were taken in secondary electron
(SE) mode. FESEM with EDS and mapping analysis was done for the various coated

samples, which are given in Table 4.5.

Table 4.5: Coated samples which are used for the FESEM analysis

nanocomposite

coating

35 g/l

Sodium hypophosphite: 20 g/I,
30g/l, 40 g/l

Lactic Acid: 35 g/l

TiO2 nano powder: 0.4 g/l, 0.8
g/l, 1.2 g/l,1.6 g/l, 2.0 g/l

Sample Chemical concentration Parameters
Ni-P coating Nickel sulphate: 30 g/l pH of solution: 4
Sodium hypophosphite: 20 g/l | Temperature of solution:
Lactic Acid: 35 g/l 80°C
Time period for coating
process: 90 minutes
Ni-P-TiO2 Nickel sulphate: 25 g/l, 30 g/l, | pH of solution: 4

Temperature of solution:
80°C
Time period for coating

process: 90 minutes
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Fig 4.6: Scanning electron microscopy (Nova Nano FESEM 450)

4.4.3. Microhardness testing

In this research work, hard nano TiO: particles are used as second phase particles to
develop electroless Ni-P-TiO2 nanocomposite on mild steel. Microhardness tests were
performed with the purpose of understanding the effect of Ni-P and Ni-P-TiO:
nanocomposite deposition on the microhardness of mild steel.

Camera

Eye Piece

Microscope

Indenter

Sample holder

Control panel

Figure 4.7: Microhardness tester
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The microhardness of the mild steel and both types of coatings was measured using a
Vickers microhardness tester (Model: UHT VMHT) with the diamond indenter. A 10
gm load is applied on the steel and coated steel samples for 15 second and
microhardness measurements are taken. An average of five measurements was reported
as the microhardness value. Set-up of Vickers microhardness tester is shown in Figure
4.7.

4.4.4. Surface texture analysis

The advantage of electroless Ni-P coating and Ni-P-TiO2 nanocomposite coating is that
these types of coatings provide a uniform deposit thickness on the surface of the
specimen. In this research, Ni-P-TiO2 nanocomposite coatings are deposited on the mild
steel surface with the use of nano TiO: particles as second phase particles. For

measuring the roughness of hanocomposite coatings, AFM tests were performed.

The surface roughness of electroless Ni-P coating and electroless Ni-P-TiO>
nanocomposite coatings were studied by atomic force microscopy (model: Multimode
Scanning Probe Microscope). AFM (Multimode Scanning Probe Microscope) is shown
in Figure 4.8.

Camera —'

| ; Head
Scanner
Base
= e
o -
.-
, o T
T - - A - . - -

Figure 4.8: AFM (Multimode Scanning Probe Microscope)
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4.45. Corrosion test

Mild steel usually possesses poor corrosion resistance in the corrosive environment. In
previous studies done by various researchers, Ni-P coatings were deposited on mild
steel by the electroless method. Ni-P coated mild steel showed quite improved corrosion
resistance in the corrosive environment. For knowing the effect of Ni-P-TiO;
nanocomposite coating on corrosion resistance property, electrochemical tests were

performed on coated samples.

Corrosion resistance characterization of the mild steel and coated mild steel samples
was carried out by the computer-controlled instrument Gamry 600™
Potentiostat/Galvanostat with specific software for the treatment of obtained corrosion
data. Tafel electrochemical measurements were taken on the specimen during their
exposure to an aqueous solution of 3.5% NaCl at room temperature in the range of -0.5
to 0.5 V open circuit potential and a constant scan rate of 1 mV/s. For comparison, the
corrosion test has been applied for the mild steel substrate, Ni-P coating, and Ni-P-TiO>

nanocomposite coating. Potentiostat used for corrosion test is showing in Figure 4.9.
System, computer

connected with
potentiostate

Potentiostate

Electrochemical cell

Figure 4.9: Potentiostat used for corrosion test

Tafel plot obtained from electrochemical potentiodynamic polarization was used to
measure corrosion rate with the help of Tafel slop at anodic polarization (4, Tafel slops
at cathodic polarization B¢, corrosion potential Ecorr, and corrosion current density lcorr .

The Tafel plot is based on the mixed potential theory.
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The polarization resistance (Rp) and corrosion rate were determined using the
relationships given below [ 171, 215]:

Ro=—2— (4.0)
[corr
__ Bapc
B=3gasgs e (4.9)

B (constant) and corrosion rate were calculated with the help of following equations:

0.13Icorr(Eqwt.)
Corrosion Rate (mpy) = 4 e (4.9)

4.4.6. Wear analysis

Nanocomposite coatings produced by inclusion of the second phase particles into the
nickel-phosphorous matrix to enhance the hardness, corrosion resistance and
tribological characteristics of the material. Wear analysis required to understand the
effect of inclusion of TiO into the matrix of Ni-P on the wear resistance property of
nickel-phosphorous coating. Wear resistance properties of Ni-P-TiO2 nanocomposite
coating are also affected by the concentration of the chemicals such as sodium

hypophosphite, nickel sulphate and nano TiO: particles in the deposition bath.

Sample holder

Rotating disc System, computer connected

A with pin-on-disc
\,.-" R Test sample
\. Y — Worn track!

Applied load

Figure 4.10: Pin-on-disc apparatus using in the wear test
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Wear resistance of electroless Ni-P coating and electroless Ni-P-TiO2. nanocomposite
coatings were studied Pin on Disc Wear Tester. Wear tests were performed with 0.2 m/s
(55 rpm) sliding speed for sliding wear monitoring and prediction, the temperature of
35°C, under 5 N load and 500 m sliding distance. Pin-on-disc setup is showing in Figure
4.10.

Pin-on-disc tests were performed on mild steel (uncoated substrate), Ni-P coated mild
steel, and Ni-P-TiO2 nanocomposite coated mild steel for the wear analysis. Ni-P-TiO»
nanocomposite coatings on mild steel were developed with variation of nickel sulphate
(25 g/l, 30 g/l and 35 g/l), sodium hypophosphite (20 g/l, 30 g/l and 40 g/l) and nano
TiO2 particles (0.4 g/, 0.8 g/l, 1.2 g/l, 1.6 g/l and 2.0 g/I). These all coating samples

were used for wear analysis.

97



Chapter 5

RESULTS AND DISCUSSION

This chapter deals with results related to the characterization of electroless Ni-P alloy
coating and Ni-P-TiO2 nanocomposite coatings on the mild steel and its discussion.
Electroless nanocomposite coating obtained after deposition process have been studied
in different groups. Groups of coated samples for characterization study are made on
the basis of variation in concentration of nickel salt, reducing agent and second phase
particles (TiO2). The characterization of deposited coating is done with X-ray analysis,
FESEM, microhardness, surface texture analysis, corrosion resistance study and wear

study.

There are three sections in the fifth chapter. The first section of this chapter deals with
the characterizations of electroless Ni-P coating on the mild steel specimen.
Characterizations of electroless Ni-P-TiO2 nanocomposite coatings on the mild steel are
discussed in the second section, while the comparison of enhanced properties of the
mild steel by the deposition of Ni-P coating and Ni-P-TiO2 nanocomposite coatings is

discussed in the third section.

5.1. Deposition of electroless Ni-P coating on mild steel and its characterization

In this section, results related to the properties of Ni-P deposit on mild steel, which was
deposited from the acidic chemical bath in which sodium hypophosphite used as the
reducing agent, are discussed. Phase analysis, morphological study with elemental
analysis, microhardness, surface finish, corrosion resistance and wear resistance of the
deposited Ni-P coating on mild steel are discussed in this section. It is necessary to
understand the influence in properties of the coating due to the inclusion of hard second
phase particles (nano TiOy) in the Ni-P coating before starting the discussion about the
characterization of obtained Ni-P-TiO2 nanocomposite coatings on the mild steel,

analysis of characterizations of Ni-P coating.

The thickness of the developed Ni-P coating on mild steel is ~20 pm. X-rays diffraction
analysis was done to find the phases present in the Ni-P coating on the mild steel, XRD

Pattern obtained from the X-rays diffraction test with Cu K, target performed on the Ni-



P coated mild steel are shown in Figure 5.1. A peak was observed at position (20)
44.3142°. According to the JCPDF data, this peak is found of Nickel exhibited (1 1 1)
preferred orientation and d-spacing value 2.04707A. In the X-ray diffraction pattern of
nickel-phosphorous coating, single broad peak with many diffused peaks revealed

amorphous nature of the coating.

Ni(111)

Intensity (a.u.)

20 30 40 50 60 70 80
Angle (2 theta)

Figure 5.1: XRD pattern of Ni-P coating on mild steel

Guojin Lu et.al (2002) were reported FCC (1 1 1) peak corresponding due to the Nickel
during the analysis of XRD spectra of the Ni-P based alloys [113]. A similar type of
broad peak of Nickel in XRD analysis of Ni-P alloy coating due to the high (19%) P
content was also reported by Maura Crobu et.al [112].

In Figure 5.2, FESEM micrograph shows that Ni-P coating deposited on mild steel
substrate in the form of spherical globules of Ni-P. On the surface structure of Ni-P
coated mild steel, pores are not present or visible between the globules. The surface of
the mild steel is fully covered by the numerous spherical globules. Ni-P globules in Ni-
P alloy coatings were reported by Maura et.al., Guojin et.al and many other researchers
who had worked in the field of Ni-P coatings [112, 113, 119].

The results obtained from EDS analysis for Ni-P coating are presented in Figure 5.3.
From EDS spectra of Ni-P coating, peaks of nickel and phosphorus were observed

which leads to the coating composition. Results confirmed the presence of Ni and P in
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the obtained Ni-P coating. EDS analysis indicated that Ni-P coating consisted of 84.4
wt.% Ni and 15.6 wt.% P. On the basis of phosphorous content in the Ni-P deposit, the

coating can be characterized as high phosphorous electroless coating so the film found
is amorphous in nature.

| Ni-P

globules Ni-P
globules

IITK 7/12/2017
15.0kV SEI s WD 9.0mm 12:32:10

Figure 5.2: FESEM image of electroless Ni-P coating on mild steel specimen at
10000X

Figure 5.3: EDS Pattern of Ni-P coating on mild steel specimen
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Figure 5.4: Ni-P matrix in Ni-P coated mild steel

Uniform dispersion of deposition of the nickel and phosphorous in form of Ni-P
globules on the coated surface is shown in Figure 5.4. These results are obtained by the
SEM with mapping analysis. Dispersion of nickel and phosphorus was found as 88.2
wt.% and 11.8 wt.% respectively through the mapping analysis of Ni-P coating on mild

steel.

Vickers microhardness of uncoated sample (mild steel) and coated with 20 pm thick
electroless Ni-P coating sample at 10 gm indentation load with 15 s dwell time was
found by tests performed on Vickers’s microhardness tester. Five repeated readings are
taken on the surface of mild steel and Ni-P coated mild steel and the obtained average
values are used for further use. The average value of microhardness in uncoated mild
steel and in the Ni-P coated mild steel are calculated as ~ 132 VHN1o and ~ 400 VHN10
respectively. Comparison of the microhardness hardness values of mild steel and Ni-P
coated mild steel is presented in Figure 5.5. This figure shows the enhancement in the

microhardness of mild steel by the Ni-P coating on the surface due to the uniform and
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adheres deposition of Ni-P coating. The deposited Ni-P coating has a hard surface, this
hard Ni-P deposit resists the penetration by the indentation.

I Microhardness

400

450 -
400

)
[}
w
o
1

300
250
200 1
150: 132

Microhardness (VHN

100 -
50

0

Mild steel Ni-P coating
Material

Figure 5.5: Comparison of Vickers microhardness of uncoated and Ni-P coated

mild steel

If the main aim is to understand the nature of the surface of engineering solid materials,
the surface texture is a very important factor. In the working/functional performance of
several engineering components, the surface texture of solids plays an important role.
Measurements related to surface texture were made with a Multi-Mode AFM in contact

mode.

105.0 nm

105,0 nm

8.0 nm

-88.9 nm

1.0 pm

Figure 5.6: AFM images of surface roughness of Ni-P coating
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The surface roughness parameters were calculated from the analysis of AFM images as
shown in Figure 5.6. The mean square root roughness (Rq) value and average roughness
(Ra) value along with 20 um coating thickness of electroless Ni-P coating are 23.5 nm

and 17.4 nm respectively.

The corrosion studies of electroless Ni-P coated mild steel were carried out in 3.5%
sodium chloride solution. Tafel plot obtained from electrochemical potentiodynamic
polarization was used to measure corrosion rate with the help of Tafel slop at anodic
polarization Ba, Tafel slop at cathodic polarization B¢, corrosion potential Ecor, and
corrosion current density lcorr. The Tafel plot is based on a mixed potential theory of

corrosion.

Figure 5.7 shows the Tafel curve obtained from polarization studies for Ni-P coated
mild steel in 3.5% NaCl aqueous solution. The corrosion density (lcorr) 0f Ni-P coated
mild steel substrate is 70.23 pA/cm? and electrode-potential (Ecorr) is -701 mV.

Calculated corrosion rate with the help of electrochemical parameters is 6.61 mpy.

0.0 -
-0.2
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] Anodic reaction
-0.6 o
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-0.84
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-1.0 b

-1.2
Current density (Afcmz)

Figure 5.7: Tafel curve for Ni-P coating in 3.5% NacCl solution

Y. S. Huang et. al. evaluated corrosion characteristics of electroless Ni-P and electroless
composite coating in 1.0 N H2SO4 and 3% NaCl electrolyte solutions. Figure 5.8 shows
the Tafel curves of electroless Ni-P deposit, electroless Ni-P-SiC, and Ni-P-PTFE
composite deposits [178]. They observed that the electroless Ni-P coating and

electroless composite coatings showed lower corrosion currents (lcorr) and more positive
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corrosion potentials (Ecorr) than the mild steel substrate in 1.0 N H2SO4 and 3% NacCl.
Their observation indicates that Ni-P coatings have better corrosion resistance results
compare to the uncoated mild steel substrate [178]. The corrosion results obtained from
electrochemical studies for Ni-P coated mild steel in 3.5% sodium chloride electrolyte

are well supported with the electrochemical results obtained by Y. S. Huang et.al.

1.0 -
d mild StEB'l Eﬂ} n 1'}” HESD_q

08 5

0.6
= 04
"31 0.2
g‘: 0.0 '
w 0.2

0.4

0.6

'DB PR BT BT B R BT BT e

1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1
I/ Acm®
0.8 F —— mild steel  (b) in 3% NaCl
0.8 L= == EN
L —-—-EN-SiC

> 04F ... EN-PTFE
E 0oL - - EN-SIC-PTFE
@ oo} .
@
- *
m -D-E _- eremrreeeas L -.‘I : .

04}  een2TO N

06 —

0.8

iE-7 1E-6 1E-5 1E-4 1E-3 0. 0.1

/A .cm®

Figure 5.8: The polarization curves of electroless Ni-P and electroless composite
coatings in (a) 1.0 N H2SO4 and (b) 3% NaCl electrolyte [178]

For the study, wear resistance and adhesion of the obtained electroless Ni-P coating on
mild steel pin-on-disc tests were performed. The effect of sliding distance and time on
the wear of Ni-P coating at 500 gm load is shown in Figure 5.9. Wear was determined

by the weight loss method. Initially, the weight of coated mild steel was measured then
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the pin-on-disc test was performed, after this again weight of the tested sample was
measured. For the measurement of the weight loss, final weight subtracted from the
initial weight. Weight loss measured for the Ni-P coated mild steel was 0.009 gm at
minimum load (500 gm) and 500 m sliding distance.

— Wear

160 -
150—-
140—-
130—-
120—-

110

Wear (Micron)

100
90 ~

80

T T T T T T T T T T )
0 500 1000 1500 2000 2500

Time (secs)

Figure 5.9: Wear versus time graph for Ni-P coated mild steel at load 500 gm

Formulas are given below for the determination of wear rate [206, 223];

Wear rate = volume loss /sliding distance e (5.a)
Volume loss = mass loss/density ... (5.b)
From the formulas (5.a) and (5.b);

Wear rate = (mass loss/ density)/ sliding distance .................. (5.¢)

Wear rate = 0.001125 / 500 mm®/m
=0.00225 mm3/m

Wear rate of electroless Ni-P coating on mild steel during pin-on-disc wear test was
0.001125 mm3/m.

The above observation studies have been taken into consideration for the study of Ni-P

coating on mild steel. Since mild steel is a structurally soft material and uses in the
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different structural application, so when it is coated with Ni-P coating, its properties
enhanced. In this section, the obtained results have been discussed. The XRD analysis
of Ni-P coating was showing amorphous nature of deposit due to high phosphorous
content in it. EDS analysis of Ni-P coating revealed that coating best suited to the
corrosive environment due to its amorphous structure and its nodular surface
morphology. As surface roughness results obtained from the AFM analysis has shown
that roughness of Ni-P coating on mild steel is in nanometer (59.6 nm) and high surface
finish. Microhardness analysis confirms that the hardness and wear resistance of mild
steel is increase after the Ni-P coating due to the amorphous nature and high surface
finish of the coating. Hence, these properties make mild steel coated with Ni-P for

structural application.

5.2. Electroless Ni-P-TiO2 nanocomposite coatings and their characterization

In this section, nano TiO> particles (10-20 nm) were added in the electroless bath for
deposition of Ni-P-TiO2 nanocomposite coating on mild steel. Now-a-days TiO> has
gained much interest in research communities due to its large variety of applications in
engineering materials. Structure of nano TiO; particles is anisotropic. Due to the
anisotropic structure of TiO», grain orientation induced by directional dynamic ripening
and in texture thin film. Effect of concentration of nano TiOz in particles Ni-P-TiO>
nanocomposite coating is studied in this section along with different NiSO4 (source of
nickel) and Na.H2PO: (reducing agent) concentration.

Discussion about the characterization of Ni-P-TiO2 nanocomposite coating on mild steel
is further categorized in three sections on the basis of variation in concentration of the
constituents of the electroless bath such as (a) nickel sulphate, (b) sodium
hypophosphite and (c) TiO2 (second phase particles) in the deposition bath. Effects of
the above chemical’s concentrations on the structural properties, surface texture,
electrochemical properties, and mechanical properties (microhardness and wear) Ni-P-

TiO2 nanocomposite coating on mild steel are also discussed in this section.

Nickel sulphate used as the source of nickel cations in the chemical bath. During the
plating process, chemical reduction of nickel-salt by the sodium hypophosphite took
place. The reduction process of nickel in the Ni-P-TiO2 nanocomposite deposition bath

is always involved by the generation of hydrogen gas.
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Anodic Reaction:
H,PO; + H,0 - H,PO3 +2H" +2e~ (1)

Cathodic Reaction:

Nit2+2e - NI (i)
2H" + 2e> H, i, (iii)
H,PO; + 2H* +e - P +2H,0 (iv)

Overall reaction:

t
2NiSO, + 4Na. H,PO, + H,0 — 2Ni® + P + 2HPO32 + H,PO3 + 3H* +
2Na S0, +2Hy v)

In these reactions, the reactants Ni*? and H,PO"; products H* and H,PO3™ are mainly
influence the deposition reaction. In this plating process, nickel deposition was
decreased and phosphorus content was increased by increasing H*. Almost three
phosphite ions were formed for each nickel ion reduction. Nickel sulphate and sodium
hypophosphite concentration affect the deposition of Ni-P-TiO2 nanocomposite coating
on mild steel. By the incorporation of TiO. nanoparticles in the deposition bath,
obtained deposit become composite because of the absence of molecular bonding
between the Ni-P matrix and the embedded TiO2 nanoparticles. TiO particles size and
distribution, TiO> catalytic inertness, bath reactivity, charge on the particles and
compatibility of TiO2 with the Ni-P matrix play the important roles for the successful
development of the Ni-P-TiO2 nanocomposite coating [224]. This study is necessary to
understand the effect on the electroless Ni-P-TiO2 nanocomposite deposits and their
properties due to the different concentration of sodium hypophosphite, nickel sulphate,

and nano TiO: particles.

First of all, the thickness and weight of deposited Ni-P-TiO2 nanocomposite coatings on
mild steel measured by the use of digital micrometer (with the precision 0.001 mm) and
specific weighing balance (with the precision of 0.1 mg) respectively. Five repeated
readings have been used and taken average to measure the thickness of deposited
nanocomposite coatings. Measurements of coating thickness and coating weight are

given in Table 5.1.
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Table 5.1: Thickness and weight of deposited Ni-P-TiO2 nanocomposite coatings

on mild steel
Experimen| TiO2 NiSO4 | Na.H2PO: | Coating Coating Thickness
No. content | (g/l) (g/) Weight (both side)
(g (mg) (Microns)
1 0.4 25 20 1.6 17
2 0.4 25 30 1.6 17
3 0.4 25 40 1.5 16
4 0.4 30 20 1.6 17
5 0.4 30 30 2.0 19
6 0.4 30 40 1.9 19
7 0.4 35 20 1.8 18
8 0.4 35 30 2.4 21
9 0.4 35 40 2.7 22
10 0.8 25 20 1.7 18
11 0.8 25 30 1.8 18
12 0.8 25 40 1.6 17
13 0.8 30 20 1.6 17
14 0.8 30 30 1.9 20
15 0.8 30 40 2.0 20
16 0.8 35 20 1.8 18
17 0.8 35 30 2.7 22
18 0.8 35 40 2.7 22
19 1.2 25 20 1.8 18
20 1.2 25 30 2.0 19
21 1.2 25 40 1.8 18
22 1.2 30 20 1.8 18
23 1.2 30 30 24 21
24 1.2 30 40 2.7 22
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25 1.2 35 20 2.0 19
26 1.2 35 30 2.7 22
27 1.2 35 40 2.8 22
28 1.6 25 20 2.0 19
29 1.6 25 30 2.1 20
30 1.6 25 40 2.0 19
31 1.6 30 20 1.8 18
32 1.6 30 30 24 21
33 1.6 30 40 2.7 22
34 1.6 35 20 2.2 20
35 1.6 35 30 3.1 23
36 1.6 35 40 2.8 22
37 2 25 20 2.0 19
38 2 25 30 24 21
39 2 25 40 2.0 19
40 2 30 20 2.1 19
41 2 30 30 2.7 22
42 2 30 40 3.1 23
43 2 35 20 2.1 20
44 2 35 30 3.6 24
45 2 35 40 3.0 23

Electroless Ni-P-TiO. nanocomposite coatings with 16-24 pm thickness were
successfully deposited on the mild steel substrate with different chemicals
concentration. The thickness of obtained Ni-P-TiO2 nanocomposite coatings is varying
with the concentration of nickel sulphate, sodium hypophosphite, and TiO>
concentration, as shown in Figures 5.10, 5.11 and 5.12. As Figures 5.10, 5.11 and 5.12,
the thickness of Ni-P-TiO2 nanocomposite deposits is increased when nano TiO2
concentration increased in the deposition bath. Figure 5.10 also represents that the
thickness of deposits is enhanced by the increase in the concentration of nickel sulphate.
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Figure 5.11 shows that sodium hypophosphite concentration in the electroless bath also
affects the thickness of Ni-P-TiO2 deposits. Although increase in sodium hypophosphite
concentration in electroless bath increase the rate of reduction, the extra amount of
sodium hypophosphite should not be used as it may cause a reduction to take place in

the bulk of solution and deposition at the surface of the mild steel is not as sufficient as

required.
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Figure 5.10: Coating thickness of obtained Ni-P-TiO2 nanocomposite on mild
steel with different nickel sulphate concentration along with the TiO2

concentration in the deposition bath
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Figure 5.11: Coating thickness of obtained Ni-P-TiO2 nanocomposite on mild
steel with different sodium hypophosphite concentration along with TiO2

concentration in the deposition bath
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Figure 5.12: Coating thickness of obtained Ni-P-TiO2 nanocomposite on mild
steel with various concentration of nano TiO2 along with (a) nickel sulphate and

(b) sodium hypophosphite concentration in the deposition bath

For characterization of these coating by phase analysis, morphological analysis, surface
texture analysis, microhardness, corrosion study and wear study are discussed below on
the basis of variation in concentration of nickel sulphate, sodium hypophosphite, and

TiO2 (second phase particles) in the chemical bath.
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5.2.1. Variation in concentration of NiSOg4

As a source of nickel ions, nickel sulphate was used in the electroless Ni-P-TiO>
nanocomposite coating bath. Nickel sulphate provided nickel for the deposition of Ni-
P-TiO2 coating on mild steel. Here, different characterization studies of Ni-P-TiO:
nanocomposite coatings on mild steel deposited with different concentration of NiSO4
in the chemical deposition bath are discussed. In this section, observations obtained and
their discussion related to the changes in the morphology, hardness, corrosion resistance
and wear resistance due to the variation of concentration of NiSOs in the chemical
deposition bath.

In this section, characterization of three kinds of Ni-P-TiO2 hanocomposite coatings on
mild steel deposited with 25 g/l, 30 g/l and 35 g/l nickel sulphate (variation in
concentration of nickel sulphate in the deposition bath), 35 ml/l lactic acid, 30 g/l
sodium hypophosphite and 2 g/l TiO2 at optimized parameters pH 4 and 80°C are

discussed.

_ —— 35 g/l Nickel sulphate
Ni(111) 30 g/l Nickel sulphate
—— 25 g/l Nickel sulphate

Fe (200)

Intensity (a.u.)

20 30 40 50 60 70 80
Diffraction Angle (2 Theta)

Figure 5.13: Comparison of XRD patterns of Ni-P-TiO:2 coated mild steel samples
deposited with 25 g/l, 30 g/1, and 35 g/1 NiSO4

X-ray diffraction patterns of the deposited Ni-P-TiO, nanocomposite coatings on mild
steel with 25 g/l, 30 g/l, and 35 g/l nickel sulphate concentration are shown in Figure

5.13. Ni-P-TiO2 nanocomposite coating with 25 g/l NiSO4 (in deposition bath) exhibited
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a peak corresponding to Ni (1 1 1) phase at 44.90° and the sharp small peak at 65.10°
results from the iron substrate. XRD patterns of these three coatings (deposited with 25
g/l, 30 g/l, and 35 g/l NiSO4 concentration in deposition bath) are similar. No phase
change is carried out there. So, it can say that change in structure and properties of Ni-
P-TiO2 nanocomposite coating with variation in concentration of nickel sulphate in the

deposition bath is not observed by X-ray diffraction analysis.

EDS results with FESEM micrographs of the Ni-P-TiO> nanocomposite coatings on
mild steel substrates with 25 g/I, 30 g/l and 35 g/l nickel sulphate are shown in Figures
5.14 (a), 5.14 (b) and 5.14 (c). FESEM micrographs of nanocomposite coatings show
the spherical Ni-P globulus with TiO; particles. Ni-P-TiO> nanocomposite coating
completely covers the steel surface. There is no pore present within the deposit, so the

deposited coating is not porous.

In Figure 5.14 (a), with the help of EDS analysis of Ni-P-TiO, nanocomposite coating
(deposited with 25 g/l NiSOg4 in deposition bath), 74.9 wt.% of Nickel, 15.8 wt.% of
Phosphorous, 2.9 wt.% of Titanium and 6.4 wt.% Oxygen is observed. In Figure 5.14
(b), EDS results of Ni-P-TiO, nanocomposite coatings (deposited with 30 g/l NiSO4in
the deposition bath), 76.7 wt.% of Nickel, 14.5 wt.% of Phosphorous, 2.8 wt.% of
Titanium and 6.0 wt.% Oxygen are shown. In Figure 5.14 (c), EDS results of Ni-P-
TiO2 nanocomposite coatings with 35 g/l NiSO4 are shown as 80.3 wt.% of Nickel, 13.4
wt.% of Phosphorous, 3.5 wt.% of Titanium and 2.8 wt.% Oxygen.

Table 5.2: Results obtain from the EDS analysis of Ni-P-TiO2 nanocomposite
coating on Mild steel deposited with (a) 25 g/l, (b) 30 g/l and (c) 35 g/l NiSOa4

concentration in the deposition bath

Concentration of wt. % of elements in deposited coatings
NiSOzin the
deposition bath (g/l) Ni P Ti 0,
25 74.9 15.8 2.9 6.4
30 76.7 14.5 2.8 6.0
35 80.3 13.4 3.5 2.8
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Figure 5.14: FESEM image with EDS Pattern of electroless Ni-P-TiO2
nanocomposite coating on mild steel substrate with (a) 25 g/l, (b) 30 g/I, and (c) 35
g/l NiSO4 concentration
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Figure 5.15: Concentration (wt.%) of Ni and P in the deposited Ni-P-TiO2
nanocomposite coatings on mild steel with a variation of concentration of NiSO4
in the deposition bath
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Figure 5.16: FESEM image with area mapping of constituents present in

electroless Ni-P-TiO2 nanocomposite coating on the mild steel substrate

In Table 5.2, it can be observed that Ni content increases from 74.9 to 80.3 wt.% and P
content decreases from 15.8 to 13.8 wt.% in these coatings. Figure 5.15 shows the
change in wt.% of Ni and P in the obtained Ni-P-TiO2 nanocomposite coatings on mild
steel with variation in concentration of NiSO4 (25 g/l, 30 g/l and 35 g/l). It means when
the concentration of NiSQa is increased in deposition bath, Ni content is increased and
P content is decreased in the obtained coatings. FESEM micrograph with elemental
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mapping of Ni-P-TiO2 nanocomposite coating on mild steel substrate is shown in Figure
5.16. and observed the homogeneous distribution of Ni, P, Ti and O in the deposit.

Microhardness results of the Ni-P-TiO. nanocomposite coatings on mild steel with
variation in concentration of NiSO4 (25 g/l, 30 g/l and 35 g/l) are given in Figure 5.17.
Microhardness of the deposited Ni-P-TiO2 nanocomposite coatings on mild steel with
25 g/l, 30 g/l and 35 g/l NiSO4 are ~ 450 VHN1o, ~ 495 VHN10 and ~ 517 VHN1o
respectively.
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Figure 5.17: Comparison of Vickers microhardness of electroless Ni-P-TiO:

nanocomposite coatings with different NiSO4 bath concentrations

As Figure 5.18 shows, microhardness value of these coatings is increased when nickel
sulphate concentration increased. Microhardness of Ni-P-TiO2 nanocomposite coatings
depends on the content of P in the deposit. As EDS results shown in the previous study,
P content in deposits is decreased when nickel-sulphate concentration increased in the
deposition bath. As described in the literature, low phosphorous electroless nickel
coatings are microcrystalline, medium phosphorous nickel coatings are semi-crystalline
and high phosphorus electroless nickel coatings are amorphous in nature [32, 34]. When
phosphorus content in the deposits decreases, the crystallinity of deposit increases. It
means low phosphorous coatings have a large number of grain and grain boundaries as
compared to high phosphorus coatings. Grain boundaries hinder the cracks propagation
in deposits. So, decreased P content in the deposits gives the improved microhardness

of the coatings.
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Figure 5.18: Microhardness of the Ni-P-TiO2 nanocomposite coatings on mild

steel deposited with variation of wt.% of P and concentration of NiSO4

The corrosion results obtained from electrochemical studies of Ni-P-TiO2> composite
coatings (25 g/l, 30 g/l, and 35 g/l nickel sulphate concentration) in 3.5% sodium
chloride aqueous solution are shown in Figures 5.19, 5.20, and 5.21.
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Figure 5.19: Tafel curve of Ni-P-TiO2 composite coating (with 25 g/l nickel
sulphate) in 3.5% NaCl solution
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Figure 5.20: Tafel curve of Ni-P-TiO2 composite coating (with 30 g/l nickel
sulphate) in 3.5% NaCl solution
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Figure 5.21: Tafel curve of Ni-P-TiO2 nanocomposite coating (with 35 g/l nickel
sulphate) in 3.5% NaCl solution

Figure 5.22 shows the comparison of Tafel plots of the three kinds of Ni-P-TiO>
nanocomposite coatings (deposited with 25 g/l, 30 g/l, and 35 g/l nickel sulphate
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concentration). Electroless Ni-P-TiO2 nanocomposite coating with 35 g/l nickel
sulphate has high corrosion current density (62.78 pA) as compare to Ni-P-TiO>

nanocomposite coating with 25 g/l and 30 g/l nickel sulphate

— 25 g/l nickel sulphate |
— 30 g/l nickel sulphate |
= 35 g/l nickel sulphate |

0.2

0.0+

-0.2

0.4 -

-0.6

VI (V vs Ref)

-0.8

-1.0

BRI m s R E L AL e e e RRARATI S e n s
g5 E e e® e’ .

Current density (A/lcm?)

Figure 5.22: Corrosion characteristics of as plated Ni-P-TiO2 nanocomposite

coatings with various NiSO4 bath concentrations

Tafel plots obtained from the electrochemical potentiodynamic polarization of these
coatings were used to measure corrosion rate with the help of Tafel slop at anodic
polarization Ba, Tafel slop at cathodic polarization B¢, corrosion potential Ecor, and
corrosion current density lcorr. The Tafel plot is based on a mixed potential theory. Table
5.3 has shown the electrochemical results of the coatings derived from the Tafel plots
of Ni-P-TiO2 nanocomposite coatings with the variation of nickel sulphate
concentration (25 g/l, 30 g/l, and 35 g/l). As shown in Table 5.3, Corrosion current
density lcorr Of these coatings are decreasing when nickel sulphate concentration
increased. Corrosion current density lcorr IS inversely proportional to polarization
resistance (Rp) [215]. So, Ni-P-TiO2 nanocomposite coating with low nickel-sulphate
concentration has improved corrosion resistance. The corrosion rate of nanocomposite
coatings slightly increased with increase in the concentration of nickel sulphate in the
coating bath.
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Table 5.3: Electrochemical results of Ni-P-TiO2 nanocomposite coatings (25 g/l,

30 g/l, and 35 g/l nickel sulphate concentration) derived from Tafel plots

Sr. | Sample with various NiSO4 | Ecorr lcorr Corrosion Rate
No. | concentration (mV) (LA) | (mpy)

1 Ni-P-TiO2 nanocomposite coating | -961 55.23 | 5.205

with 25 g/l nickel sulphate
2 Ni-P-TiO2 nanocomposite coating | -425 57.80 |5.447
with 30 g/l nickel sulphate
3 Ni-P-TiO2 nanocomposite coating | -489 62.78 | 5.917
with 35 g/l nickel sulphate

As above studies show, the corrosion resistance of the obtained Ni-P-TiO:
nanocomposite coatings on mild steel is decreased when the concentration of NiSO4in
the deposition bath is increased while microhardness of the Ni-P-TiO2 nanocomposite
coatings on mild steel is improved by increased concentration of NiSO4in the deposition
bath during the deposition of the Ni-P-TiO2 nanocomposite coatings. Reason for the
improvement on microhardness and deterioration on the corrosion resistance of
electroless Ni-P-TiO2> nanocomposite coatings with increasing the concentration of
NiSOgs in the deposition bath is low phosphorus content in the obtained deposits. As
EDS results are showing, phosphorus content decreased in the obtained coatings with
increased concentration NiSOs in the deposition bath. Ni-P-TiO2 nanocomposite
coating with low phosphorus content have more grain and grain boundaries. These grain
boundaries hinder the cracks propagation but provide the sites for corrosion initiation.
For studying the effect of concentration of NiSO4 during the deposition of Ni-P-TiO>
nanocomposite coatings on mild steel on wear resistance of coatings, tribological tests

were performed.

Pin-on-disc tests were performed for determining the loss of Ni-P-TiO2 nanocomposite
coatings due to the wear. During the wear tests, room temperature is ~30°C and relative
humidity is 85% approximately. Descriptive curves amid for wear with time for
electroless Ni-P-TiO2 nanocomposite coatings (deposited with 25 g/l, 30 g/l, and 35 g/l

nickel sulphate concentration) at sliding velocity of 0.2 m/s with 5 N load are shown in
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Figures 5.23, 5.24 and 5.25. Wear during the pin-on-disc tests of coatings are calculated
by weight loss methods. Wear rate of electroless Ni-P-TiO> nanocomposite coatings
(deposited with 25 g/l, 30 g/l, and 35 g/l nickel sulphate concentration) is calculated by
the formula (5.c) which is mentioned in section 5.1.
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Figure 5.23: Wear (micron) with time at room temperature and sliding velocity
0.2 m/s at 5 N for Ni-P-TiO2 nanocomposite coating obtained with 25 g/l NiSO4in
the bath
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Figure 5.24: Wear (micron) with time at room temperature and sliding velocity
0.2 m/s at 5 N for Ni-P-TiO2 nanocomposite coating obtained with 30 g/l NiSOasin

the bath
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Figure 5.25: Wear (micron) with time at room temperature and sliding velocity
0.2 m/s at 5 N for Ni-P-TiO2 nanocomposite coating obtained with 35 g/l NiSO4in
the bath

Table 5.4: Comparison of wear of Ni-P-TiO2 nanocomposite coatings (25 g/, 30 g/I,
and 35 g/l nickel sulphate concentration) determine from the pin-on-disc tests

S. Sample Thickness of | Wear Wear rate
No. coating (um) | loss (gm) | (mm3/m)
1 Ni-P-TiO2 nanocomposite coating | 21 0.010 0.002857

with 25 g/l nickel sulphate

2 Ni-P-TiO2 nanocomposite coating | 22 0.007 0.002000
with 30 g/l nickel sulphate

3 Ni-P-TiO2 nanocomposite coating | 24 0.005 0.001428

with 35 g/l nickel sulphate

As results are shown in Table 5.4, wear loss of Ni-P-TiO2 nanocomposite coatings with
25 g/l, 30 g/l and 35 g/l nickel sulphate are 0.010 gm, 0.007 gm and 0.005 gm
respectively. As analysis shown in Figure 5.26, wear loss is decreased with increased
concentration of NiSQOg4 in the bath. because of decreased wt.% of P in the obtained
coatings and improved microhardness. Wear resistance property of the material is

inversely propositional to the wear loss. Wear resistance of nanocomposite coatings are
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increased when the concentration of NiSQOq is increased because of decreased wt.% of

P in the obtained coatings and improved microhardness.
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Figure 5.26: Wear loss of the Ni-P-TiO2 nanocomposite coatings on mild steel
deposited with variation of wt.% of P and concentration of NiSOa in the

deposition bath
5.2.2. Variation in concentration of sodium hypophosphite

As a reducing agent, sodium hypophosphite was used in the electroless Ni-P-TiO>
nanocomposite bath. Sodium hypophosphite reduces the nickel ions from the nickel
sulphate and provides the phosphorous for the deposition of Ni-P-TiO2 nanocomposite
coating on mild steel. Here, different characterization studies of Ni-P-TiO>
nanocomposite coatings on mild steel deposited with different concentration of sodium
hypophosphite in the chemical deposition bath are discussed. This section is content the
observed observations and their discussion related to the changes in the morphology,
hardness, corrosion resistance and wear resistance due to the variation of concentration

of sodium hypophosphite in the chemical deposition bath.

In this section, characterization of three kinds of Ni-P-TiO2 nanocomposite coatings on
mild steel deposited with 35 g/l nickel sulphate, (a) 20 g/l, (b) 30 g¢/l, and (c) 40 g/l
sodium hypophosphite (variation in sodium hypophosphite concentration), 35 ml/I

lactic acid, and 2 g/l TiO at optimize parameters pH 4 and 80°C are discussed.
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X-ray diffraction patterns of the Ni-P-TiO, nanocomposite coating with 20 g/I, 30 g/I,
and 40 g/l sodium hypophosphite are shown in Figure 5.27. Ni-P-TiO2 nanocomposite
coatings exhibited a peak corresponding to Ni (1 1 1) phase at 44.90° and the sharp
small peak at 65.10° results from the mild steel substrate. As shown in Figure 5.27, the
intensity of nickel peak in deposits is reduced when the concentration of sodium
hypophosphite is increased in deposition bath and height of Fe peak is also reduced with
increased concentration of sodium hypophosphite. It means Ni-P-TiO2 nanocomposite
coating on mild steel deposited with a high concentration of sodium hypophosphite has

reduced crystallinity.
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Figure 5.27: Comparison of XRD patterns of Ni-P-TiO2 coated samples with
various concentrations of sodium hypophosphite (20 g/l, 30 g/l, and 40 g/l)

EDS results with FESEM micrographs of the Ni-P-TiO2 nanocomposite coatings on
mild steel substrates with 20 g/, 30 g/l, and 40 g/l sodium hypophosphite are shown in
Figures 5.28 (a), (b) and (c). FESEM micrographs of nanocomposite coatings show the
spherical Ni-P globulus with embedded TiO particles. Ni-P-TiO2 nanocomposite
coating completely covers the steel surface. There is no pore present within the deposit,
so the deposited coating is dense.
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Figure 5.28: FESEM image with EDS Pattern of electroless Ni-P-TiO2
nanocomposite coating on mild steel substrate with (a) 20 g/l, (b) 30 g/l and
(c) 40 g/l sodium hypophosphite concentration
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In Figure 5.28 (a), with the help of EDS of Ni-P-TiO2 nanocomposite coatings with 20
g/l sodium hypophosphite, 84.3 wt.% of Nickel, 10.3 wt.% of Phosphorous, 2.3 wt.%
of Titanium and 3.1 wt.% Oxygen is observed. In the Figure 5.28 (b), EDS results of
Ni-P-TiO2 nanocomposite coatings with 30 g/l sodium hypophosphite, 80.3 wt.% of
Nickel, 13.4 wt.% of Phosphorous, 3.5 wt.% of Titanium and 2.8 wt.% Oxygen are
shown. In Figure 5.28 (c), EDS results of Ni-P-TiO2 nanocomposite coatings with 40
g/l sodium hypophosphite are shown as 73.4 wt.% of Nickel, 16.5 wt.% of Phosphorous,
2.8 wt.% of Titanium and 7.4 wt.% Oxygen.

Table 5.5: Results obtained from the EDS analysis of Ni-P-TiO2 nanocomposite
coating on Mild steel deposited with (a) 20 g/l, (b) 30 g/l and (c) 40 g/l sodium
hypophosphite concentration in the deposition bath

Concentration of sodium wt.% of elements in deposited coatings
hypophosphite in the
deposition bath (g/l) Ni ) Ti 0,
20 84.3 10.3 2.3 3.1
30 80.3 13.4 35 2.8
40 73.4 16.5 2.8 7.4
86 . : . 17
] —a— wt % of Ni I
84 - . —+— Wt % of P L 16
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Figure 5.29: Concentration (wt.%0) of Ni and P in the deposited Ni-P-TiO2
nanocomposite coatings on mild steel with a variation of concentration of sodium

hypophosphite in the deposition bath
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In Table 5.5, it can be observed that Ni content decreased from 84.3 to 73.4 wt.% and
P content increased from 10.3 to 16.5 wt.% in these coatings. Figure 5.29 shows the
change in wt.% of nickel and phosphorous in the obtained Ni-P-TiO, nanocomposite
coatings on mild steel with variation in concentration of sodium hypophosphite (20 g/l,
30 g/l and 35 g/l). It means when the concentration of sodium hypophosphite is
increased in deposition bath, Ni content is decreased and P content is increased.

FESEM micrograph with area mapping of Ni-P-TiO2 nanocomposite coating on mild
steel substrate is presented in Figure 5.30. The homogeneous distribution of Ni, P, Ti
and O in the deposit are shown in this Figure.

Ni Kal P Kal

Figure 5.30: FESEM image with area mapping of constituents present in

electroless Ni-P-TiO2 nanocomposite coating on the mild steel substrate

Microhardness results of Ni-P-TiO2 nanocomposite coatings on mild steel with
variation in concentration of sodium hypophosphite (20 g/, 30 g/l, and 40 g/l) are given
in Figure 5.31. Microhardness of the deposited Ni-P-TiO2 nanocomposite coatings on
mild steel with 20 g/l, 30 g/l, and 40 g/l sodium hypophosphite are ~520 VHN1q, ~517
VHNj10, and ~488 VHN1 respectively.

As Figure 5.32 shows, microhardness value of these coatings is decreased when
concentration increased. Microhardness of Ni-P-TiO2 nanocomposite coatings depends
on the content of P in the deposit. As EDS results shown in this section, P content in
deposits is increased when sodium hypophosphite concentration increased in the
deposition bath. Deposit with high P content gives the poor microhardness of the
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coatings. Ni-P alloy with high P content acts as a brittle material and offers cracks
initiation and their propagation in the surface of the material during the indentation
[221].
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Figure 5.31: Comparison of Vickers microhardness of electroless Ni-P-TiO2

nanocomposite coatings with various sodium hypophosphite bath concentrations
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Figure 5.32: Microhardness of the Ni-P-TiO2 nanocomposite coatings on mild
steel deposited with variation of wt.% of P and concentration of sodium
hypophosphite
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The corrosion results obtained with the help of polarization studies of Ni-P-TiO>
composite coatings (20 g/, 30 g/l, and 40 g/l sodium hypophosphite concentration) in

3.5% sodium chloride aqueous solution are shown in Figures 5.33, 5.34 and 5.35.
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Figure 5.33: Tafel curve of Ni-P-TiO2 nanocomposite coating (with 20 g/l sodium

hypophosphite) in 3.5% NacCl solution
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Figure 5.34: Tafel curve of Ni-P-TiO2 nanocomposite coating (with 30 g/l sodium
hypophosphite) in 3.5% NaCl solution
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the comparison of Tafel plots of the three types of Ni-P-TiO>
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ilar polarization mechanism was seen for these coating in 3.5%
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NaCl solution. These nanocomposite coatings have more positive corrosion potential
than the Ni-P coating and mild steel substrate. Electroless Ni-P-TiO2 nanocomposite
coating with 20 g/l sodium hypophosphite has high corrosion current density (63.32
MA) as compare to Ni-P-TiO2 nanocomposite coating with 30 g/l and 40 g/l sodium
hypophosphite.

Table 5.6: Electrochemical results of Ni-P-TiO2 nanocomposite coatings (20 g/l, 30

g/l, and 40 g/l sodium hypophosphite concentration) derived from the Tafel plots

S. | Sample with various sodium | Ecorr lcorr Corrosion Rate

No. | hypophosphite concentration
YPOPROSP mV) | @A) | (mpy)

1 Ni-P-TiO2 nanocomposite coating | -687 63.32 | 5.967
with 20 g/l sodium hypophosphite

2 Ni-P-TiO2 nanocomposite coating | -551 62.78 | 5.917
with 30 g/l sodium hypophosphite

3 Ni-P-TiO2 nanocomposite coating | -601 40.19 | 3.787
with 40 g/l sodium hypophosphite

Tafel plots obtained from the electrochemical potentiodynamic polarization of these
coatings were used to measure corrosion rate with the help of Tafel slop at anodic
polarization Ba, Tafel slop at cathodic polarization B¢, corrosion potential Ecorr, and
corrosion current density lcorr. The Tafel plot is based on a mixed potential theory. Table
5.6 has shown the electrochemical results of the coatings derived from the Tafel plots
of Ni-P-TiO2 nanocomposite coatings with a variation of sodium hypophosphite
concentration (20 g/, 30 g/l, and 40 g/I). The corrosion rate of nanocomposite coatings
slightly decreased with increased in concentration of sodium hypophosphite in
deposition bath. As given in Table 5.6, Corrosion current density lcor OF these coatings
are increasing when sodium hypophosphite concentration increased. Corrosion current
density lcorr IS inversely proportional to polarization resistance (Rp) [215]. So, Ni-P-
TiO2 nanocomposite coating with high sodium hypophosphite concentration has
improved corrosion resistance. The reason behind better corrosion resistance of the Ni-
P-TiO2 nanocomposite coating deposited with high sodium hypophosphite
131



concentration is that the amorphous microstructure of deposits due to the highest

phosphorus content. The amorphous microstructure is more homogeneous and there are
no grain boundaries [225].
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Figure 5.37: Wear (micron) with time at room temperature and sliding velocity

0.2 m/s at 5 N for Ni-P-TiO2 composite coating (with 20 g/l Na.H2PO3)
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Figure 5.38: Wear (micron) with time at room temperature and sliding velocity

0.2 m/s at 5 N for Ni-P-TiO2 composite coating (with 30 g/l Na.H2PO3)
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Figure 5.39: Wear (micron) with time at room temperature and sliding velocity
0.2 m/s at 5 N for Ni-P-TiO2 composite coating (with 40 g/l Na.H2PO3)

Table 5.7: Comparison of wear of Ni-P-TiO2 nanocomposite coatings (20 g/I, 30 g/l

and 40 g/l sodium hypophosphite concentration) determine from the pin-on-disc
tests

S. Sample Thickness of | Wear Wear rate
No. coating (um) | loss (gm) | (mm3/m)
1 Ni-P-TiO2 nanocomposite coating | 20 0.004 0.0011428

with 20 g/l sodium hypophosphite

2 Ni-P-TiO2 nanocomposite coating | 24 0.005 0.0014290
with 30 g/l sodium hypophosphite

3 Ni-P-TiO2 nanocomposite coating | 23 0.009 0.0025714
with 40 g/l sodium hypophosphite

For determining the wear loss of Ni-P-TiO. nanocomposite coatings, Pin-on-disc tests
were performed on coated samples. During the wear tests, room temperature is ~30°C
and relative humidity is 85% approximately. Descriptive curves amid for wear with
time for electroless Ni-P-TiO2 nanocomposite coatings (deposited with 20 g/l, 30 g/I,
and 40 g/l sodium hypophosphite concentration) at a sliding velocity of 0.2 m/s with 5
N load are shown in Figures 5.37, 5.38, and 5.39. Wear during the pin-on-disc tests of
coatings are calculated by weight loss methods. Wear rate of electroless Ni-P-TiO2
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nanocomposite coatings (deposited with 20 g/l, 30 g/l, and 40 g/l sodium hypophosphite
concentration) is calculated by the formula (5.c) which is mentioned in section 5.1.
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Figure 5.40: Wear loss of the Ni-P-TiO2 nanocomposite coatings on mild steel
deposited with variation of wt.% of P and concentration of sodium

hypophosphite in the deposition bath.

As results are shown in Table 5.7, wear loss of Ni-P-TiO2 nanocomposite coatings on
mild steel deposited with 20 g/l, 30 g/l and 40 g/l sodium hypophosphite are 0.004 gm,
0.005 gm and 0.009 gm respectively. As analysis shown in Figure 5.40, wear loss is
increased with increased concentration of sodium hypophosphite in the bath. Minimum
wear rate (0.0011428 mm®/m) is observed for the electroless Ni-P-TiO2 nanocomposite
coating deposited with 20 g/l sodium hypophysis. Wear resistance property of the
material is inversely propositional to the wear rate. Wear resistance of nanocomposite
coatings are decreased when the concentration of sodium hypophosphite is increased

because of improved wt% of P in the obtained coatings and diminution in
microhardness.

5.2.3. Variation of the concentration of nano TiO:2 particles

Nano TiO; particles were used as second phase particles in the electroless Ni-P-TiO>
nanocomposite bath. Nano TiO- particles were co-deposited with Ni-P matrix. Second

phase particles play important role in the development of nanocomposite coatings and
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their properties. Here, different characterization studies of Ni-P-TiO2 nanocomposite
coatings on mild steel deposited with various concentrations of nano TiO> particles in
the chemical deposition bath are discussed. This section is content obtained
observations and their discussion related to the changes in the morphology, surface
roughness, hardness, corrosion resistance and wear resistance due to the variation of

concentration of nano TiOz particles in the chemical deposition bath.

Up to 20 um thick electroless Ni-P-TiO2 nanocomposite coatings on mild steel were
successfully deposited on the mild steel substrate. For characterization of these coating
by XRD analysis, morphological analysis, microhardness, corrosion and wear studies

are given below:

The X-ray diffraction pattern of Ni-P exhibited a single broad peak corresponding to Ni
(1 1 1) phase at 44.70° and more diffused peaks revealed the amorphous nature of the
coating. While Ni-P-TiO. composite coatings exhibited a single sharp peak
corresponding to Ni (1 1 1) phase at 44.90° and more diffused peaks revealed the semi-

crystalline nature of coatings. The sharp small peak at 65.10° results from the iron

substrate.
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Figure 5.41: Comparison of XRD patterns of Ni-P-TiO2 coated samples with
various concentrations of TiOz (0.4 g/l, 0.8 g/l, 1.2 g/l, 1.6 g/l and 2 g/I)
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The various X-ray diffraction patterns compared in Figure 5.41, also shows the shifting
of position (20) towards right i.e. at a higher angle in case of Ni-P-TiO2 nanocomposite
coatings. The reason for shifting of the peak may be due to the atomic radius of nano
TiO> particles being very small as compared to the atomic radius of Ni-P globules.
When these particles were incorporated in Ni-P matrix they decrease the interplanar
spacing, as a result, the lattice parameter decreased which shifts the peak towards the

right.

The size of the Ni-P globules and developed strain within the Ni-P matrix due to the
inclusion of second phase particles (TiO2 particles) are calculated by the equation (5.d)
and equation (5.e) respectively [ 206, 221-222].

L=(x\)/ (B.cosb) (5.d)
B.cosO/A=1/L +¢.sinb/ (L) (5.e)

Where L is particle size, A is the used X-Ray wavelength, X is the correction faction (~
0.9), B is the FWHM of observed Peaks, ¢ is the effective strain and O is the Bragg’s

angle.

Table 5.8: Results of XRD analysis of Ni-P-TiO2 coated samples with different
concentration of TiO2(0.4 g/l, 0.8 g/l, 1.2 g/l, 1.6 g/l and 2 g/l)

S. | Coated samples | d-spacing | 20 FWHM | Ni-P Strain (€)
No. | with  different | (A) (degree) | (degree) | globules
concentration size
of TiO2 (g/l) (nm)
1 0.4 2.02420 44,7350 | 0.1092 | 786.7 -0.000514
2 0.8 2.02286 44.8020 | 0.1151 | 738.2 -0.000600
3 1.2 2.02265 44,8102 | 0.1279 |671.6 -0.000602
4 1.6 2.02272 44,7694 | 0.14404 | 611.7 -0.000661
5 2 2.01886 44,8597 | 0.1092 | 787.0 -0.000514
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Results were obtained from the XRD analysis, given in Table 5.8. Size of Ni-P globules
is decreased when increasing the wt.% of second phase particle in the Ni-P matrix and
developed strain in Ni-P matrix is negligible. So, from Figure 5.42, it is concluded that

developed strain is not much affected by the co-deposition of TiO particles.
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Figure 5.42: Developed strain within the Ni-P-TiO2 nanocomposite coatings (with

0.4 9/1,0.84¢/l, 1.2 g/l, 1.6 g/l and 2 g/l nano TiO2 particles concentration)

FESEM equipped with EDS was used for the study of the surface morphology of Ni-P-
TiO2 nanocomposite coatings. The EDS technique was used to obtain the quantitative
and qualitative analysis of Ni-P-TiO2 composite coatings. FESEM micrographs show
that Ni-P coating was deposited on mild steel substrate in the form of spherical globules
of Ni-P. The globules had a tendency to adhere to the clean upper surface of the mild
steel substrate [220, 225]. FESEM micrographs (Figures 5.43, 5.45,5.47,5.49 and 5.51)
of Ni-P-TiO2 nanocomposite coating confirmed the uniform co-deposition of nano TiO>
particles in entire the Ni-P matrix of Ni-P-TiO2 composite coatings. It can be seen Ni-
P globules were covered by nano TiO> particles film, so it indicated that mild steel
substrate can be protected by Ni-P-TiO2 nanocomposite coatings better than Ni-P

coating.

The results from EDS analysis for Ni-P-TiO2 nanocomposite coatings with different
wt.% of TiO2 such as 0.4 g/l, 0.8 g/l, 1.2 g/l, 1.6 g/l, and 2 g/l are presented in Figures
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543, 5.45, 547, 549 and 5.51 respectively. The EDS spectra for Ni-P-TiO>
nanocomposite coatings have shown peaks of Ni, P, Ti and O which leads to the coating
composition. The result confirmed the co-deposition of nano TiO2 particles in Ni-P
matrix on the mild steel substrate. EDS analysis clearly showing when increasing

concentration TiO; in the coating bath then TiO2 wt.% increase in deposited coating.

Figure 5.43: FESEM image with EDS pattern of electroless Ni-P-TiO2

nanocomposite coating on mild steel substrate with 0.4 g/l TiO2 concentration

EDS Layered Image 1

Figure 5.44: Dispersion of TiO2 nanoparticles in Ni-P matrix (0.4 g/l TiO2

concentration)
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Figure 5.45: FESEM image with EDS pattern of electroless Ni-P-TiO2

nanocomposite coating on mild steel substrate with 0.8 g/l TiO2 concentration

Figure 5.46: Dispersion of TiO2 nanoparticles in Ni-P matrix (0.8 g/l TiO2

concentration)
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Figure 5.47: FESEM image with EDS pattern of electroless Ni-P-TiO2

nanocomposite coating on mild steel substrate with 1.2 g/l TiO2 concentration
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Figure 5.48: Dispersion of TiOz2 nanoparticles in Ni-P matrix (1.2 g/l TiO2

concentration)
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Figure 5.49: FESEM image with EDS pattern of electroless Ni-P-TiO2

nanocomposite coating on mild steel substrate with 1.6 g/l TiO2 concentration

Figure 5.50: Dispersion of TiO2 nanoparticles particles in Ni-P matrix (1. 6 g/l

TiO2 concentration)
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Figure 5.51: FESEM image with EDS pattern of electroless Ni-P-TiO2
nanocomposite coating on mild steel substrate with 2 g/l TiO2 concentration

Figure 5.52: Dispersion of TiO2 nanoparticles in Ni-P matrix (2 g/l TiO2

concentration)

Figures 5.44, 5.46, 5.48, 5.50 and 5.52 show phosphorous were well alloyed in the
matrix of nickel on the mild steel substrate. The good dispersion of nano TiO> particles
in Ni-P metal matrix (5.44, 5.46, 5.48, 5.50 and 5.52), it revealed the uniform
distribution of embedded nano TiO2 in Ni-P-TiO2 nanocomposite coatings. It can be

seen Ni-P globules were covered by nano TiO: particles so it inferred that mild steel
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substrate can be better protected by Ni-P-TiO2 nanocomposite coating rather than Ni-P
coating.

Figure 5.53 shows the variation in microhardness of Ni-P-TiO2 nanocomposite coating
at a different concentration of TiO> particles in the electroless bath. The microhardness
of Ni-P-TiO2 nanocomposite coatings is increasing with the increase in the content of
TiOz in the deposit. The hardness of electroless nickel composite deposit depends on
both phosphorus content and amount of the second phase particles. In general, the
hardness of the electroless Ni-P increase with the decrease of P content and the increase
of second phase particles [224-225]. Hardness is improved by the strengthening
mechanism. The second phase hard TiO> incorporated into the coating matrix which
provides the dispersion strengthening effect and an additional barrier to the movement
of dislocation. At low TiO> concentration, Microhardness increase with increasing TiO>
content. 2.0 g/l TiO, particles enhanced nanocomposite coating processes the highest
microhardness of 517 VHN1o.
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Figure 5.53: Comparison of Vickers microhardness of electroless Ni-P-TiO2

nanocomposite coatings with various TiO2 concentrations in the deposition bath

Tafel graphs of electroless Ni-P-TiO, nanocomposite coatings with 0.4 g/, 0.8 g/l, 1.2
g/l, 1.6 g/l and 2.0 g/l nano TiO2 concentration obtained from potentiostat (Gamry
600™) tests are shown in Figures 5.54, 4.55, 4.56, 4.57 and 4.58. Electrochemical
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parameters such as corrosion potential, corrosion current density, anodic slop, and

cathodic slop were determined from the potentiostat tests.

Table 5.9 summarize the electrochemical corrosion parameters derived from the Tafel
curves for all the tested samples. The corrosion current density and potential of
electroless Ni-P-TiO2 nanocomposite coating with 0.4 g/l TiO2 (minimum concentration
of TiO2) obtained as 55.25 pA/cm? and -472 mV. With the highest concentration of
TiO2 (2 g/l) the corrosion potential and the current density values were -551.2 mV and
62.78 uA/cm?. It is clear from the above values that the increase of TiO2 concentration

in the plating bath significantly affects the corrosion behavior.

Tafel plot obtained from electrochemical potentiodynamic polarization was used to
measure corrosion rate with the help of Tafel slop at anodic polarization Ba, Tafel slop

at cathodic polarization ¢, corrosion current density lcorr and corrosion potential Ecorr.
The Corrosion Rate (CR) is calculated by equation (5.f) [171]
Corrosion Rate (mpy) = (0.13lcorr (Eq.wt.))/d (5.9

Where d is the density of substrate and Eq. wt. is the equivalent weight of the substrate.
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Figure 5.54: Tafel curve of Ni-P-TiO2 nanocomposite coating (with 0.4 g/l TiO2)
in 3.5% NaCl solution
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Figure 5.55: Tafel curve of Ni-P-TiO2 nanocomposite coating (with 0.8 g/l TiOz2)
in 3.5% NaCl solution
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Figure 5.56: Tafel curve of Ni-P-TiO2 nanocomposite coating (with 1.2 g/l TiO2)
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in 3.5% NaCl solution
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Figure 5.57: Tafel curve of Ni-P-TiO2 nanocomposite coating (with 1.6 g/l TiOz2)
in 3.5% NaCl solution
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Figure 5.58: Tafel curve of Ni-P-TiO2 nanocomposite coating (with 2 g/l TiO2) in
3.5% NacCl solution
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Table 5.9: Corrosion characteristics of as plated Ni-P-TiO2 nanocomposite
coatings with different TiO2 bath concentrations

S. No. | Sample with TiOz2 | Ecorr lcorr Corrosion Rate
variation g/l) (mV) (HA) (mpy)

1 0.4 -472.4 55.25 5.159

2 0.8 -525.7 51.72 4.829

3 1.2 -550.3 47.23 4.451

4 1.6 -529.6 58.52 5.515

5 2 -551.2 62.78 5.917

Figure 5.59 shows the electrochemical results obtained from the Tafel curves with
respect to TiO bath concentration for five 0.4 g/l TiO2, 0.8 g/l TiO2, 1.2 g/l TiO2, 1.6
g/l TiO2 and 2 g/l TiO2 in 3.5 wt.% nickel chloride solution.
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Figure 5.59: Comparative study of Tafel curves of Ni-P-TiO2 nanocomposite
coatings with 0.4 g/l TiO2, 0.8 g/l TiO2, 1.2 g/l TiO2, 1.6g/l TiO2and 2 g/l TiO2 in
3.5% NaCl solution
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Basically, electroless Ni-P-TiO2 nanocomposite coating deposited with less TiO>
concentration (1.2 g/l) has the highest corrosion resistance than Ni-P-TiO>
nanocomposite coating with higher TiO2 concentration (2.0 g/l). Reason for the
decrease in corrosion resistance value with increase in TiO2 particles incorporation in
the composite coating, when TiO» particles are co-deposited then the formation of
passive layer might be disturbed [34, 66, 215, 224-225].

With the increase in TiO2 concentration, the crystallinity of the composite coating is
increased. The amorphous coating offers better protection against the corrosion than
equivalent polycrystalline materials because amorphous materials are free from grain
and grain boundaries. The SEM images clearly showing the distribution of TiO> in the
Ni-P matrix. When the TiO2 concentration is increased in the electroless bath, the high
TiO2 distribution in Ni-P matrix which provides high microhardness and low corrosion

resistance.

If the main aim is to understand the nature of the surface of engineering solid materials,
the surface texture is a very important factor. In the working/functional performance of
several engineering components, the surface texture of solids plays an important role.
Surface texture (surface finishing, roughness) of materials plays a vital role when these

materials involved in tribological applications.

213.7 nm
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Figure 5.60: AFM image of surface roughness of Ni-P-TiO2 nanocomposite

coating with 0.4 g/l TiO2
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Figure 5.61: AFM image of surface roughness of Ni-P-TiO2 nanocomposite
coating with 0.8 g/l TiO2
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Figure 5.62: AFM image of surface roughness of Ni-P-TiO2 nanocomposite
coating with 1.2 g/l TiO2

149



353.9 nm

353.9 m»

Height 5

1.0 pm

Figure 5.63: AFM image of surface roughness of Ni-P-TiO2 nanocomposite
coating with 1.6 g/l TiO2
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Figure 5.64: AFM image of surface roughness of Ni-P-TiO2 nanocomposite

coating with 2 g/l TiO2
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The surface roughness parameters were calculated from the analysis of AFM images of
Ni-P-TiO2 nanocomposite coatings with 0.4 g/l TiO2, 0.8 g/l TiO, 1.2 g/l TiO2, 1.6 g/l
TiO2, and 2 g/l TiO2 as shown in Figures 5.60, 5.61, 5.62, 5.63, and 5.64 respectively.

Table 5.10: Roughness values of Ni-P-TiO2 composite coatings with 0.4 g/l TiOz,
0.8 9/l TiO2, 1.2 g/l TiO2, 1.6 g/l TiO2 and 2 g/l TiO2, calculated from atomic force

microscopy

S. Sample Ra (hm) Rq Thickness of
No. (nm) | coating (um)
1 Ni-P-TiO2 nanocomposite coating 30.8 44.7 21
with 0.4 g/l TiO;
2 Ni-P-TiO2 nanocomposite coating 50.5 67.9 22
with 0.8 g/l TiO2
3 Ni-P-TiO2 nanocomposite coating 54.3 80.9 22
with 1.2 g/l TiO;
4 Ni-P-TiO2 nanocomposite coating 59.1 79.0 23
with 1.6 g/l TiO2
5 Ni-P-TiO2 nanocomposite coating 59.6 85.4 24
with 2 g/l TiO;

These measurements were made with a Multi-Mode AFM in contact mode. Mean
square root roughness (Rq) and average roughness (Ra) values along with the coating
thickness of electroless Ni-P-TiO2 nanocomposite coatings with varying concentration

of TiO2 particles shown in Table 5.10.

Comparison of root means square roughness (Rq) and average roughness (Ra) of Ni-P-
TiO2 nanocomposite coatings on mild steel with different TiO2 concentration is shown
in Figure 5.65. The surface roughness of Ni-P-TiO2 nanocomposite coatings on mild
steel is dependent upon several parameters such as particle size of TiO. and its
distribution, concentration of bath loading, deposit-thickness, smoothness of the mild
steel substrate. As comparison shows in Figure 5.65, the roughness of Ni-P-TiO>
nanocomposite coatings on mild steel is increased when nano TiO2 particles
concentration is increased in the deposition bath. Size of used nano TiO- particles is 10-
25 nm. The inclusion of second phase particles within the electroless Ni-P metal matrix

tends to increase the degree of surface roughness, especially in the case of hard second
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phase particles. TiO. particles come in the category of hard and wear resistance
particles.
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Figure 5.65: Variation of root mean square roughness (Rq) and average
roughness (Ra) for electroless Ni-P-TiO2 nanocomposite coatings with the

different TiO2 concentration

Pin-on-disc tests were done for determining the wear loss of Ni-P-TiO2 nanocomposite
coatings. During the wear tests, room temperature is ~30°C and relative humidity is
85%. Descriptive curves amid for wear with time for electroless Ni-P-TiO>
nanocomposite coatings (deposited with 0.4 g/l, 0.8 g/l, 1.2 g/l, 1.6 g/l, and 2 g/l nano
TiO2 concentration) at sliding velocity of 0.2 m/s with 5 N load are shown in Figures
5.66, 5.67, 5.68, 5.69, and 5.70. Wear during the pin-on-disc tests of coatings are
calculated by weight loss methods. Wear rate of electroless Ni-P-TiO. nanocomposite
coatings (deposited with 0.4 g/l, 0.8 g/l, 1.2 g/l, 1.6 ¢/l, and 2 g/l TiO2 nanoparticles
concentration) is calculated by the formula (5.c) which is mentioned in section 5.1.

As Table 5.11 shows, wear loss of Ni-P-TiO2 nanocomposite coatings with 0.4 g/, 0.8
g/l, 1.2 g/l, 1.6 g/l and 2 g/l nano TiO2 is 0.010 gm, 0.008 gm, 0.006 gm, 0.006 gm, and
0.005 gm respectively. Wear loss is decreased with increased concentration of nano
TiOz particles in the electroless bath.
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Figure 5.66: Wear (micron) with time profile at room temperature and sliding
velocity 0.2 m/s at 5 N for Ni-P-TiO2 composite coating (with 0.4 g/l TiOz2)
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Figure 5.67: Wear (micron) with time profile at room temperature and sliding

velocity 0.2 m/s at 5 N for Ni-P-TiO2 composite coating (with 0.8 g/l TiO2)
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Figure 5.68: Wear (micron) with time profile at room temperature and sliding

velocity 0.2 m/s at 5 N for Ni-P-TiO2 composite coating (with 1.2 g/l TiOz2)
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Figure 5.69: Wear (micron) with time profile at room temperature and sliding

velocity 0.2 m/s at 5 N for Ni-P-TiO2 composite coating (with 1.6 g/l TiO2)
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Figure 5.70: Wear (micron) with time profile at room temperature and sliding

velocity 0.2 m/s at 5 N for Ni-P-TiO2 composite coating (with 2 g/l TiO2)

Table 5.11: Comparison of wear of Ni-P-TiO2 nanocomposite coatings (0.4 g/l, 0.8

g/l, 1.2 g/l, 1.6 g/l and 2 g/l nano TiO2 concentration) determine from the pin-on-

disc tests
S. No. | Sample Thickness of | Wear loss | Wear rate
coating (um) | (gm) (mm3/m)

1 Ni-P-TiO2 nanocomposite | 21 0.010 0.002857
coating with 0.4 g/l TiO;

2 Ni-P-TiO2 nanocomposite | 22 0.008 0.002285
coating with 0.8 g/l TiO;

3 Ni-P-TiO2 nanocomposite | 22 0.006 0.001714
coating with 1.2 g/l TiO:

4 Ni-P-TiO2 nanocomposite | 23 0.006 0.001714
coating with 1.6 g/l TiO:

5 Ni-P-TiO2 nanocomposite | 24 0.005 0.001429
coating with 2 g/l TiO;
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Figure 5.71: Comparison of the wear-rate along with TiO2 content for electroless
Ni-P-TiO2 nanocomposite coatings deposited with the different TiO2

concentration

Comparative study of the wear rate along with TiO2 content for the Ni-P-TiO>
nanocomposite coatings deposited with 0.4 g/l, 0.8 g/l, 1.2 g/l, 1.6 g/l, and 2 g/l nano
TiO2 particles are shown in Figure 5.71. Wear resistance property of the material is
inversely propositional to the wear loss. Wear resistance of property nanocomposite

coatings are increased when the concentration of hard TiO particles is increased.

Ni-P-TiO2 nanocomposite coatings were successfully developed on the mild steel
substrate by same electroless plating technique using a hypophosphite reduced bath.
FESEM and EDS analysis carried out on all Ni-P-TiO2 composite coatings samples
revealed the co-deposition of nano TiO> particles into Ni-P matrix and formation of a
uniformly distributed homogeneous coating layer on mild steel substrate XRD results
also revealed that co-deposited second phase particles (TiOz2) did not influence the phase
transformation behavior and structure of deposits. Microhardness of the electroless Ni-
P-TiO2 nanocomposite coating is 343 VHNyo (for 0.4 g/l TiO2 concentration) and 517
VHN31o (for 2.0 g/l TiO2 concentration). Nanocomposite coating with high TiO>
concentration shows decreased corrosion resistance compared to nanocomposite
coating with low TiO2 concentration. Wear during the pin-on-disc tests of coatings
under 5 N load and 500 m sliding distance are calculated by weight loss methods. Wear
loss is decreased with increased concentration of nano TiO: particles in the deposition
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bath. Wear resistance of the material is inversely propositional to the wear loss. Wear
resistance of the nanocomposite coatings are increased when the concentration of nano

TiO2 particles is increased.

In section 5.2, observations and their analysis related to electroless Ni-P-TiO2
nanocomposite coatings on mild steel substrates deposited with various concentrations
of nickel sulphate, sodium hypophosphite and nano TiOz particles in the deposition bath.
As analyze the observations, the deposition rate is increased with increasing the
concentration of constituents of deposition bath such as nickel sulphate, sodium
hypophosphite, and nano TiO: particles. The content of nickel in the deposits is
increased with increasing the concentration of nickel sulphate and decreasing the
concentration of sodium hypophosphite in the bath. The content of phosphorus in the
deposit is increased with increasing the concentration of sodium hypophosphite and
decreasing the concertation of nickel sulphate in the bath. TiO2 content in the Ni-P-TiO>
nanocomposite coatings is increased by the increasing the concentration of nano TiO>

particles in the deposition bath.

Study of the microhardness, corrosion and wear analysis of Ni-P-TiO2 nanocomposite
coatings on mild steel deposited with 25 g/l, 30 g/l and 35 ¢/l nickel sulphate in the
deposition bath is discussed in section 5.2.1. and summarised observations are shown
in Figure 5.72. Changes in the microhardness, corrosion-rate and wear-rate of
electroless Ni-P-TiO2 nanocomposite coatings on mild steel due to variation in the
nickel sulphate concentration in the deposition bath are shown in Figure 5.72. As
observations shown in Figure 5.72, microhardness and corrosion-rate of Ni-P-TiO>
nanocomposite coatings are increased and wear-rate Ni-P-TiO2 nanocomposite coatings
are decreased with increasing the concentration of nickel sulphate in the deposition bath.
It means Ni-P-TiO2 nanocomposite coating deposited with 35 g/l nickel sulphate has
higher microhardness, higher wear resistance, and lower corrosion resistance as
compared to Ni-P-TiO2 nanocomposite coatings deposited with 25 g/l and 30 g/l nickel
sulphate. Reason for the high microhardness and wear resistance of the coating is high
nickel content and low phosphorus content in the deposit. So, it can say that 35 g/l nickel
sulphate concentration is suitable for developing the hard and wear resistance Ni-P-

TiO2 nanocomposite coating on mild steel.
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Figure 5.72: Comparison of the microhardness, corrosion-rate and wear-rate of
electroless Ni-P-TiO2 nanocomposite coatings deposited with the 25 g/, 30 g/l and

35 g/l nickel sulphate concentration in the deposition bath

Study of the microhardness, corrosion and wear analysis of Ni-P-TiO2 nanocomposite
coatings on mild steel deposited with 20 g/l, 30 g/l and 40 g/l sodium hypophosphite in

the deposition bath is discussed in section 5.2.2. and summarised observations are
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shown in Figure 5.73. Changes in the microhardness, corrosion-rate and wear-rate of
electroless Ni-P-TiO2 nanocomposite coatings on mild steel due to variation in sodium

hypophosphite concentration in the deposition bath are shown in Figure 5.73.
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Figure 5.73: Comparison of the microhardness, corrosion-rate and wear-rate of
electroless Ni-P-TiO2 nanocomposite coatings deposited with the 20 g/, 30 g/I,

and 40 g/l sodium hypochlorite concentration in the deposition bath
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As observations shown in Figure 5.73, microhardness and corrosion-rate of Ni-P-TiO>
nanocomposite coatings are decreased and wear-rate Ni-P-TiO2 nanocomposite
coatings are increased with increasing the concentration of sodium hypophosphite in
the deposition bath. It means Ni-P-TiO2 nanocomposite coating deposited with 20 g/l
sodium hypophosphite has higher microhardness, higher wear resistance, and lower
corrosion resistance as compared to Ni-P-TiO2 nanocomposite coatings deposited with
30 g/l and 40 ¢/l sodium hypophosphite. Corrosion resistance of the coating is
increasing with increasing the concentration of sodium hypophosphite in the deposition
bath due to the deposition of high phosphorus coating. High phosphorus coating has
low crystallinity or amorous structure as compared to low phosphorus coating. The
amorphous coating has a more homogeneous microstructure which makes coatings less
prone to pitting. When corrosion resistance is the main aim of the coating while
hardness and wear resistance is not much important then a high concentration of sodium

hypophosphite can be used during the coating process.

Study of the microhardness, corrosion and wear analysis of Ni-P-TiO2 nanocomposite
coatings on mild steel deposited with 0.4 g/l, 0.8 g/l, 1.2 g/I, 1.6 g/l and 2.0 g/l nano
TiO> particles in the deposition bath is discussed in section 5.2.3. and summarised
observations are shown in Figure 5.74. Changes in the microhardness, corrosion-rate
and wear-rate of electroless Ni-P-TiO2 nanocomposite coatings on mild steel due to
variation in the nano TiO particles concentration in the deposition bath are shown in
Figure 5.74. As observations shown in Figure 5.74, microhardness and surface
roughness of Ni-P-TiO2 nanocomposite coatings are increased while corrosion rate and
wear-rate  Ni-P-TiO2 nanocomposite coatings are decreased with increasing the
concentration of TiO. particles in the electroless bath. As it can see that in the analysis
of corrosion rate of obtained Ni-P-TiO2 nanocomposite coatings is initially decreased
when concentrations of TiO: is increased during the deposition, further increased the
concentration TiO. beyond 1.2 g/l, the corrosion rate is increased because of
incorporation of high concentration of TiO. particles in the Ni-P matrix. When the high
concentration of TiO, particles are co-deposited with the metal matrix then the
formation of passive layer might be disturbed [215, 224]. Ni-P-TiO2 nanocomposite
coating on mild steel deposited with 2 g/l TiO> particles has the highest microhardness

and wear- resistance because of dispersion strengthening the effect.

160



0.0030 4
0.0028
0.0026
0.0024
0.0022 4

0.0020

0.0018 4
%

0.0016 - \

0.0014 *

Wear rate (mma/m)

\ Average roughness\

Average roughness (nm)
[} L3 = o
w o (&) o
| | 1 1

[
o
|

[ —»— corrosion rate |

/‘

[
o
|

o
w
|

}

T~

Corrosion rate (Impy)
R =3
o w
1 1

525 [ —s— Microhardness

//

()]

(=]

(=]
|

475

450

Microhardness (VHN)

425

0.4 OTB 1.2 1.|6 2.0
Concentration of TiO5 (g/1)

Figure 5.74: Comparison of the microhardness, corrosion-rate and wear-rate of
electroless Ni-P-TiO2 nanocomposite coatings deposited with the 0.4 g/l, 0.8 g/,

1.2 g/l, 1.6 g/l and 2.0 g/l TiO2 concentration in the deposition bath
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5.3. Enhanced properties of mild steel by the Electroless Ni-P and Ni-P-TiO2

nanocomposite coating

The aim of this research work is improvement of properties of mild steel by the coating
on the surface by the electroless method. For enhancing the properties of mild steel, its
surface was coated with two types of coatings. First deposited coating is Ni-P coating
and second is Ni-P-TiO2 nanocomposite coating with hard nano TiO particles, Both

types of coatings were successfully deposited on mild steel up to 24 um thickness.

Comparison of the microhardness of the uncoated mild steel, Ni-P coated mild steel,

and Ni-P-TiO2 nanocomposite coated mild steel is given in Table 5.12.

Table 5.12: Comparison of microhardness of mild steel substrate, Ni-P, and Ni-P-

TiO2 nanocomposite coating

Sample Coating Thickness (um) | Microhardness (VHN1o)
Mild steel | - ~132

Ni-P coated mild steel 22 ~ 400

Ni-P-TiO2  nanocomposite | 24 ~517

coated mild steel

As results are shown in Table 5.12, microhardness is mild steel is improved by the
deposition of electroless Ni-P coating and Ni-P-TiO, nanocomposite coating on the
surface of the mild steel. Higher microhardness is possessed by the Ni-P-TiO>
nanocomposite coating as compared to the Ni-P coating because of inclusion of hard
nano TiO2 in Ni-P matrix. The inclusion of hard nano TiO2 in Ni-P provides the

resistance to deformation due to the dispersion strengthening effect.

Tafel graphs of mild steel, Ni-P coating, and Ni-P-TiO2 nanocomposite coating are
shown in Figure 5.75. By the comparative study of these Tafel curves, it is observed
that the polarization potential of mild steel is more negative as compared to the coated
mild steel. When corrosion potential moves in the positive direction, it offers high
corrosion resistance property. In case of Ni-P-TiO2 nanocomposite coating, corrosion

potential is more positive as compared to Ni-P coating and uncoated mild steel.

Comparison of the electrochemical parameters of the uncoated mild steel, Ni-P coated
mild steel, and Ni-P-TiO2 nanocomposite coated mild steel is given in Table 5.13. The

corrosion rate of mild steel in 3.5% NaCl solution highest as compare to Ni-P coated
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mild steel and Ni-P-TiO2 nanocomposite coated mild steel. These coatings act as a

barrier of oxidation of mild steel.
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Figure 5.75: Comparative study of Tafel curves of uncoated mild steel, Ni-P

coated mild steel & Ni-P-TiO2 nanocomposite coated mild steel

Table 5.13: Comparison of electrochemical parameters of mild steel substrate, Ni-

P and Ni-P-TiO2 nanocomposite coating derived from the Tafel plots

Sample Ecorr lcorr Corrosion
(mV) | (MA/cm?) | Rate (mpy)

Mild steel -1105 |97.01 9.14

Ni-P coated mild steel -701 70.23 6.61

Ni-P-TiO2 nanocomposite coated mild steel | - 550.3 | 47.23 4.45

Comparison of the wear loss of the uncoated mild steel, Ni-P coated mild steel, and Ni-
P-TiO2 nanocomposite coated mild steel is given in Table 5.14. Wear loss of uncoated
mild steel during the pin-on-disc test is higher as compared to coated mild steel with

Ni-P coating and Ni-P-TiO2 nanocomposite coating. Ni-P-TiO2 nanocomposite coated
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mild steel possess the enhanced wear-resistance property because of its smooth surface
finish and high hardness.

Table 5.14: Comparison of wear loss during the pin-on-disc test of mild steel

substrate, Ni-P, and Ni-P-TiO2 nanocomposite coating

Sample Coating Thickness (um) Weight loss (gm)
Mild steel | - ~0.014

Ni-P coated mild steel 22 ~0.009
Ni-P-TiO2 nanocomposite | 24 ~0.005

coated mild steel

Nano TiO> particles are not seen in electroless Ni-P-TiO> nanocomposite coatings
because agglomeration of TiO- particles was avoided by inclusion of the proper amount
of TiOz sol and proper suspension of TiO: particles in the solution. Proper dispersed
nano TiO; particles can make the Ni-P-TiO2 nanocomposite coating matrix more dense
and fine grain size. The reason behind this, the combined effect of particle dispersion
strengthening and grain refinement strengthening. By the strengthening effect and
unique properties of hard nano TiO> particles, microhardness and wear resistance
property of Ni-P-TiO2 nanocomposite coating are highest as compare to Ni-P coating

and uncoated mild steel.

Mild steel is an extensively used material by industries and constructer due to its
economical, versatile, and easy to manufacture qualities. In spite of its wonderful
properties mild steel has some working condition limitations such as corrosion is a
major problem facing by industries and engineers. Wear is another problem in the
industrial application of mild steel because mild steel is a structurally soft material. By
the use of electroless Ni-P-TiO. nanocomposite coating on the surface of mild steel,
corrosion resistance, hardness, wear resistance and surface finish can be improved and

increase structural and industrial application of mild steel.
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Chapter 6

CONCLUSIONS AND FUTURE WORK SUGGESTIONS

This research work is concluded in this chapter and suggestions for future work are also

included here. Ni-P and Ni-P-TiO2 nanocomposite coatings on mild steel were

developed by the electroless deposition method. The conclusions drawn from this

research work are discussed in the same order as presented in chapter five.

6.1. Conclusions

The important conclusions drawn from the present research work are as follows:

The Ni-P and Ni-P-TiO2 nanocomposite coating were successfully
developed on the mild steel substrate by electroless plating technique using

a sodium hypophosphite reduced bath.

Both electroless Ni-P and Ni-P-TiO2 nanocomposite coatings exhibit good
adherence to the mild steel specimen and were deposited to thickness in
range of 17-24 um (both side).

X-ray diffraction results obtained for Ni-P coating on mild revealed a peak
corresponding to Ni (1 1 1) phase. The FESEM images of Ni-P coating
clearly revealed globules of Ni-P on the mild steel substrate. The EDS
analysis of Ni-P coating revealed the amorphous structure of electroless

coating having 15.67 wt.% P content in the coating.

X-ray diffraction analysis of electroless Ni-P-TiO2 nanocomposite coatings
revealed that co-deposited second phase particles (TiO2) did not influence
the structure and phase transformation behavior. Electroless deposited
composite coatings exhibited the semi-crystalline structure of Ni-P matrix
in which crystalline titanium oxide was incorporated. FESEM and EDS
analysis carried out on Ni-P-TiO2 composite coatings revealed that Ni-P
globules were covered by TiO> film, so it can be inferred that mild steel
substrate can be protected by Ni-P-TiO2 nanocomposite coatings better than
Ni-P coatings.
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Microhardness and wear resistance of Ni-P-TiO2 nanocomposite coating
deposited with 35 g/l NiSO4 (highest concentration of NiSOj4) are increasing
while corrosion resistance is decreasing in compare to Ni-P-TiO>
nanocomposite coatings deposited with 25 g/l and 30 g/l NiSOa.

Corrosion resistance of Ni-P-TiO2 nanocomposite coating deposited with 40
g/l sodium hypophosphite is increasing while microhardness and wear
resistance are decreasing in compare to Ni-P-TiO2 nanocomposite coating
deposited with 20 g/l and 30 g/l sodium hypophosphite.

An enhancement in microhardness was detected in both Ni-P coated mild
steel and Ni-P-TiO2 nanocomposite coated mild steel compared to without
coated mild steel substrate. The order of improved microhardness was mild
steel substrate <Ni-P<Ni-P-TiO> nanocomposite coating, also increased
amount of TiO> particles concentration in bath increased the microhardness

of coating.

Microhardness of the mild steel is increased 203% and 291% by deposition
of electroless Ni-P coating and Ni-P-TiO2 nanocomposite coating on mild

steel respectively.

The results obtained from Tafel graphs confirmed that all coated sample
showed improved corrosion resistance than the mild steel substrate in 3.5
wt.% NaCl solution. Deposition of the Ni-P coating and Ni-P-TiO>
nanocomposite coating on mild steel provided corrosion protection

efficiencies of 27.61% and 51.68% respectively.

The results obtained from wear test revealed that all coated samples had
significantly improved wear resistance than the mild steel substrate. The
order of improved wear resistance was, substrate <Ni-P<Ni-P-TiO:
nanocomposite coating, also increased amount of TiO, particles

concentration in bath increased the wear resistance of the coating.

Increased wear resistance of Ni-P-TiO2 hanocomposite coatings may be due
to the grain filling and dispersive strengthening effects offered by the hard-
ceramic particles, which form a barrier to plastic deformation of Ni-P matrix
under the load and hinder dislocation of Ni-P matrix.
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6.2.

e On the basis of this research work, it can be concluded that electroless Ni-
P-TiO2 nanocomposite coatings can be utilized to protect mild steel from
corrosion and wear during structural and industrial applications of mild

steel.

Suggestions for Future Work

Post heat treatment of electroless Ni-P-TiO. nanocomposite coatings on mild
steel should also be carry out to further improve the properties of these coatings.
Transmission electron microscopic study may be attempted to know the internal
structure of Ni-P-TiO2 nanocomposite coatings on mild steel.

To study the effect of other mechanical properties (tensile strength, stress, strain)
of Ni-P-TiO2 nanocomposite coated mild steel, dynamic mechanical analysis
and one tester tests will be performed.

To study the corrosion resistance of Ni-P-TiO2 nanocomposite coating,
electrochemical impedance spectroscopy (EIS) will be used.

To study the tribological properties of electroless nanocomposite coating, the
coefficient of friction with lubrication or without lubrication and various loads

will be used.
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