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Abstract

The purpose of this research is to study, evaluate, and compare the different electro-
deposition processes for producing nickel-based composite coatings for application in
tribology, including: Ni/BMA luminescent coating, Ni-P/MoSz and Ni-P/WS: self-

lubricating coatings.

In the first part, a new luminescent Ni coating containing an embedded, blue-emitting
rare-earth mixed metal oxide (BaMgAl11017:Eu?*) BAM was electrodeposited
successfully from an aqueous electrolyte. Two types of surfactants were utilised to
investigate the effective co-deposition of these phosphors into the nickel matrix. The
surfactants of non-ionic PEG (polyethylene glycol) and cationic CTAB (cetyl
trimethylammonium bromide) were observed to increase the phosphor contents in the
deposit from zero to 4.6% and 11.5%, respectively. A mixture of these two surfactants
produced the highest particle embedded coverage (15.6%). Systematic study of the
hardness, corrosion, tribological and luminescent properties of the as-deposited coating

was performed before using it for wear sensing.

In the second and third parts of this research, a self-lubricating Ni-P/MoS2 composite
coating has been designed and deposited on a mild steel substrate by electrodeposition.
The effect of current density, electrolyte additive and MoS2 concentration on the structure
of the coating have been investigated. The Ni-P/MoS: coating exhibited a dramatic
reduction in friction compared to an electrodeposited Ni-P coating, the coefficient of
friction against a bearing steel ball in sliding wear being as low as 0.05. The worn surfaces
and the wear debris were characterised by surface analysis techniques. The composite
coating showed only slight wear and oxidation compared to the severe wear and oxidation
observed in the pure Ni-P coating or the uncoated mild steel substrate. It has been
speculated that MoS: in the coating underwent shear stress-induced reorganization,
fragmenting into fine crystallites and ultimately forming a smooth lubricating film.

In the final part, Ni-P/WS2 composite coatings have been electrodeposited from an
aqueous bath containing suspension of WSz nanoparticles (80 nm) and their tribological
properties have been evaluated by a reciprocating test with bearing steel balls. Increasing
the bath temperature did completely eliminate the cracks in coatings by reducing the
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internal stress and prolonged the duration of the low friction coefficient. By optimizing
the combinations of the WSz and CTAB concentrations in solution, the amount of the
WS: particles incorporated was greatly boosted, demonstrating a highest WSz content of
4.8 wt%. Significantly, this Ni-P/WS: coating exhibited a greatly lower friction
coefficient of 0.17 compared to single Ni-P (0.6).
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Chapter 1 Introduction

1.1 Background and motivation

Surface coatings play an important role in prolonging the lifetime of components,
improving the mechanical performance of parts and extending their application range.
Coatings used for tribology can reduce wear and friction between interacting surfaces in
relative motion, and make devices more efficient. There has been a growing use of these

coatings in the automotive, aerospace and power generation industries [1].

It is unavoidable that the area in contact is worn or corroded faster than the remaining
area, which may result in pre-failure, catastrophic damage or loss. Where it is expensive
to replace the whole workpiece or costly to apply conventional inspection and downtime
maintenance, there is a clear benefit in extending the coatings’ life safely. This will
depend on developing a health sensing system in coatings to monitor deterioration during

their use.

A number of wear sensing techniques have been developed to monitor wear processes,
for example: oil analysis, acoustic emission, vibration, luminescent sensors [2].
Luminescent coatings, however are a relatively new approach in these sensor techniques,
with many advantages such as speed, visibility and high adaptability [3]. Luminescent
coatings were first proposed in 2004 [4] to detect damage such as scratches and
delamination of the coating. It utilises the fact that phosphorescent/fluorescent particles
emit a constant glow under an ultraviolet (UV) light, thus such a coating can act as an
interlayer that can be revealed when a top coating is worn away or corroded. Reviews of
the literature, however, reveal few successful studies published in this field. Physical
vapour deposition (PVD) was first used to sputter a phosphorescent / fluorescent film
which emitted a constant glow under a UV light. Erbium- and samarium-doped yttria
stabilized zirconia layers, for example, were deposited in thermal barrier coatings [5,6].
The disadvantage of this method is its reliance on expensive and less flexible facilities
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with limited deposition rates. In addition, the produced film is in general too thin to be

used as coating protection in wider engineering applications.

Aqueous deposition, as opposed to non-aqueous deposition, achieves a reasonable
balance between cost and performance. Electroless deposition and electrodeposition are
two classical approaches. The former has the advantage of non-line-of-sight coatings but
suffers from unstable solutions as well as a slow rate process with a maximum thickness
of a few microns, which again limits its applications. In contrast, electrodeposition has a
much faster deposition rate and allows better control of the deposition process. It is one
of most successful methods for producing composite layers by electrophoretic deposition
of particles into a growing metal electrodeposit, despite the challenges including the
dispersion of particles in the bath and its adhesion ability to the electrode surface. The
thickness can be well controlled from a few nanometres to several hundred micrometres.
A review of the literature, however, reveals few successful cases of preparation of
luminescent coatings by aqueous deposition. One limited report is found on electroless
deposited luminescent nickel coating [7,8]. The second case reports electrodeposited
nickel and rare-earth luminescent phosphors using ionic liquids bath of dimethylsulfone
and NiCl2[9]. The plating was carried out at a temperature of 130 <C which would prevent
potential industry applications with such a high bath temperature. Furthermore, ionic
liquids are expensive to scale up and can involve supply, handling and disposal problems,

making their use unattractive to industry.

The first part of this thesis aims to develop a Ni coating embedded with phosphorescent
particles (BaMgAl11017:Eu?*, BAM) which are used to detect the wear condition of
coatings simply using an ultraviolet light. The challenge for electrodeposition in an
aqueous solution is that the rare earth luminescent particles (metal oxides), of micron size,
are difficult to stick on the electrode surface. Two types of surfactants - cationic
(cetyltrimethylammonium bromide, CTAB) and non-ionic (polyethylene glycol, PEG)
were studied to assess their enhancement of particle deposition. The particle
concentrations were also investigated by steady-state and time-resolved luminescence

spectroscopy to optimise the emission intensities [10].

Ni-based coatings, formed by electrochemical reduction, usually exhibit high hardness
and wear resistance, with various applications in aircraft, automotive, marine, electronics

and so forth [11,12,13]. It has been suggested as a promising substitute to replace hard
2
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chrome coatings which have raised severe health and environmental problems and will
soon be banned. Alternative Ni-Co and Ni-Co-P coatings have been successfully
electrodeposited by our group which could provide similar or even greater benefits

compared to chrome [14,15].

Nowadays, low-friction coatings have attracted much research interest due to their low
energy consumption and CO:z emission. However, the coefficient of friction for
electrodeposited Ni coatings is relatively high (ca. 0.4-0.7) under dry friction. To extend
the application of such electrodeposited coatings, functional particles could potentially be
added into the electrodeposition bath to obtain a composite coating with enhanced
properties (i.e. adhesion, wear rate reduction, load bearing capacity, low friction) [16,17].
Molybdenum disulphide (MoS2) with characteristic lamellar structure has a super-low-
friction coefficient of 0.002 in a vacuum, since the weak Van der Waals forces between
adjacent lamellas allow for easy interplanar shear [18]. Several attempts have been made
to achieve electrocodeposition of Ni with MoSz particles including Ni-MoS2, Ni-
MoS2/Al203, Ni-W/MoSz and Ni-Co/MoS: coatings, which exhibit low friction
coefficients between 0.1 and 0.4 [19,20,21,22]. But the lowest friction coefficient varies
a lot in these reports and the primary factor responsible for low friction coefficient is still
unclear, therefore systematic comparison of coating parameters and the resultant friction

coefficient is desirable.

Electrodeposited Ni-P alloys with amorphous or nanocrystalline structures possess many
advantages over Ni-metal coating including higher hardness, higher strength and better
wear resistance. A Ni-P/MoS2 composite coating is designed to outperform other
metal/MoSz coatings, as the MoS: are well protected inside a Ni-P matrix with increased
chemical inertness and are less susceptible to H20 or Oz. Despite these many advances,
there appear to be no reports concerning electrodepositing Ni-P/MoS2 coating. This is
because appropriate surfactant is needed to disperse the MoS: particles and stabilize them
uniformly in the bath by increasing their wettability. In the second part of this study, Ni-
P/MoS: coatings were codeposited with the addition of the cationic surfactant CTAB
(hexadecyltrimethylammonium bromide). The coating structure and MoS2 content was

optimised by varying the current density, CTAB and particle concentrations.

In the third part of this study, systematic friction testing and wear track examination were

carried out to evaluate the friction and wear properties of the as-deposited Ni-P/MoS2

3
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coatings and the primary factor affecting the drop in friction coefficient is also discussed.
Furthermore, to clarify the lubrication function of MoS2, a cross-section sample from the
wear track was prepared by focused ion beam (FIB) and observed under TEM. A possible

self-lubricating mechanism of the Ni-P/MoS2 coatings is proposed.

Like MoSz, tungsten disulphide (WS:) is a widely used solid lubricant due to the easy
shearing of the weak (van der Waals) interlayer bonds. WSz shows better lubricating
performance than MoS: under harsh environments such as high temperature. The working
temperature limitations of MoS2 and WSz in air are 316 °C and 594 °C respectively, above

which their lubricating ability is lost rapidly due to oxidation. However, the reactive

dangling bonds on the prismatic edges (1010) of WS: are susceptible to humidification

and oxidation which usually result in degradation of lubrication. Therefore, it appears
worthwhile to prepare composite Ni-P/WS: coatings, in which WSz are encapsulated in
the matrix and only exposed to the air when friction occurs. In the fourth part of this work,
nano-WS: (80 nm diameter) incorporated Ni-P coatings were electrodeposited on a mild
steel substrate. Different bath temperatures, CTAB and particle concentrations were
studied and estimated in an attempt to produce a composite coating with both low-friction

and low-wear performance.

1.2 Outline

This thesis is divided into seven main chapters (including this introduction). These are:
Chapter 1 - Introduction; Chapter 2 - Review of the literature; Chapter 3 - Experimental
procedure; Chapters 4, 5, 6 & 7 - Results; Chapter 8 Overall discussion and Chapter 9 -

Future work.

The literature review is contained in Chapter Two. First, it presents a general review of
the literature on surface engineering and electrodeposition techniques. Subsequently, the
review focuses on electrodepositing of luminescent coatings and MoS2/WS: low friction

coatings.
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Experimental procedures are covered in Chapter Three. The general techniques employed
to investigate the microstructure and mechanical properties of electrodeposited coatings
are X-ray diffraction, optical microscopy, scanning electron microscope (SEM), energy
dispersive spectroscopy (EDS), image analysis and Vickers hardness tests.
Photoluminescence of Ni/BAM was evaluated by visible- UV/fluorescence spectrometers
and Zeiss AxioSkop fluorescence microscopy. A reciprocating TE-77 tribometer was
used to evaluate the friction behaviours of Ni/BAM, Ni-P/MoS: and Ni-P/WS: coatings.
Alicona infinite focus microscopy, BEI in SEM, FIB and TEM were used for examination
of the wear track.

The experimental results are displayed and discussed in Chapters Four to Seven. Chapter
Four presents the monitoring of coating health by in-situ luminescent layers. Chapter Five
presents the development of Ni-P/MoS2 composite coatings by electrodeposition. Chapter
Six illustrates the friction and wear properties of the electrodeposited Ni-P/MoS:2 coatings.
Chapter Seven is concerned with the fabrication of self-lubricating Ni-P/WS2 coatings by

electrodeposition.

In Chapter Eight, overall discussion of the results has been made. Finally, overall
conclusions have been drawn and proposals for future work have been made in Chapter

Nine.






Chapter 2 Review of literature

2.1 Introduction to surface engineering

2.1.1 Advantages of surface engineering

Usually a machine component failure starts from the surface which cannot withstand the
surrounding environment or external forces. In many cases, it may not be realistic to use
expensive materials with high performance for bulk components to meet the surface
service requirement. A more practical approach is to use a high-performance coating [23].
A range of coatings can improve the surface functionality of a substrate in terms of
thermal, optical, magnetic, tribological and electrical properties [24]. In fact, it is now
difficult to find a manufactured item which has not experienced some form of surface

engineering [25].

Surface engineering is widely used in the automotive, aerospace, missile, power,
electronic, machine tools, and construction industries [26]. It directly contributes to the
worldwide economy. In the UK the cost of wear and corrosion are significant, up to 3%
of GDP [27]. Effective use of surface engineering has great potential to produce
significant economic benefits [28]. In 2005, the value of the UK coating market was
approximately £21.3 billion, and those coatings further affect products with a value of
over £143 billion [28].

In brief, surface engineering can increase performance, reduce costs and control surface

properties independently of the substrate, offering enormous potential for [29]:

o improved functionality

e asolution to previously insurmountable engineering problems
 the possibility of creating new products

e reduction of power consumption

e conservation of scarce material resources
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2.1.2 Surface engineering techniques

There are a number of general methods developed for surface engineering and coatings,
as illustrated in Fig. 2.1 [30].

SURFACE COATING METHODS

lution Molten or semi-
Gaseous state So
state molten state
Chemical solution Electrochemical Thermal .
CVD (| WBAD || PVD deposition deposition Sol-gel Laser spraying Weiding
I
. Chemical Electroless Chemical Plasma .
AU T reduction deposition conversion variants Flsme varints

Figure 2.1 A general classification of surface engineering techniques [30].

The gaseous state method is usually used in the preparation of thin films. Thin film
techniques are applied in many applications, including sports, microelectronics,
magnetics, optics, micro-mechanics, bio-medical, etc. Among gaseous state techniques,
PVD (physical vapour deposition) and CVD (chemical vapour deposition) are commonly
used in industry. For instance, the thin films used in solar cells, flat panel displays and
semiconductors, are deposited using either PVD or CVD [31].

More advanced applications of the techniques are as plasma enhanced- PVD, either
magnetic sputtering or ion beam sputtering [32]. Activated by a strong electron and
magnetic field or bombardment by an ion beam, high energy particles of materials in
atomic form are ejected from a “target” that is a source onto a “substrate” such as a silicon
wafer. The most commonly used sputtering gas is inert argon. For efficient momentum
transfer, the sputtering gas should have a close atomic weight to the target, so for
sputtering light elements neon is preferable, while for heavy elements krypton or xenon
are useful [33,34]. Advantages of these sputtering techniques are: relatively high
deposition rates and low substrate heating. However, it is hard to deposit complex
“shadowed” parts as the sputtered ions fly from the target in straight lines-of-sight to the
substrate.
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Figure 2.2 Sputtering deposition techniques - (a) magnetic sputtering, (b) Ion beam sputtering [33].

In molten or semi-molten techniques, thermal spraying is the most versatile technique
available to prepare protective coatings. As listed in Fig. 2.3 oxygen and acetylene gas
flowing through a flaming torch will draw in the deposition powder and mix with it. After
that, the mixtures exit the torch though a nozzle and reach the target substrate. Common
materials such as metals, polymers and ceramics are most commonly used as thermal

sprayed coating materials [35,36,37].

Plasma gas + Current

Water-Cooled Anode
Cathode |

Coating

Workpiece
Insulator Powder Port

Figure 2.3 Schematic cross-section of a typical plasma spray gun [36].

The solution state technique is a surface modification process in which ions are deposited
onto the substrate in an electrolyte. These processes can improve a substrate material’s
properties of hardness, wear resistance and corrosion resistance, thus improving the

product’s service life.
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Electrochemical deposition involves the component being coated within an electrolyte
cell which contains a chemical solution with the ionic form of the metal. The metal ions
are then supplied with electrons to form a coating on the component (which acts as a
cathode). The most common metals electrodeposited are nickel (Ni) and copper (Cu). The
coating properties can be tailored by varying the experimental variables, for instance,
temperature, current density, additives, flow condition, electrolyte composition, and so
on [38]. It has many benefits over other techniques including i) suitable for preparation
of pure metals, alloys and composite materials, ii) no shape limitation, iii) grain size less
than 100 nm, iv) low cost, v) simple operation and vi) relatively stable.

Similar to electrodeposition, electroless deposition can deposit a metallic layer onto the
surface of a part. But the process is non-galvanic, involving several simultaneous
chemical reactions in an aqueous solution. The reduction reaction of the metal ion is
accomplished by a reducing agent, normally sodium hypophosphite. Without the use of
electrical power, the deposition rate is much slower than that by electrodeposition,

therefore electroless deposition is not suitable for depositing a thick coating.

2.1.3 Composite electrodeposition

Metal matrix composite coatings can be manufactured by particle incorporation during
metal deposition from a bath containing a suspension of ceramic particles [39]. The
electrocodeposition process is the most widely used technique to produce a metal matrix

coating due to its simplicity as schematically depicted in Fig. 2.4.

(+ Electrolyte
B
(+)

(Oxidation) Metal Catk;:ls (Reduction)

e
{+)

Figure 2.4 Schematic diagram of composite electroplating [40].
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A growth model is important in understanding the relationship between bath composition,

electrodeposition conditions and the resulting coating properties [17,41]. Based on

various approaches, a range of models have been developed to interpret the behaviour of

composite electrodeposition as summarised in (Table 2.1).

Table 2.1 Summary of theoretical models for composite electrodeposition [16].

Model

Approach taken and assumptions
made

Composites

Process conditions

Particles
size
/um

Current
density
/mA cm?

Rotation
speed
/ rpm

Guglielmi,
1972

Describes both adsorption and
electrophoresis. The particles are
covered by adsorbed metal ions.
Particle characteristics and electrolyte
conditions are accounted for semi-
empirically. The effect of flow is not
considered.

Ni-TiO,
Ni-SiC

1-2

20-100

Not given

1987

Celis, Roos & Buelens,

Uses probability to describe the amount
of particles that are likely to be
incorporated at a given current density.
Mass transport of particles is
proportional to the mass transport of
ions to the working electrode. Volume
ratio of particles in the metal deposit
will increase under charge transfer
control and decrease under mass
transport control.

CU-A|203
AU'A|203

0.05

0-90

400-600

Ross, 1992;

1995

Fransaer, Celis &

Maurin & Lavanant,

Uses trajectory to describe the
codeposition of non-Brownian particles.
Involves two steps: reduction of metal
ions (described by Butler-Volmer
expression) and codeposition of particle
(described by a trajectory expression).

Cu-PS
(polystyrene)

Ni-SiC

11

0.01-10

0-80

0-200

0-700

0-2000

1993

Hwang & Hwang,

An improvement of Guglielmi’s model
which uses three modes of current
density (low, intermediate, high) to
distinguish the reduction of adsorbed
ion on particles. Involves three steps:
forced convection of particles to
surface, loose adsorption on the surface
and irreversible incorporation of
particles by reduction of adsorbed ions.

Co-SiC

1-60

400

Searson, 2000

Vereecken, Shao, &

The transport of particles to the surface
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In 1967 Brands and Goldthorpe reported that electrostatic force plays an important role
in attracting particles from the solution to the electrode surface [42]. The first concerted
model for electrodeposition was put forward by Guglielmi in 1972, involving the
electrophoresis of particles, charge transfer kinetics and Langmuir adsorption [43]. In this
model, particles arriving at the electrode surface are first loosely attached, and are likely
to be coated by adsorbed ions and solvent molecules on the electrode surface. This loose
adsorption step on the surface is easily influenced by the particle concentration in the bulk
electrolyte. Then, the particles become strongly adsorbed onto the electrode due to the
applied electrical field, and are incorporated into the growing metal coating. This model
has been widely used to explain composite electrodeposition systems, its main
shortcoming being that it doesn’t consider the transportation process of ions or particles,

or indeed particle properties.
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Figure 2.5 Guglielmi’s electrocodeposition model [43].

By considering ion adsorption on the particles, bath agitation, convective force and
electrocrystallisation, Celis, Roos and Buelens proposed an improved model in 1987 [44].
According to the Celis model, five stages occur in the electrocodeposition (ECD) process
(Fig. 2.6). The suspended particles first adsorb the ions in the electrolyte to form an
external ionic cloud. Afterwards the particles move to the hydrodynamic boundary layer
under convection. In the third and fourth stages, the ionic particles diffuse to the electrode
surface and adsorb onto the surface. In the last stage, the particles are incorporated into
the metal matrix. In this step, a certain residence time is required for the reduction of ions

on the particles which is subsequently followed by the particles’ incorporation.
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Figure 2.6 Celi’s electrocodeposition model [44].

Hwang and Hwang have proposed an improved model to explain the effect of current
density on the reduction of adsorbed metal ions in Co-SiC electrodeposition (Fig. 2.7).
The deposition rate of the particle depends on the reduction rate of H* and Co?* ions on
the particle. Only hydrogen is reduced at low current densities. At medium current
densities, the reduction rate of hydrogen reaches a limiting value and the metal ions are
reduced. Both the hydrogen and metal reductions reach a limiting rate at high current

densities [45].
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Figure 2.7 Reaction sequence of codeposition in the proposed model [45].

For larger particles (>1 um) usually utilized in most industrial processes, the kinds of
forces on the particles need to be considered. Fransaer et al. proposed a particle trajectory

model to analyse the codeposition of large particles on a rotating disk electrode [46]. The
13



CHAPTER 2 REVIEW OF LITERATURE

trajectory model analysed all the external forces and torques acting on the particle, such
as gravitational, electrophoretic, dispersion and double layer forces. The particles in the
electrolyte are first driven to the electrode surface by the dispersion and convection force.
Then, there are four kinds of forces acting on the particle in the vicinity of electrode
surface, as presented in Fig. 2.8. Fadn represents the force of adhesion, and Fstagn and Fshear
are the hydrodynamic forces due to the stagnation point flow and the various shear flows.
Fstagn and Fadn restrain particles on the electrode surface by producing friction force:
Fricion = K(Fstagn + Fadn) Where k is the static coefficient of friction. When the friction
force is greater than or equal to the shear force, the particle stays on the substrate and is

' Fstagn

incorporated into the growing metal layer.

Fshear

Ffriction l Fadh

Figure 2.8 Fransaer’s electrocodeposition model [46].

Vereecken, Shao and Searson analysed the gravitational forces acting and diffusion of
particles of different sizes, building a model to predict the deposition rate of particles [47].
Based on Guglielmi’s model, Bercot et al. considered the effects of adsorption and flow
and introduced a polynomial correction [48]. All these models have helped develop a
better understanding of the electrodeposition factors [49]. Although the ECD process has
been studied for many years, none of the studies can fully explain the whole process.
Hence, there is a need for a better fundamental understanding of the ECD process in the

future as part of the successful development of composite coatings.

The particles in an electrolyte form a colloidal dispersion, which is a two-phase system.
One phase is a continuous electrolyte solution, and the other is the colloidal particle. If a
charged colloidal particle is put in contact with a solution with both positive and negative
charged ions, the charges tend to distribute in the formation of an electrical double layer
(EDL) [50]. In 1924, Stern combined the models of Helmholtz, Gouy and Chapman to

describe the structure of the EDL by considering the finite dimensions of the ions [51].
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According to the Stern model shown in Fig. 2.9, the EDL is divided into two layers based
on electrical potential. The inner layer near the surface of the particle is called the Stern
layer which exhibits rapid potential decay. And the outer layer is called the diffuse layer
in which the electrical potential decays gradually. The stern layer only contains
counterions (charged opposite to the surface charge) which are closely attached to the
particle surface by a strong electrostatic force. The diffuse layer is made of free ions in a
film of the dispersion medium, which are affected by the weaker electrostatic force on

the charged particle and thermal motion.
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Figure 2.9 Electrical double layers of particles in electrolyte [52].

When a colloidal particle moves in the dispersion medium, a layer of the surrounding
liquid remains attached to the particle (fixed layer). The boundary of this layer is called
the slipping plane (shear plane). The zeta potential ({) is defined as the potential
difference between the shear plane and the bulk solution. Since it is impossible to measure
the surface potential of the particle itself,  is defined as an approximation of the surface
potential of the particles. The magnitude of zeta potentials gives an indication of the
stability of the colloidal solution. In general, particles with an absolute value of the zeta
potential above 30 mV are thought of as stable [53].

The stability of a colloidal system refers to the capability of the system to remain as it is.
A suspension could be thought of as stable, when the individual particles exist separately
in solution and do not form aggregates over a relevant time scale. The stability is
maintained by the existence of an energy barrier which prevents the proximity of particles.
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Stability is usually hindered by aggregation and sedimentation phenomena. Aggregation
is caused by the sum of the interaction forces between particles. If the attractive forces
(such as van der Waals force) overwhelm the repulsive forces (such as electrostatic force),
the particles will aggregate into agglomerates. Particle sedimentation arises from a
difference of density between the dispersed and the continuous phase [54].

In order to improve the stability of colloidal systems, electrostatic stabilization, steric
stabilization and gel network stabilization are the three main mechanisms for stabilization

[55]. Details are as follows:

o Electrostatic stabilization is based on the mutual repulsion of like electrical
charges. It is an effective way to counterbalance the van der Waals attraction
between colloidal particles in polar liquids by providing the particles with

Columbic repulsion.

o Steric stabilization works by covering the particles with polymers which
prevents the particle from getting close enough to be in the range of attractive

forces. (i.e. surfactants or other molecules at the particle surface).

o Gel network stabilization represents the principal way to produce colloids stable
to both aggregation and sedimentation. It is commonly achieved by forming a gel
network with addition of a green biopolymer, and the shear thinning effect can be

observed which means the solution becomes less viscous when a stress is applied.

Steric stabilization Dispersion in a gel network
o “ )y Network of polymer
> o /.| 7 chains characterized by
. o S Liquid phase mechanical strength
W -
- (water)

Figure 2.10 Schematic diagrams of steric stabilization and gel network stabilization of particles in
electrolyte [56].

2.2 Luminescent coating for wear sensing

2.2.1 Why is wear sensing needed?

In mining, paper, chemical, oil and gas, even in the medical industries, component parts

usually break down due to a number of different types of wear including adhesive wear,
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abrasive wear, erosive wear, fretting wear and fatigue wear. One of the biggest advantages
of an anti-wear and abrasion coating is to provide considerable improvement in the
reliability of these components and extend service life. This enables equipment to be

made of less expensive materials with improved surface properties.

However even with these capabilities, damage may occur beyond that which the coated
component can withstand. The worn surface needs constant monitoring to prevent any
catastrophic failure (once the coating is gone the substrate may experience accelerated
damage). Regular maintenance is one of the solutions but may incur a heavy cost [57].
Thus an unattended machine with a wear monitoring capability is necessary in most

manufacturing industries [58].

A lot of wear monitoring techniques have been developed so far. The wear sensing
approaches can be classified as: oil analysis system, electric chip detector (ECD), surface

roughness, vibration, acoustic emission, thermal monitor and luminescent sensing [59].

2.2.2 Wear monitoring systems
Electric Chip Detector (ECD)

ECD is based on the principle that metal particles may be an indicator of wear in the
lubrication system of an aircraft engine or other system. Chip detectors could monitor
these wearing systems to provide timely warning of impending failure so that

maintenance can be implemented without delay [60].
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Figure 2.11 Schematic graph of electrical chip detector [61, 62].

Fig. 2.11 illustrates the structure of an ECD. The detector houses magnets connecting into
an electric circuit, to capture debris particles which can bridge a gap between two
electrodes. This bridging acts as a switch closure for an alarm circuit or "chip” light. If
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collection numbers of these particles grow and bridge the insulated air gap between the
magnets (two magnet configuration) or between the magnet and housing (one magnet
configuration), the ECD will effectively close the circuit. This results in an electronic

signal indicating timely maintenance. This approach has the following characteristics:
o Remote indication for on-line detection or off-site monitoring.
o Threads directly into gearbox drain port or installs in self-closing valve

o Capture efficiency enhanced by use of full-flow housing or lubricant oil/debris

separator

o Flexible designs dictated by location and wear patterns in turbine engines or

gearboxes

Currently, many aircraft engines have chip detectors, which are used to diagnose bearing
failure. This technique, however, is used for monitoring the whole system rather than for

localising the source of any debris particles detected.

Oil analysis

Machinery oil analysis is a very common diagnostic technique to monitor the wear
condition of machines in many mechanical applications [63]. Not only can it monitor a
machine’s lubricating status but it can also detect the condition of a system by examining
shape, colour and concentration of wear debris in oil. An oil monitoring system is usually
composed of six techniques: atomic emission spectroscopic analysis, infrared
spectroscopic analysis, ferrographic analysis, particle counter, and routine physical and

chemical analysis of the oil.
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Figure 2.12 Principle and schematic view of particle counter: (a) cross-section of sensing area and
signal pulse shapes and (b) schematic view [64].

The particle counter has been used in oil monitoring systems. Iwai et al. have developed
an on-line particle counter with a laser beam, as shown in Fig. 2.12, to estimate the wear
amount quantitatively under lubricated conditions [64]. It has been found useful for the
continuous measurement of wear debris in lubricating oil in real time which is related to

wear amounts and surface failure.

Oil analysis could comprehensively analyse wear for a mechanical system with the
advantage of accuracy. However, such oil analysis is directly connected to large and

complex testing equipment. As a result, in-situ measurement of wear debris in lubricating

oil is limited.

Surface roughness

Surface roughness of a work piece is a useful parameter for wear examination. Stylus
measurement of machined workpieces has been conducted in industry. However, this
contact method may damage the workpiece surface and not help in the complete
inspection of workpieces. Optics-based light scattering and digital image approaches are

other general methods used to measure surface roughness.

Fig. 2.13 shows a system for a turning machine, including a CCD camera with the
Gaussian filter (continuous filters that selectively transmit light of different wavelengths)
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and backlight [65]. The measurement of the surface roughness of the turned part was
realised without removing it from cutting processes, i.e. in-cycle. Tool misalignment is
corrected automatically through an algorithm after inputting the images. As shown in Fig.
2.14, the surface profile of machined components can be interpreted at four different
scales: form, waviness, roughness and micro-roughness [66]. The wavelength of the form
is similar to the wavelength of the object. Before analysing the surface texture, the
deviation between the theoretical form and measured form should be subtracted. The
surface texture is divided into three parts depending on the variation rates along the
horizontal direction. When the changes are slow, it can be considered as waviness. When
the changes are more rapid, it is roughness which is decisive for the visual texture, friction
and wear. The finest and fastest rate is called micro-roughness, composed of high

frequencies. All roughness information can be evaluated to monitor the wear process.
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Figure 2.14 Four parts of the surface profile [66].

Vibration
Vibration analysis is mainly used for rotating machinery maintenance and fault diagnosis.
Practical experience has shown that this technique provides useful and reliable

information of wear failure.
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Vibration occurs due to rubbing between the workpieces. Coatings often contain lamellar
features, pores and cracks, so the feedback regularity of vibration signals for the coatings
are obviously different from those for bulk materials. Wear damage process for coatings

under rolling contact can be monitored using vibration signals [67].

Vibration information can be collected by measuring the vibration of bearing casings with
seismic transducers, piezo-electric transducers or laser Doppler vibrometers. The level of
vibration shows a direct relationship with the severity of wear by comparing the obtained
data with historical values or established standards. Fig. 2.15 is an example of overall
vibration comparison of gears in healthy and worn conditions at 1000 rpm. From this
figure, different vibration levels can be observed for healthy, worn and broken gears
respectively, amongst which the worn gear shows higher vibration than the healthy one.
This verifies that vibration analysis can be used to assess worn and broken conditions in
gears [68].

It is a complex process to interpret the vast majority of vibration signals and obtain
detailed information on the workpiece. A commonly used technique is carrying out a
vibration signal analysis in both time and frequency domains. The time domain is more
sensitive to machine working conditions, while the frequency-based domain has a better
correlation with component wear. Different frequencies correspond to certain mechanical
components (for example, the various pieces that make up a rolling-element bearing) or
certain malfunctions (such as blank wear or misalignment). By examining these
frequencies and their harmonics, the analyst can often identify the location and type of
problem. Fig. 2.16 shows the detailed vibration frequency spectra of broken and healthy
gears at 1000 rpm [69]. Comparing these two pictures, it can be seen that the worn gear

generated higher vibration frequencies than the healthy one.
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Figure 2.15 Vibration comparison of a gear in healthy and worn conditions at 1000 rpm [69].
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Vibration monitoring is indeed capable of diagnosing wear problems in machines and
providing warning of failure. If severe wear happens, a large amount of wear debris or

deformation of component will cause an abnormal vibration frequency.
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Figure 2.16 Vibration frequency spectrums of healthy gear (a) and worn gear (b) at 1000 rpm [69].

Acoustic emission

Acoustic emissions (AE) are high-frequency transient sound waves emitted when
materials are undergoing deformation or fracture, accompanied by the spontaneous
release of the elastic energy in materials. The energy contained in an AE signal and rate
of energy dissipation are strongly dependent on operation parameters such as the rate of
deformation, the applied stress, and the volume of the participating material [70]. Fig.
2.17 lists various sources of AE during turning. AE can detect most of the phenomena in
machining, though it will need significant data acquisition and signal processing to clarify
the source [71].

The emitted stress waves can be detected by coupling piezo-electric sensors to the surface
of the structure under study, as shown in Fig. 2.18 [72]. The sensor was able to directly
monitor acoustic emissions that are automatically produced within the material during the
turning process. The application of acoustic emission to non-destructive monitoring of
materials was often in the ultrasonic regime between 100 kHz and 1 MHz. By analysing
the quantity and the properties of the acoustic emission signals, information can be
obtained about the failure process of the material. This technique possesses a number of
advantages: (1) it offers the possibility to perform a continuous investigation of the

material, (2) processes can be monitored at the time and place of occurrence, (3) a large
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structure can be monitored by a limited number of sensors, (4) the spatial location of the
signal origin can be calculated by comparing the signal arrival times at a number of

Sensors.
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Figure 2.17 Acoustic emission during tuning process [71].
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Figure 2.18 Image of AE sensing system for turning tool [72].

Many studies have attempted to create a simple monitoring system using AE sensing and
the results obtained are encouraging. Fig. 2.19 shows variations in AE amplitude under a
contact stress of 1.58 GPa for a running coating system [73]. As a general trend, the AE
amplitude shows the following four stages: (1) Start up. The initial AE signal amplitude

was high, the strong AE signal was generated due to the sharp surface but subsequently
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diminished; (2) Stable stage. The AE amplitude remained at a stable value during most
of the testing period; (3) Abrupt jump. An abrupt increase of AE amplitude occurred
followed by discontinuous impulse-type rises; (4) Damage stage. AE amplitude sharply
increased and reached a higher value due to losses of coating in the final fatigue damage
stage.
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Figure 2.19 AE and vibration signals of the RCF damage process for coating under contact stress of
1.58GPa [73].

AE can detect the details of fatigue damage, such as wear, material deformation and crack

growth. However, there are some limitations of acoustic emission since AE signals are

heavily dependent on process parameters. It is complex to select the location for AE

sensor mounting and to choose appropriate signal processing techniques. So it has been

proposed that AE is only suitable as an ancillary sensing method.

Thermal monitor

Wear processes normally give rise to temperature increases. It has been found that there
is a critical interface temperature for each alloy at which the wear rate suddenly increases

and a transition from mild to severe wear takes place leading to sudden failure [74].

As shown in Fig. 2.20, sliding interface temperature shows a close relation between wear
and the friction response of these alloys (3kgf load, against hardened ground steel En-31

disc). Interface temperature increases as the sliding distance increases. The friction of
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coefficient during the sliding of all aluminium alloys (irrespective of silicon content) first
decreases slowly with the rise in interface temperature and then abruptly increases beyond

a certain critical temperature [75].
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Figure 2.20 (a) Interface temperature vs sliding distance for cast Al-20% Si alloys at different
sliding speeds, (b) Wear rate vs. interface temperature for different cast Al-Si alloys [75].

For temperature measurement, thermal radiation or conduction is basically used. Infrared
temperature sensing devices have been used by detecting thermal radiation. The technique
is widely explored because it enables measuring temperature from a distance, which is of
paramount importance when detecting inaccessible objects. For instance, Al-Habaibeh
and Parkin [76] used low cost infrared cameras to inspect temperatures in the cutting tool
tip as well as at the chip-tool interface, shown in Fig. 2.21. The normal and faulty
conditions of manufacturing processes can be quickly distinguished from the image
difference. However, due to the large thermal gradient in junctions, the infrared technique
leads to errors in the measurement. Davies et al. defined a standard uncertainty of the
temperature measurements is 252 <C at 800 <C with an infrared imaging microscope [77].

Figure 2.21 Infra-red image of (a) faulty and (b) normal grinding process [76].
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Another prevailing temperature measurement method is based on thermal conduction,
which could improve the accuracy of temperature sensing at a point. Rao et al. used a
thermocouple to measure the nodal temperature and developed an online wear sensing
method. The method could be easily adapted for a variety of workpieces without
extensive experimentation and provides an accurate estimation of wear [78]. Nevertheless,
the disadvantages should also be noted. The embedded or dynamic thermocouples are
usually generated by photolithography and laser structuring methods, which cannot be

applied to every cutting material or coating.

2.2.3 Luminescence coating as a damage sensing approach

Due to its intensive light emission under UV illumination, luminescent coatings have
been developed to monitor coating damage. It has been characterized as a visualization
technology for “invisible” damage [79]. It could potentially sense small damage directly
that other techniques are less able to verify.

A smart wear sensing coating has been developed. The layered structure is shown
schematically in Fig. 2.22 with doped yttria stabilized zirconia (YSZ) layers as sensor
materials [6]. The main layers of coating were single-phase lubricant (molybdenum
disulphide), which was prepared by magnetron sputtering. Yellow luminescent coating
(YSZ: Er) and blue luminescent (YSZ: Sm) coating were imbedded at specific depths by
pulsed laser deposition from rotating Y SZ targets with the desired doping concentrations
of rare-earth metal. During the wear test, a Raman probe was used to detect the signal of

luminescent materials.
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' 950 nm
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Figure 2.22 Schematic diagram of multi-layered coating with imbedded, luminescing wear sensors
layers [6].
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Fig. 2.23 shows the results of luminescent spectroscopy at different numbers of wear
cycles. Initially, there was only a Raman scattering signal from MoSz. After 10k cycles,
there existed new peaks corresponding to the yellow luminescent coating, indicating the
wear depth reached 1400 nm. After 150 k cycles of wear tests, the peaks at 1100 cm?,
1280 cm™ appeared which corresponded to the spectra of blue luminescent coating,

showing all anti-wear coatings were worn off.

(a) 1.00 (b) 1.00 v -

initial scan ', [=="=raw scan (10k cycles)

S initial scan (0 cycles)
e (0 cycles) i —— 10k scan minus inital scan|
2 0751 MoS, @ o075{ : ' .
= c |
= }‘ 3
S 0.50—\J| ©
> | e
= 2
c 172
£ 0.251 3
= &KN £
0.00 T T
500 1000 1500
Raman shift (cm™) Raman shift (cm™)
(¢) 1.00

- = = raw scan (150k cycles)
- initial scan (O cycles)
i —— 150k scan minus initial scan.

i
3
{
[
1 i "
050 v :. Py
n %

0.00+ . T
0 500 1000 1500

Raman shift (cm™)

intensity (arb. units)

Figure 2.23 Luminescent spectroscopy at different wear cycles: (a) 0, (b) 10k and (c) 150 k [6]

Since luminescence light from the wear surface travels to the detector within a few
nanoseconds, this provides a practically instantaneous response from the sliding surface,
allowing the wear track to be considered a virtually stationary surface within the time
frame of signal acquisition. The sensor concept, therefore, can be equally applicable for
use at relatively high sliding and/or rotating velocities, such as those expected in aircraft

turbine engine components [80].

Xu and his team members created a new technique to diagnose the damage in structures
and their severity simultaneously by utilizing elastic-luminescence [81]. For this
luminescence, the intensity is proportional to real-time strain energy in the elastic region.
They coated the surface of structures with luminescent paint, which could emit light on

the device for mechanical stimulation. When the structures are subjected to force or
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vibration, the stress fields and levels become plainly visible because of the elastic-
luminescence phenomenon. At the same time, the location of cracks that do not appear
on the surfaces of structures were also visible in real time due to a pattern of luminescence

intensity distribution on surfaces generated by stress.

Fig. 2.24 shows the simultaneous measurement of a defect and stress distribution by
luminescent coating. Paint containing elastic-luminescent materials (SrAl204:Eu) was
applied to a metal plate. The “invisible” fatigue crack could be seen on the coated metal
plate with a load of 20 N. Under a large load of 12 kN, stress concentration at the crack
tip is evident. It appears the technology could be used as a simple, fast and reliable method

to detect potential surface defects in machines.

r(a)
" Luminescent coating
¥_>\

Lumanosit
ﬁmm —

0 18,000

b

~ BCrack

Figure 2.24 (a) Photo of a metal plate with elastic-luminescent coating; (b) Luminescent image under
the application of a small load (20N); (¢) Luminescent image under the application of a large load
(12kN) [82].

2.2.4 Electrodeposition of luminescent coating
2.2.4.1 Introduction of luminescent materials

Luminescence is a form of cold light emitted by the substance with energy beyond
thermal equilibrium. Many kinds of excitation can cause luminescence phenomenon,
which could be accordingly defined as photo-, electro-, sono- and tribo- luminescence
[83]. Depending on the time length of luminescence, it has also been classified into two
types: fluorescence and phosphorescence with the decay time of luminescence of less
than 10 ms and more than 0.1 s respectively [84].

The luminescence of inorganic solids can be divided into two mechanisms: luminescence
of isolated centres and luminescence of semiconductors. The isolated luminescence
occurs due to the energy transition between different levels of single ions or complex ions.
In this case, the transition rate obeys the relevant quantum-mechanical selection rules
which are reflected in the intensity as well as the decay time of the transition. Excitation
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and emission can be localized to one centre, such as (WOQOa4) in CaWOs (Fig. 2.25 (a)).
They can also be separated from each other (Fig. 2.25 (b)): excitation on the sensitizer
(e.g. Ce**in LaPOs4: Ce**, Tb*") is followed by emission on an activator (e.g. Th®" in
LaPOa4: Ce*, Tb3"). The other case of semiconductor luminescence (Fig. 2.25 (c))
normally relies on impurity states within the band gap (e.g. donor-acceptor pair
luminescence in ZnS: Ag™*, CI') [85].

(a) (b) (c)
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Figure 2.25 Schemes illustrating the underlying physical processes of luminescence (a, b) on the
isolated centers and (c) in semiconductor [85].

Inorganic luminescent materials have been found as early as the tenth century in China
and Japan as well as at the end of the Middle Ages in Europe. The first luminescent
materials were naturally doped willemite, scheelite, or calcite crystals. All these
luminescent materials were mined from the earth. In 1671, Kirchnes intensified the
luminescence of Baryte by heating it with carbon black, BaSO4 + 4C = BaS + 4CO. From
then on, large amounts of luminescent materials have been produced artificially. The

detailed development of luminescent materials is given in Table 2.2.
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In 1971, rare earth element-based luminescent materials were found by Koedam and
Opstelten, which marked a significant improvement in luminescence levels in modern
times. Colour rendering index (CRI) is defined as a light source's ability to show the real
colour of an object compared to a reference source such as daylight. Both the CRI and
the energy efficacy of fluorescent lamps based on rare earth emitters are considerably
higher than in the case of lamps based on conventional halophosphates [86]. In such lamps,

a CRI over 80 can be obtained at an efficacy of 100 ImW-.

In most cases, the rare ions (Th*", Gd®*, Eu®*) show narrow emission, the spectrum in Fig.
2.26 contains sharp lines, leading to a high efficiency and high lumen equivalent.
Furthermore, these optical transitions are generally very slow (from microseconds to
milliseconds) [87].
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Figure 2.26 Emission spectrum of (a) Y203: Eu and (b) BaMgAl10O17:Eu [87].

However, there are also a number of rare earth ions such as Ce®* and Eu?*, showing
emission spectra of broad bands, as shown in Fig. 2.26 (b). For example, the emission
takes place on Eu?* in BaMgAl10017, where the optical emission originates from the 5d-
4f energy transition. As d electrons participated in the chemical bonding, the d-f emission
spectrum consists of broad bands. Additionally, the d-f optical transitions are commonly
very fast (a few microseconds or less). To develop luminescent coatings, appropriate

coating technologies will need to be established.
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2.2.4.2 Deposition of luminescent coatings

Light-emitting composite coatings can be achieved by adding luminescent particles to the
electrolyte. Luminescent nickel coatings were first prepared by Feldstein via an
electroless deposition process [88]. Coatings with calcium tungstate BAM phosphors
showed a blue emission upon UV irradiation (254 nm), while coatings with calcium
halophosphate BAM phosphors emitted a whitish light [89]. By electroless plating from
an aqueous plating bath, Das et al. developed red-emitting nickel coatings containing
YVO4:Eu®** BAM phosphors with a maximum loading of 14.5% (v/v) [90]. Advantages
of using rare-earth BAM for a luminescent coating are the high colour purity because of
the line emission by the trivalent rare-earth (lanthanide) ions and the possibility of tuning

the emission colour by choosing an appropriate rare-earth ion.

Compared to electroless deposition of composite coatings, an electrocodeposition
technique is much faster and allows better control of the deposition process. However,
rare-earth BAM phosphors are hydrophilic and a hydration layer will form on their
surface, which prevents the phosphors contacting the electrode, so it is difficult to
incorporate these into metal coatings from an aqueous electroplating bath [91]. In addition,

small particles can aggregate in an aqueous solution.

Ganapathi et al. reported luminescent nickel coatings containing red-, yellow-, green- or
blue-emitting rare-earth BAM phosphors could be prepared by co-deposition from a new
non-aqueous electrolyte [9]. The electrolyte was composed of acetamide,
dimethylsulfone, and anhydrous metal chlorides. By varying deposition parameters,

optimized coatings with a uniform particle distribution were obtained.

The emission properties of the composite coating were investigated by steady-state and
time-resolved luminescence spectroscopy. Fig. 2.28 shows that the luminescence spectra
of composite nickel coatings were similar to those of the pure BAM powder. Both the
blue-emitting phosphor, BaMg2Al16027:Eu?* (BAM:Eu?*), and corresponding Ni
composite coating exhibit broad-band luminescence under excitation at 330 nm, due to
allowed 5d/4f transitions in the range 370-570 nm centered at 455 nm [9].
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(a)

Figure 2.27 Nickel coatings with blue (BaMg:Al16027:Eu*"), green (Gd20:S: Tb*") and red emitting
(Y203: Eu®") rare-earth phosphors: (a) under daylight and (b) under UV illumincation [9].
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Figure 2.28 Excitation (dashed line: 450 nm) and emission (330 nm) spectra of BaMg:Al16027:Eu
powder and composite nickel coating with embedded BaMg:Alis027: Eu?* phosphors [9].

2.2.5 Summary

Many attempts have been made in the past and some progress has been achieved in wear
monitoring. Some of these are machine monitoring techniques, which detect different
signals from coating and materials, and discern the severity of wear of the coating. Some
concentrate on wear product monitoring techniques, which utilize measuring apparatus to
detect the wear products like wear debris, thickened oil etc. However, few systems have
been successfully applied in industry. The primary challenges for these applications can

be summarized in four ways:
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(1) Most techniques have been developed based mainly on mathematical models,
which require numerous empirical data or system specific calibration, such as

Acoustic emission;

(2) Some assembled sensors cannot localise the damage source accurately, such as

Electric Chip Detector (ECD), Temperature, Spindle power/current;

(3) Sensor measurement is often not close to real-time due to a lack of high-speed

signal processing and adaptive control(e.g. Oil analysis system);

(4) A signal processing algorithm is required to extract the most useful information

from the signals’ response (e. g. Vibration, Surface roughness).

To overcome these challenges, some researchers have tried to integrate several
technologies, which may enhance the accuracy of the results. For example,
Tangjitsitcharoen et al. carried out sound signal measurement along with force, vibration,
and AE signal measurement in order to improve a sensor fusion approach [92]. But this
may represent an expensive approach and also increase the complexity of a wear sensing

system.

Luminescence is an important development as a sensor of wear and has the following

advantages:

(1) It can be embedded easily and economically along with the lay-up of the coated

or composite materials in a nonintrusive way;

(2) When friction damage occurs in the luminescent composite, it will lead to light
emission. Since the luminescence light emission is fracture-initiated, no signal

should be generated until damage occurs;

(3) An array of luminescence sensors may also allow real-time damage location
monitoring by determining the wavelength of the emitted light from different
depths.

In summary, luminescent coatings are a promising technique but require further research
for reliability and robustness. Many methods have been attempted to achieve luminescent

coating, including paint, pulsed laser deposition system, electroless plating and
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electroplating. All these studies aim to prepare luminescent coatings with high
luminescent efficiency, high hardness and high corrosion resistance. Composite
electroplating attracts great interest due to its easy controllability and good mechanical
properties. However, the dispersion property of particles in the electrolyte is crucial for
the quality of the coating.

The focus of this project is building up a wear damage sensor with a luminescent coating.
To obtain a composite coating with highly distributed phosphors, electroplating
parameters, additives and codeposition mechanism will be investigated. The
electrodeposited luminescent coating could be designed as pretreatment step of the
substrate, and then an anti-wear coating can be added. The concern is whether such a
luminescent interlayer will emit light under UV only when the anti-wear coating suffers
severe wear. Also, the intensity of the sensor output could be indicative of the extent of

wear damage.

2.3 Low friction coating for replacing Cr coating

2.3.1 Electrodeposited Ni-P coating for the replacement of hard Cr

2.3.1.1 Why is Cr prohibited?

Chromium (Cr) coatings are widely used for decorative and engineering industries
[93,94]. Decorative Cr has a thickness lower than 500 nm, protecting the component
against tarnish, scratch and corrosion. Hard Cr usually has a thickness more than 1 pm
and hardness more than 700 HV, with excellent wear and corrosion resistance. It has been
widely used in aerospace, automotive and general engineering industries for over 80 years
to improve the wear resistant and life time of surfaces. According to statistics, the
worldwide market value was $ 3.2 billion for hard Cr and $ 16 billion for decorative
chrome in 2003.

However, the current method for producing Cr plating involves hexavalent chromium
which is extremely toxic and carcinogenic. Workers exposed to Cr (V1) may suffer liver
and kidney damage or failure, burns, and anaemia. And toxic pollution from this plating
process also causes serious dangers to the environment and human health. Furthermore,
the current efficiency of the Cr plating process is around 18% as more than 80% of the
electricity is consumed by the evolution of hydrogen, resulting in a huge waste of energy.
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In view of these facts, the use of hexavalent Cr has been gradually limited within many
countries. In the European Union, restriction of the use of Cr (VI) plating has been
effective in new electrical and electronic equipment from July 2006 and effective in car
manufacture from July 2007. In the United States, the new standard of 5 mg/L for Cr (V1)
has been implemented rather than the old standard of 52 mg/L if the Cr plating is
dispensable. In China, the “restriction of the use of Cr (VI) in electrical and electronic
equipment” directive became effective on March 2007. In consequence, finding
substitutable materials, alternative technologies and new designs to replace hard Cr
coating has attracted increasing scientific and industrial attention [95,96,97].

The ideal substitute must not only be wear and corrosion resistant but also must be cost-
competitive, environmentally friendly and not suffer from hydrogen embrittlement. Table
2.3 shows the comparison of technology options to produce replacement materials for
hard Cr coating. Among many potential alternatives, electrodeposition of Ni series
coatings is a promising substitute for Cr as they use the same basic equipment as Cr
plating and possess lower production cost. Large quantities of electrodeposited materials
have been investigated, including Ni-W, Ni-P, Co-W, ternary or quaternary alloys and
functionally graded deposits (FGDs).

Hexavalent chromium is carcinogenic and could cause serious damage to health through
inhalation. Comparably, the carcinogenic potency of various nickel compounds widely
depends on the basis of solubility and the route of exposure [98]. The Environmental
Protection Agency (EPA) classified the hexavalent chromium as Group A (Carcinogenic
to humans) and nickel carbonyl as Group B (Likely to be carcinogenic to humans),
whereas soluble salts of nickel including nickel sulphate and nickel chloride have not
been evaluated as a class of compounds for potential human carcinogenicity. According
to another criterion- REGULATION (EC) No 1272/2008, nickel sulphate is classified as
Category 2 (suspected human carcinogens) or even lower grade Category 3. Some studies
have reported that nickel sulphate via inhalation is not carcinogenic in either rats or mice.
Thus, the drive to successfully electrodeposit Ni-based coatings with performance

comparable to Cr coatings is urgent and necessary.
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Table 2.3 Category of possible non-chromium replacement [99].

Possible Non- Chromium replacement Limitations

Dry surface treatments
* HVOF thermal spraying * Line-of-sight application
* Physical vapor deposition

* Chemical vapour deposition

Electroless deposition
*Nickel-tungsten

* Nickel-boron * Chemicals are unstable
*Nickel-diamond composite

* Nickel-phosphorous

Electrodeposition
* Nickel-cobalt

* Nickel-tungsten *  The conductivity of substrate
* Ni-phosphorous

* Tin-cobalt

2.3.1.2 Properties of electrodeposited Ni-P coating

Electrodeposition as a traditional industrial activity has been used for over 150 years. The
Watts nickel plating solution is the most commercialised system for many Ni alloys’
deposition, as the Watts bath usually contains mainly NiSO4 6H20 as listed in table 2.4,

with the advantages of low maintenance cost and very low health risk.

Employing a Watts bath, many alloy deposits including Ni-W, Ni-Co, Ni-P and ternary
or quaternary alloys have been obtained, which were considered as having the potential
to replace conventional hard chromium deposits [100,101,102]. Among these deposits,
Ni-P alloys with varied compositions and microstructures have been extensively studied
due to their high hardness, excellent wear / corrosion resistance and their relatively stable
electrolytes [103,104]. The hardness of both the electroplated and electroless plated Ni-P
is generally harder than the pure Ni, and can become close to or even higher than that of

conventional hard Cr after heat treatment over 400 <C. Heat-treated Ni-P alloy favours the
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formation of NisP which is a hard intermetallic compound with high thermodynamic

stability, producing the effect of precipitation hardening.

Table 2.4 Composition of Watts nickel plating solution.

Chemical Name Formula Bright Semi-bright

Nickel sulfate NiSO4 6H20 124-249 g/L 187-250 g/L
Nickel chloride NiClz 6H20 50-125 g/L 25-38 g/L
Boric acid HsBOs 31-44 g/L 31-44 g/L

The following section will review some characteristic properties of Ni-P deposits such as
structure, hardness and wear resistance. Recent developments (including our group’s

work) related to Ni-P coatings will also be discussed.

Structure

The microstructure of as-deposited Ni-P coatings changes significantly as the P
concentration in the deposits increases, as revealed by the XRD data in
Fig. 2.29 [105,106]. For the pure Ni deposit without P, a sharp XRD peak resulting from
the (200) plane of Ni implies that this deposit is crystalline with preferred orientations.
For the Ni-P coating with 4 wt% P, the (200) peak almost disappears while the intensity
of the (111) peak markedly increases. P was thought to accelerate the growth rate of (111)
facets rather than (200) facets. As the P content further increases to 8 wt%, the peak
intensity drops significantly, indicating a loss in the degree of crystallinity. The
diffraction peak almost disappears for the Ni-P coating with a P content of 14 wt%,
suggesting the existence of a nanocrystalline or amorphous structure. Due to the atomic
size difference between Ni and P, alloying with P would cause a distortion of the base Ni
lattice. As the concentration of P content increases to a certain value, serious lattice
distortion will evolve into the effective breaking of the Ni crystal lattice, resulting in an

amorphous phase.
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Figure 2.29 X-ray diffraction patterns of as-deposited Ni-P alloys with various P contents [106].

The change in Ni-P crystallinity with various P contents has also been verified by TEM,
as shown in Fig. 2.30. The micrograph in Fig. 2.30(a) shows the (111) plane of the lattice
for Ni without P has plane distances of 0.204 nm. The micrograph in Fig. 2.30(b) shows
that Ni-4wt% P clearly contains both crystalline and amorphous phases. The size of the
dispersed crystalline phase ranges from 1 to 10 nm, which has a much lower P content of
0.9 wt% than the surrounding amorphous phase of 3.9 wt% P (detected by EDS in the
TEM). As the P content increases to 8 wt% in the coating, shown in Fig. 2.30 (c), the
number and size of the nanocrystalline phases decrease dramatically. The nanocrystalline
phase also has a lower P content compared to the surrounding amorphous phase. It has
been proposed that the existence of P in the deposit decreases the grain size, which brings
about the nanocrystalline phase dispersed in an amorphous matrix [106]. Furthermore,
after alloying with atoms, the Ni (111) lattice constant expands from 0.204 nm for pure
Ni to 0.221 nm for Ni-4P coating and 0.230 nm for Ni-8P coating.
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N (200)

Niglin

Figure 2.30 HTEM micrographs of (a) pure Ni coating, (b) as-deposited Ni-P alloy with 4 wt% P
and (c) as-deposited Ni-P alloy with 8 wt% P [106].

Hardness

The hardness of Ni-P deposits is related to their crystal properties, which are significantly
influenced by the P content. For Ni-P coatings with different P contents produced in a
citric acid modified Watts bath with the addition of phosphorous acid (HsPOs), the micro-
hardness of the as-deposited and heat-treated coatings are summarized in Fig. 2.31.
Without P, the pure nickel shows a hardness of 220 HV. The codeposition of P in the Ni
matrix could significantly increase the hardness of the coating and the as-deposited Ni-P
alloy has a peak hardness of 620 HV at a content of 4 wt% P. Then the hardness decreases
monotonically as the P content increases further.

Usually, the maximum hardness of Ni-P deposits occurs at an intermediate P content, but

the exact content varies from case to case. It is noteworthy that the Ni-P deposited either
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in a similar Watts bath containing phosphorous acid without citric acid, or in a sodium
hypophosphite bath usually display a maximum hardness at the higher range of 7-9 wt%
P. Evidently, the addition of citric acid leads to a coating with maximum hardness at a
lower P content of 4 wt%. This has been attributed to the chelating effect of citric acid
with Ni?* jon to form stable five- or six-membered rings, which leads to the increase of
overpotential for Ni?* reduction [107,108]. As a result, the grain size refinement effect is
more prominent than in those coatings electroplated from a citric acid-free bath. In other
words, the grain size of the Ni-P deposit decreases to a greater extent at the same P content

with the addition of citric acid into the bath.
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Figure 2.31 Micro-hardness of pure Ni, as-deposited Ni-P and the heat-treated Ni-P electrodeposits
containing different amounts of P [106].
After heat-treatment, the hardness of Ni-P alloys increases substantially, and have been
suggested as the most wear resistant nickel alloys [109]. As shown in Table 2.5, the Ni-P
coating shows a Vickers hardness of 865 and 1082 HV respectively after heat treatment
at 300 °C and 400 °C for 1 h, higher than that of hard Cr. The significant hardness increase
Is associated with a structural change in the coating. Various studies [110,111] have
shown that heat-treated Ni-P alloys favour the formation of NisP which is a hard
intermetallic compound with high thermodynamic stability, producing the effect of
precipitation hardening. If the annealing temperature exceeds 500 <C, the hardness of the
Ni-P alloy coating decreases drastically. This softening phenomenon for the Ni-P alloy at
high temperature is due to the conglomeration of the NisP particles, reducing the number
of hardening sites. On the other hand, P was also removed from the alloy, resulting in a

separate phase of soft nickel within the matrix and further reducing the bulk hardness.
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Table 2.5 Effect of heat treatment on the hardness of Ni-P alloys [109].

Material Microhardness (HV)
AISI 304 stainless steel 380 +20

As deposited Ni-P alloys 618 +£20

300<C heat treated Ni-P alloys 865 +20

400 <C heat treated Ni-P alloys 1082 +30

500 <C heat treated Ni-P alloys 901 +20

Wear resistance

Due to the high hardness and good ductility, Ni-P deposits are expected to have good
wear resistance [112]. Fig. 2.32 summarizes the relationship between Taber abrasive wear
index and hardness for pure polycrystalline and nanocrystalline Ni, as-plated Ni-P and
heat-treated Ni-P coatings [113].
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Figure 2.32 Relationship between Taber abrasive wear index and hardness for pure polycrystalline
and nanocrystalline Ni, as-plated Ni-P and heat-treated Ni-P coatings [113].
The Taber Wear Index (TWI) is calculated by measuring the loss in weight (in milligrams)
per thousand cycles of abrasion. The lower the wear index, the better the wear resistance.
The TWI for Ni with different crystalline sizes vary from 40 to 18 and for Ni-P (9 wt%
P) it is around 16, while as-heated Ni-P have a TWI range of 3-10 and chrome plate has
a TWI value around 3. By comparison, some conclusions can be drawn. Firstly, the Taber
abrasive wear resistance is linearly proportional to the hardness of coatings in each group.
Secondly, the abrasive wear resistance has been considerably increased as the hardness is
improved through many mechanisms including: (a) grain size decrease for pure

nanocrystalline Ni, (b) alloying with P for as-plated nanocrystalline Ni-P and (c) heat
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treatment for heat-treated nanocrystalline Ni-P. Thirdly, the wear resistance of Ni-P
coatings are comparable to hard chromium in some respects, and hence could be

developed to substitute for hard chromium.

A novel Ni-P gradient alloy with a graded change of P content in the growth direction of
the deposit was designed and electrodeposited to further improve the wear resistance of
Ni-P coatings [114]. The schematic graph and results are shown in Fig. 2.33. It can be
seen that heat-treated Ni-P gradient deposits have both improved friction and wear
properties in comparison to conventional hard Cr deposits when sliding against a silicon
nitride ball under unlubricated conditions. The friction coefficients of graded Ni-P alloys
vary in the range of 0.44-0.47 if subjected to different heat treatments, which are lower
than the friction coefficient of heat-treated hard Cr deposits in the range of 0.53 to 0.58.
It also illustrates that the layered Ni-P deposit shows the lowest wear rate, 1/3-1/2 of that
of monolayer Ni-P deposits, and 15% lower than that of a conventional hard Cr deposit.
So it appears that Ni-P deposits with graded changes in composition and microstructure

throughout the thickness could be a good substitute to replace hard Cr deposits.
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Figure 2.33 (a) Schematic diagram of Ni-P gradient deposits; (b) Effect of temperature on the
friction of heat-treated Ni-P gradient; (c) Wear rate comparison of graded Ni-P, Hard Cr and
different monolayer Ni-P [114].
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2.3.1.3 Recent developments and our group’s work

The as-heated Ni-P coating seems to have promising prospects for replacing hard Cr.
However, the brittleness and the reduced integrity of alloy deposits after heat treatment
has restricted their complete replacement of hard chromium, especially for anti-wear
applications in a progressive environment, such as under conditions of high speed and
heavy load. Under these conditions, significant through-thickness cracking has been
observed for Ni-P deposits with high thickness [115,116,117].

Many attempts have been made to tackle the disadvantages of Ni-P coatings and further
improve their performance. The properties of Ni-P coatings can be modified by either
alloying with other metals such as molybdenum or tungsten, or codepositing with
functional particles. Significant improvements have been achieved on Ni-P based ternary
alloys, and the following section is a summary of some related works including our

group’s contribution.

A composition modulated coating consisting of alternate layers of ternary Ni-P-W alloys
with different phosphorus and tungsten contents, has been produced by electrodeposition
from a single bath using pulsed current [118]. The Ni-10%P-10%W layers were deposited
during the low current density step of 20 mA cm, whereas the Ni-5%P-45%W layer was
deposited during the high current density step of 200 mA cm. The cross section of the
multi-layered coating was examined in the TEM, as shown in Fig. 2.34. Generally, the
layers are regularly spaced and also uniform in thickness. The layer thickness is about 4
nm for this coating. The dark layers are the W-rich layers while the W-poor layers are
light-coloured layers. The interfaces are relatively sharp, and both layers are amorphous

or nanocrystalline with grain size smaller than the minimum layer thickness (3 nm).

By changing the alternate time length of pulse current, the layer periodicities (bilayer
thickness) could be 6, 20, 60, 200, 600 and 2000 nm with a total coating thickness of 25
pm. Unlubricated sliding wear behaviour was evaluated for the different modulated
coatings. The friction coefficients for the different coatings did not show any big
difference, with an average of about 0.9. Fig. 2.34(b) lists the wear volume loss of multi-
layered coatings with different layer periodicities versus loads. It can be observed that the
wear volume values are relatively low at the first point, indicating the significant antiwear
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protection of a multilayered coating under low load conditions. The wear volume values
stay very low for all coatings up to a critical load of 500 g. As the applied load increase
further, the wear volume increases more rapidly and the wear rates vary for the coatings
with different layer periodicities (2000 nm to 60 nm). Those coatings with small layer
periodicity are more resistant to wear than the coatings with large layer thickness. Such
increased wear resistance of the small layer periodicity coatings (up to 60 nm) is attributed
to an increased number of interfaces in the structure compared to the larger layer

periodicity coatings, which could make wear cracks deflected and absorb more energy

during their propagation.
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Figure 2.34 (a)TEM images of the cross-section of a multilayered Ni-P-W coating; (b)Wear volume
of the multilayered coatings on the pins, normalized per meter of sliding distance versus normal
load [118].

Our group’s work on the electrodeposition of Co-Ni and Ni-Co-P alloys for replacing
hard Cr has been carried out for several years. Nanocrystalline Co-Ni-P coatings with
different contents of Co were electrodeposited on mild steel substrate from electrolytes
consisting 40 g/L NiSO4+6H20, CoSO4+7H20, 20 g/L NaH2PO2 and additives. Fig. 2.35
shows the surface morphologies of the Co-Ni-P coating after heat treatment at different
temperatures for 1 h. The as-deposited samples exhibit a smooth surface with a low
surface roughness (Ra=1.6 nm). During the annealing process from 200<C to 500<C,
some pits along the boundaries of clusters have been observed at first, which are gradually
covered by oxide clusters generated at a higher temperature. The EDS result indicates that
the composition of the as-deposited sample is 62 at.%Co -15 at.%Ni -23 at.%P. The
oxidation of the coating surface starts from 300<C, which corresponds to the surface

morphology evolution shown in Fig. 2.35(c).While the content of oxygen increases with
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the increasing annealing temperature, the content of nickel and phosphorous in the surface
drops to 0 when the temperature reaches to 500 <C. The top layer of the coating annealed
at 500 <C is C0o.60, which is a mixture of CoO and C020s.

b) 200° C N3

Figure 2.35 SEM micrographs of (a) as-deposited coating and (b)-(e) heat-treated coatings at
different temperatures: 200°C, 300°C, 400°C, 500°C for 1h[15].
Fig. 2.36 shows the wear rates of heat-treated Co-Ni-P coatings compared with hard
chromium. The wear rates of Co-Ni-P coatings are one order of magnitude lower than
that of hard chromium [15]. The Ni-Co-P coating annealed at 400<C has a wear rate of
4*10° mm® Nm™, much lower than that of the as-deposited Co-Ni-P. It is due to the
maximum hardness of 980 HV for the coating heated at 400<C for 1 h. The superior wear
resistance could enable it to replace hard chromium in a wide range of applications, such

as marine engineering, automotive components and pipelines for chemicals or waste
water.
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Figure 2.36 Comparison of wear rates between hard chromium coating and Co-Ni-P coating
annealed at different under dry sliding wear conditions [15].
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2.3.2 Solid lubricant

Solid lubricants are materials in the solid phase which are used for reducing friction and
wear between two sliding surfaces. During the friction process, solid lubricants could fill
in surface valleys and smooth asperity peaks as they have strong adhesion to the substrate,
forming effective boundary lubrication films. Unlike the oil or grease fluid lubricant films
which only produce hydrodynamic lubrication at high speed without high contact
pressure, the lubrication performance of solid lubricants is unaffected by a load,
temperature or speed. Due to these characteristics, solid lubricants are widely applied for
extreme conditions such as high temperature, high vacuum or high load, where liquid

lubrication is neither feasible nor recommended.

Based on crystal structure and chemical process, solid lubricants can be classified into

different categories as shown in table 2.6 [119]

Table 2.6 Categories of lubricants in terms of materials [119].

Classification Typical examples (Friction coefficient)

Ag (0.2-0.35) Pb(0.15) Au(0.2-0.3)
Soft metal
In (0.15-0.25)  Sn (0.2)

Diamond (0.02-0.1) DLC (0.003-0.5)
Carbon based solids
Hollow C nanotubes (0.2) Fullerenes (0.15)

MoS2 (0.002-0.25) WSz (0.01-0.2)
Lamellar solids
Graphite (0.07-0.5) HsB03(0.02-0.2)

Single oxides B203 (0.15-0.6) Re207(0.2) Mo0Os (0.2)
CuO-Re207 (0.3-0.1) CuO-Mo003 (0.35-0.2)

Mixed oxides
Cs20-Si0O2 (0.1) PbO-B20s3 (0.2-0.1)

The main applications of solid lubricants and coatings are in the space industry and/or
extreme environments, their advantages and disadvantages have been addressed by the
National Aeronautics and Space Administration (NASA) [120].
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Table 2.7 Advantages and disadvantages of coatings with solid lubricants [120].

Advantages

Disadvantages

Are highly stable in high-temperature,
cryogenic temperature, vacuum, and

high-pressure environments

Have high heat dissipation with high
thermally conductive lubricants, such as

diamond films

Have high resistance to deterioration in

high-radiation environments

Have high resistance to abrasion in high-

dust environments

Have high resistance to deterioration in

reactive environments

Are more effective than fluid lubricants
at intermittent loading, high loads, and

high speeds

Enable equipment to be lighter and
simpler because lubrication distribution

systems and seals are not required

Offer a distinct advantage in locations

where access for servicing is difficult

Can provide translucent or transparent
coatings, such as diamond and diamond

like carbon films, where desirable

Have higher coefficients of friction
and wear than for hydrodynamic

lubrication

Have poor heat dissipation with

low thermally conductive
lubricants, such as polymer-based

films

Have poor self-healing properties
so that a broken solid film tends to
shorten the useful life of the
lubricant (However, a solid film,
such as a carbon nanotube film,
may be readily reapplied to extend

the useful life.)

May have undesirable colour, such
as with graphite and carbon

nanotubes.
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The friction coefficient of solid lubricants exhibit a wide range, since it can be influenced
by either the specific form of solid lubricants such as a thin film, powder, composite and
amorphous states, or the test environment and configuration. Among all these different
solid lubricants, lamellar solid lubricants such as dichalcogenides (MoS2, WS2) or
graphite attract a lot of attention in academia and industry since these can provide very
low friction coefficients, usually in the range of 0.002-0.25. Such excellent performance
is directly related to their crystal structures. For example, in the MoS2 molecule, there is
powerful covalent bonding between atomic species, while there is only a very weak Van
der Waals attraction between lattice layers. So, in the direction of motion the lamellae can

easily shear over each other.
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Figure 2.37 The crystal structure of MoS: [121].

MoS:2 occurs naturally in the form of thin solid veins within granite, which is mined and
highly refined to produce purity suitable for lubricants. Unlike graphite, MoSz performs
well in high-vacuum conditions because there is no vapour present between the MoS2
lattice plates. A considerable amount of literature has been published on the most
commonly used lamellar compound solid lubricant - MoS2 [122]. The use of molybdenum
disulphide as a lubricant by the US National Advisory Committee for Aeronautics
(NACA) in 1946 is considered as the initiating study of MoSz2, laying the foundation for

its expanded applications in aerospace and road vehicles in the following years.

Vacuum sputtering of MoSz film is a remarkable application technique for depositing this

material. It was first devised in 1967 by Spalvins, which was then investigated later and
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has now been widely utilized as a standard industrial process [123]. However, the early
MoS: thin film deposited by a direct current (DC) sputtering apparatus was just a near-
stoichiometric crystal with a porous, columnar structure [124]. Owing to this structure,
the D.C. sputtered MoS: films usually exhibit higher friction coefficients and shorter wear
lives compared to the more newly developed films produced by ion beam assisted
deposition and close-field unbalanced magnetron sputtering methods. The latter
techniques can deposit a MoSz film of perfect stoichiometry, purity and basal plane
orientation parallel to the substrate. It has been reported by Martin and co-workers [125]
that the MoS: films produced by these methods can achieve friction coefficients as low
as 0.002 in ultrahigh vacuum. So far, molybdenum disulphide has been successfully
produced on surfaces by various techniques, including burnishing, vacuum sputtering,
and air spraying and more recently by other advanced surface engineering processes like
ion beam and laser assisted deposition.

Even with its super lubricating performance, MoS:z film is mainly used in limited
conditions e.g. at room temperature in an inert atmosphere or ultrahigh vacuum. In these
conditions, the MoS2 exhibits some of the lowest friction coefficients. In contrast, its
tribological performance degrades remarkably in the presence of humidity because it is
prone to water adsorption - known as the hygroscopic effect. Additionally, it also oxidizes
readily in oxygen-containing atmospheres at elevated temperature, which causes
irreversible damage to the film and has a seriously detrimental effect on its lubricating
ability [126,127]. The service temperature of MoS: is determined by: (i) Microstructure
characteristics such as crystal structure, crystallite size and surface roughness etc. (ii) The
service conditions such as atmosphere, humidity and air flow rate etc. (iii) Expected
frictional properties and durability requirements. Normally, MoS: just oxidizes slowly in
atmospheres up to 315<C (600F). It has been reported that for MoS2 powders which are
loosely-compacted with mean particle size of 1 pm, the maximum service temperature
was 400°C (752°F) at a modest air flow rate, with 50% of MoS2 oxidized to MoOs [128].
Kohli and Prakash studied the variation of the frictional characteristics of burnished MoS2
coatings as the temperature increased from 25<C to 350 <C. The results are shown in Fig.
2.38 [129]. It is clear from the plot that the friction coefficient keeps on dropping with the
increase of temperature till 80 <C, after which it stays nearly constant till 120<C and then

starts rising slowly.
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Figure 2.38 Temperature dependence of friction coefficient of MoS: burnished coatings [129].

To overcome these limitations, preparation of composite coating was thought to be a
feasible way. In composites, the MoS2 particles are isolated from water vapour and
oxygen, and suppress the formation of porous, columnar microstructures [130]. The

schematic graph of a proposed composite coating is shown in Fig. 2.39 [126].

O Wear resistant phase

O Lubricant phase
® Adherent phase

Figure 2.39 Schematic of a hybridized composite coating containing both wear resistant and
lubricant phase [126].
Various metals (e.g. Au, Ni, Ti, Pb, C, etc.) and compounds (TiN, PbO, SbO3, etc.) have
been codeposited into MoS: films to form composites [131,132]. In 1984, Spalvins
reported that MoS: films containing 5 at.-% cosputtered Au showed less friction than pure
MoS: film in dry air, which was related with its densified structure after co-sputtering
[133]. Hilton et al. did sputter composites of MoSx with Ni and multilayers of Au-Pd
with MoSx, which both showed the basal-plane oriented structure as well as good wear
characteristics [134]. The improved tribological performance obtained has been attributed
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to the sacrificial oxidation of the Ni metal during the wear process, resulting in more pure
MoS: crystallites.

Teer and co-workers produced MoS2- films with Ti of different percentages by closed-
field magnetron sputtering and tested their performance on cutting and forming tools
[135]. At the end of the deposition process, the titanium sputter target was switched off
to deposit final layers consisting of pure MoSz2. From the TEM image in Fig. 2.40, it is
clear that it is crystallized MoS2 with (0 0 2) planes on the top but the co-deposition layer
inside doesn’t illustrate any crystalline structure. Furthermore, it is impossible to detect
any elemental titanium within the coating either as layers or individual particles using
SEM/EDS, demonstrating a uniform distribution of Ti across the entire coating. The
MoST (Ti-MoSz) composite has a hardness of between 1000 and 2000 HV depending on
the Ti content. The high hardness indicates that the titanium is present in solution within
the MoS: lattice and produces strain. The Ti content was also found to be effective in
improving the performance of the coating, achieving a low friction coefficient of 0.005
using ball-on-disc tests at a load of 10N under dry nitrogen gas. It was suggested that
titanium presented an ‘oxygen gettering’ effect during both deposition and the wear
process, protecting the MoS: film against oxidation. MoS: films alloyed with Cr, W, Mo
and Zr were also produced, which resulted in harder coatings in all cases but didn’t

provide better tribological performance than the Ti alloyed MoS: film [136].

Figure 2.40 TEM micrograph of MoST (Ti-MoS:z) [137].
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Simmonds et al. investigated the effect of dopant choice and concentration on the
resulting tribological and mechanical behaviour of cosputtered films of MoS2 [138]. Au,
Ti, Cr and WSe2 were selected to be cosputtered with MoS: film, among which the best

result was shown by composites with WSez, followed by Au, Ti and Cr.

Electrodeposition is one of the most common ways to prepare a composite coating,
consisting of a metal or alloy matrix containing a dispersion of second phase particles
[16,139]. Based on the Ni alloy electrodeposition bath, different kinds of particles can be
added, including hard oxide or carbide particles, such as Al20s, SiC, TiO2, WC, SiOz, or
solid lubricants, such as PTFE, graphite or MoSz, or even liquid-containing microcapsules
to improve wear resistance and/or to reduce friction [140,141,142]. The related work of
the electro codeposition of metal with WSz or MoS2 will be reviewed in the following

section.

2.3.3 Electrodeposited low friction Ni/MoS; coatings

Due to ongoing global energy shortages and the environmental problems caused by fuel
emission, there is a push for industry to use low friction components to reduce overall
fuel consumption. Layered (2H) transition metal sulfides like MoSz2, are widely used solid
lubricants with very low friction coefficient in vacuum, but they are easily oxidized in
humid and oxygen-rich environments since the dangling bonds of their rim atoms are very
active. In addition, these solid lubricants are soft and easily worn. So, before using them
in many circumstances, the first step is to modify the properties of MoS2 coatings by
adding metal or sometimes compound (dopants) to form composite or composite
multilayer coatings. A lot of studies have proved that the combination of metals and solid

lubricants can improve the tribological properties of coatings by changing their structure.

With the increasing availability and decreasing cost of MoS: particles, there is a growing
interest in the electrolytic codeposition of particles to combine the mechanical advantage
of electrodeposited hard Ni-series coatings and low friction characteristic of solid
lubricants. It is estimated that such a deposited composite coating could exhibit intrinsic
low friction and high mechanical strength. Since the major challenges facing the electro-
codeposition of Ni alloys and lubricant particles (such as including codepositing a
sufficient number of particles and avoiding the agglomeration of particles suspended in

bath) have been tackled gradually, such electrodeposited coatings seem to have a very
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promising future to protect various substrates adequately, with a possible application in

replacing Cr coatings.

Electrodeposited low friction Ni/alloy coatings with MoS: incorporation thus attract a lot
of interest in the coatings industry and their development will be discussed in more detail
in the following paragraphs.

Wang [19] studied the role of surfactant on MoS2 incorporation into a Ni matrix during
electrodeposition. It was found that positive ions of surfactant (Benzyl Ammonium Salts,
BAS) tend to be effectively absorbed on the surface of MoS: particle causing electrostatic
attraction to the cathode. The microstructure of the MoS2 codeposition layer is shown in
Fig. 2.41(a) and pores (as arrowed) are observed. The more BAS was added the less
porosity was observed in the deposited coating. This has been explained in the following
way. When BAS is adsorbed on the particle surface, the conductivity of MoS2 will
decrease. Then, more Ni atoms are deposited homogeneously over a wider area rather
than deposited on preferred conductive positions, resulting in a smoother layer with lower
porosity similar to the codeposition of non-conductive particles. The strong adhesion
between the deposited layer and the substrate when employing BAS may result from the
lower porosity of the deposited layer.

substrate

54



CHAPTER 2 REVIEW OF LITERATURE

50

(c)

40+

30 -/

/I
-

MoS, content in deposit (vol%)

0 10 20 30 40 50
MoS,, concentration in bath (g/L)

Figure 2.41 (a) Cross-section microstructure of MoS: with less surfactant addition (BAS 0.05); (b)
Cross-section microstructure of MoS: with more surfactant addition (BAS 0.10); (c) Effect of MoS:
loading on the extent of codeposition of MoS: (pH=5, T=45 °C, rpm=500, BAS 0.1 g) [19].

Cardinal, et al. [21] developed Ni-W-MoS2 composite coatings by a pulse plating
technique. As shown in Fig. 2.42, the Ni-W coating shows a uniform structure, with a
thickness of ~ 40 pm, whereas coatings with MoSz incorporation show a more sponge-
like structure, with larger average thickness (80 pm~ 180 pm). The Ni-W/MoS2
composite coatings deposited in a bath with 0.5 g/L MoSz, have a somewhat compact
structure with small pores and good substrate adhesion. But incorporating more MoS:

particles into the coating will result in poor substrate adhesion and more pores in the
coating structure.

The incorporation of MoS: (bath concentration 0.5 g/L) into the nanostructured Ni-W
coating can lower the coating friction coefficient by 50% to 0.13. However, the coatings
deposited at higher MoS: bath concentrations (1 g/L and above) present non-constant
friction coefficients with maximum values exceeding 0.4. This may relate to their sponge-
like structure and very rough and inhomogeneous surfaces. The important finding of this
work is that the co-deposition of MoS: particles into Ni-W alloys could significantly

enhance the frictional properties of the coating, especially for a coating containing fewer
pores.
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Figure 2.42 SEM images and friction coefficients of Ni-W electrodeposits as a function of increasing
MoS: bath concentration: (a) 0 g/L, (b) 0.5 g/L (¢) 1 g/L and (d) 2 g/L [21].

Shi et al. [22] reported the preparation and performance investigation of nano-sized
MoS: reinforced Ni-Co composite coatings obtained by electrodepositing. The plating
bath contains 200 g/L NiSOs4, 40 g/L NiClz, 20 g/L CoSOs4, 30 g/L H3BOs,1 g/L MoS2
nanoparticles (20 nm), and a suitable amount of sodium lauryl sulphate.
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Figure 2.43 Friction coefficient and wear rate of (a) Ni-Co and (b) Ni-Co/MoS: composite coating
against SAE52100 steel ball at different loads [22].

Figure 2.44 SEM morphologies of (a) wear scar of the steel ball (150 x), (b) S distribution and (c) Fe
distribution thereon (against Ni-Co/MoS: composite coating at a load of 2.0 N) [22].

At the load of 4 N, the Ni-Co coating shows a friction coefficient of 0.53 and a wear rate
of 7.8 <10 mm?® N1 m? while the Ni-Co/MoS: 1 g/L coating shows a lower friction
coefficient of 0.16 and wear rate of 6.5 x 10° mm*® N m?. The averaged friction
coefficient of the Ni-Co/MoSz composite coating decreases from 0.23 to 0.16 with a load
increasing from 1.0 N to 4.0 N, which was attributed to the formation of a lubricating
transfer layer on the counterpart surface during sliding. This observation is consistent
with the typical variation of the friction coefficient as a function of load for other MoS2
coatings [143].

2.3.4 Electrodeposited low friction Ni/WS; coatings

With the same lamellar structure, WSz exhibits better low-friction properties than MoS2
at high-temperature as MoSz can rapidly oxidize to MoOs at atmospheres above 316<C

while WSz has a good thermal stability up to 594 <C. The friction coefficient of WSz could
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be as low as 0.1 in argon at 815<C. However, the prismatic edges (1010) of WS are still

susceptible to humidification or oxidation which usually leads to degradation of the low
friction property.

To take advantage of its low friction properties, Ni/WSz composite coatings have been
developed. There are mainly two kinds of WSz used for a preparation of Ni/WS:
composites: IF (inorganic fullerene-like) and 2H (layered platelets). Compared to WS2
platelets, the fullerene variant shows more interesting tribological performance due to the
layered hollow and quasi-spherical structure where the edge effect is no longer in effect
and the particles are more inert to chemicals. But IF-WS; particles are manufactured at
high temperatures which are costly. In addition, the IF-WS: particles are easily deformed

under high load > velocity and hence lose the beneficial shell structure.

15U X4e. 308 o, &’

IF-WS,

Figure 2.45 SEM images of IF-WS: and 2H structure (platelets form) WS powders [144].

Redlich et al. have applied the electrodeposited Ni/IF-WS. coating to archwires in
orthodontics [145]. Compared to the Ni coating, the electrodeposited Ni/IF-WS: coating
showed a rough surface. The friction test showed a 60% reduction of the friction force
between coated rectangular archwires and self-ligating brackets in comparison with
uncoated archwires, shown in Fig. 2.46(d). IF-WSz nanoparticles could not only serve as

an excellent lubricant but also protect the metal surface against oxidation.
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Figure 2.46 SEM images of (a) Ni deposit and (b) Ni+IF-WS; deposits, (¢) friction force measuring
instrument, (d) Time evolution of the friction force between the bracket and the archwire for the
orthodontic wires with various coatings [145].

A newly electrodeposited Ni-P with a high content of fullerene-like WSz was tested by
Andréet al., in comparison with three successful commercial coatings; MoST, Graphit-
IC and BalinitC [146]. Graphit-iC and BalinitC are carbon based (DLC) coatings and the
tested MoST coating is a MoSz/titanium composite. It was found that the new coating of
electrodeposited Ni-P incorporating IF-WS2 nanoparticles showed a high potential as a
low-friction coating (Fig. 2.47). The coefficient of friction fell below 0.05 in friction test
against the bearing steel ball, comparable to that of the commercially produced MoST
coating. The examination of the cross-section of the wear tracks showed the formation of
tribofilm on both mating surfaces. TEM observation displayed the fragmented WSz
particles in the uppermost part of tribofilm and the basal planes in the lamellar WS:
structure were parallel to the surface (Fig. 2.48). The easy shearing property of these basal
planes could largely reduce the friction force.
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Table 2.8 Description of the tested coatings: Ni-P/WSz, MoST, Graphit-iC and BalinitC [146].

Coatings Method of Description Nominal Roughness
deposition thickness Ra

Ni-P | IF-WS;  Electrodeposited — ~70% IF-WS, in ~4-10pum 475 nm
a Ni-P matrix

MoST Sputtered MoS, | Ti ~1.3 um 7-12 nm

Balinit C Sputtered Carbon based ~1pm 7-12 nm
(a-C:H:W)

Graphit-iC Sputtered Carbon based, ~2.5um 7-12 nm
graphitic
microcrystalline

structure
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Figure 2.47 Coefficient of friction versus number of revolutions in ball-on-disc tests in humid air for
four types of coatings [146].

Surface protecting Pt

a_ P

Figure 2.48 (a) Image of the cross section through the Ni-P + IF-WS; coating after friction test; (b)
HRTEM image of the outer most part of the tribofilm on the Ni-P + IF-WS: coating [146].
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Similar to the electrodeposition of Ni/WS: coatings, Fe-Ni-C/WS: self-lubricating
nanocomposite with a few percent of fullerene-like WSz nanoparticles (<150 nm) was
prepared by Rapoport et al. using powder metallurgy processes [147]. The experiment
demonstrated very significant improvements in both lifetime and performance of the Fe-
Ni-C sample with IF-WS2 nanoparticles incorporated. As shown in Fig. 2.49, the
composites show a low coefficient of friction even under high load of 840 N. Comparably,
IF-impregnated sample showed a lower rate of 16.9>10** mm3/ mmN than the reference

metal sample with a wear rate of 76.4><10"** mm3/mmN.

The possible lubrication mechanism was proposed as follows: momentary confinement
of the nanoparticles in larger cavities prevents the run-away of the nanoparticles from the
contact area and protects them against damage and oxidation. In the friction process, the
IF WS: particles are confined in a nanoscopic cavity (Fig. 2.50(a)), therefore they roll
under the effect of the shear forces in the friction system and reduce the friction. In
addition, IF nanoparticles in nanoscopic cavities serve as spacers to prevent direct contact
between the asperities of the mating surfaces. These factors together provide low friction

and high wear resistance.

0.5

i wear sensor Za-NI-C
E \'i #oad
ey |
0.4 i black | +2H-WS,
E o b, {6.5% wi)
e | HF WS, +F -WS 2
o | (6.5% wi} (8.4% wi}
2 03|
E 3
@ i
a |
« 1
g 1
= 024
15
E
0.1
D Ll L] ¥ L L L
250 350 450 550 650 750 850 950

foad, N

Figure 2.49 Friction coefficient vs load (in N) of porous Fe-Ni-C and Fe-Ni-C/WS: blocks against
hardened steel disk. In these experiments, after a run-in period, the loads were increased from 30
kg with an increment of 90 N and remained for 1 h under each load. Velocity is 1 m/s [147].
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(b)

Figure 2.50 (a) The release of impregnated IF-WS: nanoparticles from the pores to the mating
metal surfaces; (b) the interlocking of the IF-WS: nanoparticles at the metal surface by nanometric
cavities [147].

Chen et al. have successfully prepared Ni-P/WS; coating by an electroless plating
technique [144]. As listed in table 2.9, a great decrement in the fiction coefficient and
wear rate was found for these coatings with a smallest friction coefficient of 0.03. The
SEM images in Fig. 2.51 show that the wear surface of the Ni-P/IF-WS: coatings is
smooth without obviously worn scars, while more severe wear can be found on other
coating surfaces. The advantages of the WS: spherical nanoparticles were as follows: (i)

rolling function; (ii) working as spacers to prevent direct surface contact in air.

Table 2.9 The results of tribological measurement for electroless deposited coatings [144].

Coating Mass loss of block/mg Friction coefficient
Ni-P 15.6 0.090
Ni-P-(2H-WS;) 52 0.062
Ni-P-graphite 43 0.067
Ni-P-(IF-WS;) 3.0 0.030
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Figure 2.51 SEM images of worn surface of the electroless deposited coatings [144].

Ranganatha et al. have obtained Ni-W-P and Ni-W-P/nanoWS: by an ¢lectroless plating
method [148]. The incorporation of WS particles into a Ni-W-P alloy coating reduced
the coefficient of friction from 0.16 to 0.11. In addition, the corrosion resistance of the
latter has been improved: the corrosion rates of the coatings for Ni-W-P and Ni-W-P/WS2
were 8.219 %107 and 7.986 <107 g/h respectively in 3.5 wt% NaCl solutions.

Figure 2.52 SEM images of (a) WS: particles and (b) the deposited Ni-W-P/WS: coating [148].

2.3.5 Summary

Electrodeposited Ni/alloy coatings are widely used in the chemical, mechanical and
electronic industries due to their wear and corrosion resistance properties. They have been
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considered as an alternative for hard Cr which has been gradually prohibited in Europe
and the USA. Our group (amongst others in the research community) has already carried
out a lot of research on electrodepositing Ni-Co and Ni-Co-P coatings to replace hard Cr,

with comparable high strength, high hardness and good wear resistance being produced.

The main issue associated with the Ni/alloy coatings is their high coefficient of friction,
which results in energy waste and material degradation. Thus electrodeposited Ni-based
coatings containing lubricating particles attract more and more interest, as they usually

show reduced friction and improved machine efficiency.

The MoS2/WS: solid lubricants demonstrate very low friction (0.002-0.25) because of
their lamellar structure, which are ideal in preparing a self-lubricating composite coating.
So far, there are many reports in the literature about using electrodeposition to produce
composite coatings such as Ni/MoS2, Ni-Co/MoS2, Ni-W/MoS, and etc., which show
considerably reduced friction in atmosphere conditions compared to metal coatings.
Composite Ni-P coatings with embedded MoS2/WS: particles as the reservoir of
lubrication have a promising future but very limited attempts have been made so far by
electrodeposition. In this work, an attempt has therefore been made to develop low-
friction Ni-P/MoS: or Ni-P/WS, composite coating by an electrodeposition technique.

The two strands of the thesis work therefore focus on optimisation of electrodeposition
processes to incorporate: (i) luminescent particles (for wear detection) and (ii) MoS2/WS2
particles (to improve coating wear performance). An understanding of how and why
electrodeposition parameters control successful incorporation of such secondary particles
(and what is the optimum particle configuration) opens up the opportunity to produce

highly tailored coatings for a range of wear service conditions.
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3.1 Electrodeposition

Luminescent Ni and low friction Ni-P/MoSz, Ni-P/WS: coatings were electrodeposited
on a mild steel substrate using direct-current electrodeposition. The composition of the
substrate is listed in Table 3.1.

Table 3.1 Composition of AISI 1020 substrate [149].

Element C Si Mn P S Cr Fe

wit% 0.20 0.19 0.45 0.04 0.05 0.16 98.91

An electroplating pre-treatment is required, for the following reasons:

A. Oils/lubricants: If oils are not totally removed from the surface, the products will
suffer severe plating problems including adhesion failure, blisters, skip plating, etc.
These oils may also poison the plating solution, resulting in a series of significant

problems.

B. Rust: Rust easily forms on the surface of the substrate material in a wet climate.
Plating over a rusted surface will cause the following problems: adhesion failures,

blisters, strains, pitting, poor corrosion resistance, etc.

C. Scales/oxides: Oxides appear on the substrate exposed in air. Oxide layers can

inhibit the electroplating process and affect the quality of the coating.

In order to get a fresh substrate surface for successful electroplating, the pre-treatment
procedures adopted were as follows: Polishing with 320, 800 and 1200 grit grinding
papers (Struers, waterproof SiC papers) — water rinse — rinse with 3 vol% detergent
solution (Teepol multi-purpose detergent) to remove oil / grease — water rinse —10 vol%
HCI acid soak for 10 s to remove rust and oxide layer — rinse in distilled water —

electroplating.
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Fig. 3.1 shows the experimental setup for electrodeposition of a composite coating. A TTi
QL355T power station was used as the power source. The bath temperature (as listed in
subsequent chapters) was maintained by a Grant LTD6G water bath. The solution was
continuously stirred by a PTFE-coated magnetic stirrer bar (6 mm diameter < 30 mm
length) at 100 rpm. The anode for electrodeposition was a pure Ni sheet (purity 99.5%)
with a thickness of 1 mm supplied by Goodman Alloys Ltd (Yorkshire, England). The
cathode substrate was 3 mm thick AISI 1020 mild steel with a hardness of 120 HV. Both
the anode and cathode were cut by a guillotine into sizes of 80 mm =10 mm. During the
deposition process, the cathode was held parallel to the anode with an inter-electrode gap
of 25 mm. The detailed electrolytic composition, applied current density, plating time and

pH are specified in the next two chapters.

Anode (Ni) Cathode (mild steel)
Water bath Holder

Water pipe

Magnetic stirrer

Figure 3.1 Experimental setup for electrodeposition of composite coating.

3.2 Characterisation techniques
3.2.1 Materials characterization

3.2.1.1 Scanning electron microscopy (SEM)

Samples were ultrasonically cleaned in acetone. Observations of the surface morphology
of as-deposited coatings, worn and corroded surfaces were conducted in a JEOL JSM
6500 SEM. The applied voltage was 15 kV while the working distance was 10 mm.
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The surface morphology was observed by collecting the imaging signals from secondary
electrons (SE) and backscattered electrons (BSE) generated by a finely focused electron
beam. The quantity of electrons backscattered is proportional to the mean atomic number
(Z) of the sample material. Thus in BSE mode, the fluorescent particles
(BaMgAl11017:Eu?*) or solid lubricant particles (MoS2) which have lower mean atomic

number appear as black spots while the Ni matrix coating appears white.

With the energy dispersive X-ray spectroscopy (EDS) system, quantitative elemental
(heavier than boron) information can be obtained from characteristic X-rays emitted as a
result of bombardment. EDS spectra were acquired for 60 s at 15 kV and electron current
of 0.3 nA. The elemental (O, Ni, P, Mo, S) mapping of the wear track was performed at

the same current density for 30 minutes.

In the EDS spectrum, the Y axis represents the counts of X-rays received by the detector
and the X axis represents the energy level. The energy level of these X-rays is associated
with the elements and shell levels (K, L, M, etc.), at which an electron vacancy can be
created in the specific shell. K line intensity is normally the strongest in the line series
and listed at the head of the spectrum, therefore widely used for identifying the element
being characterised. For elements with a high atomic number, the K lines generated may
be not sufficiently distinctive for element identification and lower-energy X-rays will

also be used, e.g. the L or M lines.

3.2.1.2 Image analysis

The particle size and the area percentage of the particles in the composites were estimated
using an open source software - ImageJ 1.49. This is written by the National Institute of
Health, USA, and is freely available in the public domain. The obtained SEM images
were first converted to TIFF format in grey-level mode for processing and analysis. Then
a binary image was created by setting a “threshold” range between 0 and 255 grey level
(Fig. 3.2(b)). Pixels in this range are converted to black and the rest become white. In the
third step, the particle sizes were analysed by noting the range of particle areas measured
and the results were exported into a table (Fig. 3.2(c)). Finally, the particle area
percentage value was obtained by dividing the sum of all particle areas by the total coating

area observed.
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Particle size (d) refers to the diameter of particle, which can be calculated using the

following equation:

d = 2 F/n (3.1)

where 7 is the ratio of a circle's circumference to its diameter (3.14159) and F is the
measured area of the particle. In this calculation, the particles are therefore assumed to be
circular. This approach will not distinguish between particles that are close together and

the varying shape of the particles is not considered [150].
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Figure 3.2 (a) BEI image and (b) binary image produced by thresholding of the electrodeposited
Ni/BAM coating; (c) outlines of particles in coating (used to calculate area fraction and particle
diameter).

3.2.1.3 3D surface model

To better understand the surface roughness, 3D reconstruction of surface topography and
analysis was done from tilted SEM images (+5< 0< -5 using a stand-alone stereographic
software package MeX in the SEM. In the first step, the corresponding points in the two
images are automatically matched. Then, based on parameters including working distance,

tilt angle and pixel size, the surface topography is reconstructed through appropriate
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trigonometric calculations. The resulting digital 3D surface model can be used for various

analyses.

Figure 3.3 Underlying principles of 3D surface construction based on tilted SEM images [151].

3.2.1.4 Transmission electron microscopy (TEM)

Particle samples were ultrasonically dispersed in alcohol. A drop of suspension was

transferred to an amorphous carbon film supported on a copper grid and dried in air.

TEM specimens of deposited coatings were prepared by electro polishing. The procedures

are as follows:

(1) Removing nickel plating from substrate with a knife,

(2) Punching the nickel coating to standard 3 mm diameter disc,

(3) Twin jet polishing to obtain a thickness less than 100 nm: Twin jet polishing was
carried out in an electrolyte of 10% perchloric acid, 15% acetic acid and 75%
methanol at -40 <C with a 30 V direct current [152].

A JEOL JEM 3010 operating at 300 kV with the highest resolution of 0.21 nm has been
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utilized to observe the thin area of the specimen foil. TEM could be used to determine the

grain size as well as its distribution and to discriminate phases and crystallography.

3.215 FIB

Focussed lon Beam (FIB) is very useful for preparation of TEM cross-sections. A CFEI
Quanta 3D FEG FIB-SEM was used to prepare TEM samples. A trench depth of 15 pm
was produced on either side of the area of interest and the sample was thinned to
approximately 100 nm. A glass needle and a micromanipulator were used to hold the
membrane and the final specimen was transferred onto a TEM grid with carbon film.

3.2.1.6 X-ray diffraction (XRD)

XRD is a powerful technique widely used for studying the microstructure, phase
identification, and compound analysis of materials. The as-deposited sample was cut into
1x1 cm, packed horizontally into an XRD sample container by Blu-Tack. The structure
and compound analysis of these were examined using a Bruker GADDS diffractometer

with a Cu Ka radiation, scanned at 0.02%s in the 2 theta range from 10° to 90°.
The average crystallite size (d) can be estimated by applying the Scherrer equation [153]:

092
Bcos 6

(3.2)

where 1 is the wavelength of the X-rays (0.154 nm for Cu Ka radiation) and O is the
Bragg diffraction angle. B is the full width at half maximum height of the peak.

The calculated crystallite size estimated from this method is normally smaller than the
observed grain size obtained by TEM. In addition to differing sample size effects for the
two techniques, there are many other factors affecting the width of diffraction peak,
including crystal lattice imperfections, stacking faults, microstresses, strains, coherency
strains and sub-boundaries [154]. When materials have undergone severe plastic
deformation, dipolar dislocation walls (without differences in orientation) also break
down coherency of X-ray scattering and affect the estimated crystallite size [155].
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3.2.2 Mechanical and corrosion property tests

3.2.2.1 Microhardness measurement

Microhardness tests of coatings were made by a Matsuzawa MHT-1 Vickers
microhardness indenter and a load (F) was applied to make an indention so small that an
optical microscope is able to measure its size. The indenter is a diamond pyramid with a
square base and an angle of 136° between opposite faces. The specimens were measured
with an applied load of 100 g for a dwell time of 15 s. Once the test is complete the
diagonal lengths of the indentation are measured and the mean d, in mm, is calculated

[156]. The Vickers hardness HV is given by the following equation:

, 136°
2F sin

HV = — 2 (33)

where F is in kgf and d (mean value of A and B) is in millimetres.

An average of 5 measurements was conducted on each sample to obtain an average value
of Vickers hardness. The depth of indentation is approximately 2.1-2.7 um (diagonal
length is 15-19 pm), much lower than the luminescent coating depth range from 20 to 30
um. A cross-section hardness study was also used to investigate to what extent the indent

(and its surrounding deformation) is contained within the coating.

The error or uncertainty in measurement was estimated in terms of the standard deviation
and shown as an error bar in subsequent graphs. The standard deviation was calculated

using this formula:

1
o= \/;Z’iil(xi —W? (34)

Where o represents standard deviation, ptis the mean of all values, xi is the individual

measurement value and N is the total number of measured values.
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Figure 3.4 Schematic of Vickers microhardness indenter [157].

3.2.2.2 Pin-on-flat wear test

The friction and wear behaviour of the coated specimens was tested using a reciprocating
pin-on-flat TE-77 tribometer (Fig. 3.5) at room temperature. The counterpart body was
an AISI-52100 bearing steel ball (diameter 6 mm) with a hardness of 700 HV. The tests
were carried out under the following conditions (avoiding complete coating failure): a
load of 14 N (resulting in 1.58 GPa Hertzian contact pressure), a sliding frequency of 1
Hz and a sliding stroke of 2.69 mm. The friction force is recorded automatically by a
piezo electric transducer.

i Normal load

Strain-gauge
sensor
Ball holder

Y Steel ball

Figure 3.5 Schematic diagram of the wear test on pin-on-disk TE-77 tribometer [158].

Sample

Table 3.2 Chemical composition of AISI 52100 bearing steel.

Composition C% Si% Mn% Cr% Mo0% Ni% S%

AISI 52100 |0.95-1.10/0.15-0.35| 0.50 |1.30-1.60| 0.08 0.25 0.25
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3.2.2.3 Alicona infinite focus microscopy

The infinite focus microscope made by Alicona is a fully digital light microscope and
includes newly-developed 3D measurement and image analysis capabilities. This system
allows the capturing and calculation of focussed images effectively compared to
conventional optical microscopy, images with almost 1000-times enlarged depth-of-focus
can be captured, visualized and analysed.

The wear track profile after sliding tests, which typically has large depth over 10 pm, can
be scanned by the Alicona microscope. Subsequently, the wear rate can be calculated

using the following equation:

K =— (3.5)

Where V is the wear volume in mm?3, S is the total sliding distance in metres and F is the

normal load in Newtons.

3.2.2.4 Potentiodynamic polarization test

The potentiodynamic polarization technique was used to measure the corrosion property
of the coatings by continuously scanning the potential while monitoring the current
response [159]. A polarization curve can determine the corrosion rate by calculating the
corrosion current. The electrochemical measurement was carried out in a three electrode
cell. The sample with the electrodeposited coating was used as the working electrode,
with a platinum counter electrode and a saturated calomel electrode as a reference
electrode. The corrosion potential (Ecorr) and the corrosion current density (Jcorr) Were
obtained with the Tafel extrapolation method from potentiodynamic anodic polarization
curves. Polarization experiments were performed in 3.5 % NaCl solution at room
temperature with an AUTOLAB PGSTAT30 potentiostat/galvanostat system, scanning
from -1000 mV to +1000 mV vs. the calomel electrode at 50 mV/s scanning speed.

Linear polarization resistance refers to a linear approximation of the polarization

behaviour at potentials near the corrosion potential, where the slope of plotted potential
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versus current will yield a polarization resistance (Rp). The analysis was performed at a
scanning rate of 0.1 V/s within 10 mV of the corrosion potential where the current is 0.
With Rp experimentally measured, the corrosion current density (Jeorr) is calculated

following the Stern-Geary relationship [160]:

Jcorr = (3.6)

Where B is a constant (in mV), A is the polarised area (in cm?), and R is the polarization

resistance (in ohms).

3.2.2.5 Luminescence characterization

Photoluminescence excitation and emission spectra were acquired at Aem = 450 nm and
Jex = 330 nm by Cary visible- UV/fluorescence spectrometers (Slitex = 5 nm, slitem = 5
nm). Fluorescence microscopy is also used to characterise luminescence phenomena of
organic or inorganic substances using an optical microscope. A Leica DM LB2 30W
Fluorescence Microscope (upright fluorescence microscope) was applied to observe the

luminescence of coating, using a 260 nm filter.
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luminescent layers

4.1 Introduction

Luminescent Ni coatings consist of nickel deposits and luminescent particles in which the
latter will emit a constant glow when exposed to UV light. Such coatings can serve as a

stand-alone “indicator layer” to check the structural state of health.

So far, there is no work on electrodeposited metal coatings containing BAM phosphors
using an aqueous bath. The phosphor particles are highly hydrophilic with a hydration
layer typically formed on the surface of these particles. The repulsive hydration force
between particles and the electrode will prevent the former from being deposited in the
substrate. Cationic surfactants have been reported to effectively enhance the deposition,
which not only improves the stability of particles’ suspension but also charges non-

conductive particles positively via electrostatic adsorption.

The research in this chapter aims to develop a Ni coating with embedded phosphors
(BaMgAl11017:Eu?*) which are used to monitor the wear condition of coatings simply
using an ultraviolet light for detection. The effect of surfactants of CTAB and PEG,
together with particle concentration levels on the electrodeposition process and the

corresponding tribological and corrosion properties of the coatings are also investigated.

4.2 Experimental details

The basic solution for nickel plating can be seen in Table 4.1. The as-received phosphors
(BaMgAIl11017:Eu?*) are 2-5 pm in diameter. Four concentrations of 2, 5, 8 and 10 g/L
BAM phosphors in electrolyte composition were investigated. To minimize the effect

from impurities, all chemicals used were analytical grade.

The plating bath was kept at a pH value of 4.5, which has been reported to induce the
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lowest internal stress during Ni electroplating [161]. The pH was adjusted by H2SO4 or
NaOH. The bath was mixed under ultrasonic agitation. The electro-deposition was

performed with stirring at 45°C and a current density of 4 A dm for 45 min.

Table 4.1 Electrolyte composition for the electrodeposition of luminescent coating.

Chemical Composition Content (g/L)
NiSO4.6H20 250
NiCl2.4H20 45

Basic solution
H3BOs3 40

Phosphors BaMgAli1017:Eu? 2,5,8,10
Cetyltrimethylammonium bromide (CTAB) | 0.1

Additives
Polyethylene glycol (PEG) WM6000 2

4.3 Results

4.3.1 Design of luminescent coating for wear monitoring

In the present study, two types of luminescent coatings were designed. One is to
incorporate luminescent particles into the functional top layer (Fig. 4.1(a)) and another is
into the underlayer, as shown in Fig. 4.1(b). These luminescent particles appear normal
under visible light, but emit colours under an ultraviolet (UV) light. For the coating in
Fig. 4.1(a), the disappearance of the luminescence under UV light is a sign of coating
damage and thus recoating may be required. In comparison, the observation of coloured
light in Fig. 4.1(b) indicates that the functional coating has worn / corroded away. With a
portable UV light/torch, the emitting coating can be inspected periodically even when the

component part is still in service.
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Colgur emission

UV illumination

Wear
damage

Figure 4.1 Illustrations showing luminescent particles codeposited as top layer in (a) or interlayer in
(b), and the coating appearance in the damaged area after wear.

4.3.2 Morphology of Ni/BAM coating

The as-received BAM phosphors were imaged by secondary electrons in the SEM as
displayed in Fig. 4.2(a,b). The majority of the as-received BAM phosphors are angular,
with a diameter of 2-5 pm. Particle size distribution was estimated on the SEM image
using Image J software and the result is displayed in Fig. 4.2(c).
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Figure 4.4.2 (a-b) SEI images of as-received BAM phosphors; (c) measurement of particle size
distribution of phosphor; (d) TEM image of BAM phosphor.
After the electrodeposition process, the BAM phosphors distributed uniformly in the Ni
matrix (Fig. 4.3(a, b)). The cross-section of this coating in Fig. 4.3(d) demonstrates that
the phosphors were well embedded inside of Ni coating. Additionally, no void was found
in the interface, indicating a good adhesion between the composite coating and the
substrate. The voids near the top surface were formed by pull-off of particles during

mechanical polishing.

Comparison of the electrodeposited BAM phosphors in the coating and the as-received
BAM phosphor particles has been made by EDS (Fig. 4.3(c), Table 4.2). The similarity
in compositions in terms of O, Mg, Al, Ni, Ba, Eu suggested that there was no reaction
between Ni and BAM. The BAM phosphors after electrodeposition could retain the
luminescence of the as-received particles. EDS was limited to the top surface of the
exposed BAM phosphors to assess any changes in the phosphor after deposition, the Ni

peak due to the matrix was very weak.
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Figure 4.3 (a, b) Morphologies and (¢) EDS spectrum of the electrodeposited luminescent coating

from a bath solution with 5 g/L phosphors; (d) SEI image of the cross-section of luminescent

coating.

Table 4.2 EDS quantitative analysis of the as-received and the electrodeposited BAM phosphors.

Element (Atom %) OK Mg K AlK BaL EulL
As-received BAM | 61.7+0.8 | 3.2+0.6 | 32.2+£1.5| 2.5+1.7 | 0.4=+0.7
BAM in coating 61.2+1.1| 3.4+0.3 |33.0+09| 2.1£1.0 | 0.3+0.2

4.3.3 XRD analysis

Fig. 4.4 displays the XRD patterns of the BAM phosphors and the luminescent Ni/BAM
composite (deposited at 5 g/ BAM). The coating exhibits strong preferred (111) and
(200) textures which are parallel to the surface. As noted in early reports [162], the
predominant (111) plane in Ni alloy deposit is associated with preferred growth along the
[111] direction to minimize surface energy. The remaining small peaks at 32°, 33°, 36°,
42°,58°,59° and 67° are in good accordance with the XRD peaks of the as-received BAM
phosphors.

Ni(111)

Ni(200)
Ni(220)

20 30 40 50 60 70 8(

BAM

Ni/BAM n n ‘
60 70 80

Intensity (a.u.)

20 30 40 50
20 ()
Figure 4.4 X-ray diffraction patterns of luminescent Ni/BAM composite coating and BAM
phosphors, the inset is XRD of Ni/BAM in full scale.
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The phosphors in the solution after electrodeposition were collected for XRD
examination. They display a similar XRD spectrum to the as-received phosphors and
there is no noticeable shift in all the peaks of BAM, which further demonstrate the

structural stability of the BAM phosphors in solution.

BAM in solution
after plating

UUWUMMMM

As-received BAM

Lo
MwUWUWMA J\J\A | »Jl.JLMM
20 30 40 o 53)

Intensity (a.u.)

60 70 80

Figure 4.5 XRD patterns of BAM phosphors of the as-received and after electrodeposition.

4.3.4 CTAB surfactant

The amount of BAM codeposited in the coating depends on the content of CTAB as
shown in Fig. 4.6. Without CTAB in the solution, the as-deposited coating barely shows
the existence of BAM phosphors. BAM gradually increased in the coating with increasing
concentration of CTAB in solution. The highest density of BAM phosphors can be found
in the coatings from the electrolyte with 0.05 g/L- 0.1 g/L CTAB additions.

The area coverage of BAM phosphors in the coating is summarized in Fig. 4.6(f). The
amount of CTAB in the bath significantly affected the coverage of BAM, with a
maximum BAM coverage of 12 % at a CTAB concentration of 0.1 g/L. The surfactant
CTAB will have charged cations on the particle surface and thus the BAM phosphors
would be electrostatically attracted to the cathode. If the concentration is higher than a
certain amount (around 0.08 g/L in this study), the residual CTAB molecules in solution
would be adsorbed on the electrode surface, leading to an increase of overpotential and
the electrochemical reduction of hydrogen on the electrode. This will inhibit the
adsorption and incorporation of particles.
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Figure 4.6 Morphology of Ni-BAM coatings deposited from bath with different CTAB
concentrations: 0, 0.01, 0.02, 0.05, 0.1, 0.2 g/L (Csam =5 g/L, J = 2.5 A dm?, t = 45 min), (f) Area
coverage of BAM in coating plot versus plating time.
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The X-ray patterns of the coatings deposited in solution with various CTAB
concentrations are shown in Fig. 4.7. All the coatings have textures of Ni (111) and (200)
planes, with little intensity at the (220) reflection. With the increase of the concentration
of CTAB, the intensity of the (111) texture enhances while the intensity of the (200)
reflection reduces.

It is widely accepted that, at the initial stage, electrodeposited coatings generally retain
the structure of the base metal (so called epitaxy). The influence of the substrate becomes
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weak with increased deposition time, and then the orientation of electrodeposit structures
is determined more by bath composition and plating conditions. Since the deposition time
for Ni/BAM preparation is 45 minutes and other plating conditions are fixed, the
preferential orientation of crystals in Ni-P/MoS: is considered to be caused by the bath

composition.

In this situation, the change of the preferred crystal orientation can be attributed not only
to the engulfing of particles in the Ni matrix, but also to the inhibition effect of the
adsorbed CTAB on the electrode surface which can slow down propagation steps, occupy
growth sites, and/or modify the activity of emerging structural defects. H* adsorption
takes place preferably on the surface of the particles, hindering the reactivity of other
chemical reductions from Ni ions. In addition, residual CTAB molecules in the bath are
more easily adsorbed on the (200) planes than on the (111) planes due to the higher
adsorption energy, limiting the growth of crystals in the [100] direction. When the
concentration of CTAB is low (0.05 g/L), this effect is not evident as most CTAB is
adsorbed on the surface of the BAM phosphors. As the CTAB concentration increases
over 0.1 g/L, more free CTAB molecules start to adsorb on the surface of deposits and
the crystals along [100] direction are largely forbidden. Thus, the close-packed (111)

plane dominates in the deposits with a high concentration of CTAB.
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Figure 4.7 XRD patterns of the Ni-BAM coatings deposited from bath with various CTAB
concentrations: 0, 0.01, 0.02, 0.05, 0.1, 0.2 g/L. (J = 2.5 A dm?, t = 45 min, no saccharin).
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4.3.5 Saccharin additive

Without saccharin added into the electrolyte, the grain sizes of the coatings are in a range
of a few hundred nanometers to a few microns (Fig. 4.8). When the content of saccharin
in solution is fixed at 2 g/L, as shown in Fig. 4.8(c), the surface became smooth. The SEM
image at high magnification in Fig. 4.8(d) shows very fine crystallites measuring in tens

of nanometres.

The obvious change in morphology proves the crucial effect of the saccharin content on
the growth of the Ni deposits. The additions of saccharin into the Ni, Ni-Fe, and Ni-Co

electrodeposition systems have been found to inhibit the growth of pyramidal crystals,

reduce surface roughness and increase surface brightness [163,164,165,166].

Figure 4.8 SEI image of Ni-BAM coating deposited from a solution (a, b) without saccharin or (c, d)
containing 2 g/L saccharin (Csam =2 g/L, J = 2.5 A dm™, t = 45 min, CTAB= 0.1 g/L).

X-ray diffraction was utilized to study the structure change of the Ni deposits with
saccharin. Fig. 4.9(a) displays the XRD patterns of the Ni/BAM composites deposited
from solutions without saccharine and with 0.2, 1 and 2 g/L saccharine. These patterns

revealed the face-centered cubic (fcc) structure of the electrodeposited Ni. The peaks at
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44< 51<and 76 “belong to the (111), (200) and (220) plane of an fcc structured Ni. All
the Ni composites have a dominating (111) plane parallel to the surface. The peak width
of the Ni/BAM composite becomes much broader as the concentration of saccharine in
the bath is fixed at 1 or 2 g/L, which indicates the decrease in the crystallite size of the
Ni/BAM composite coating. From Eq. 3.1, the mean crystallite sizes were calculated as
23.9nm, 19.5nm, 11.7 nm and 9.2 nm respectively for the Ni/BAM composites deposited

from varied solutions without saccharine and with 0.2, 1 and 2 g/L saccharine.

Saccharin can be absorbed on the surface of the deposit by filling its non-sharing lone
pair of electrons into the 3d orbits of nickel atoms to form coordinate bonds [167]. This
process handicaps the discharge of metal ions from solution and greatly increases the
overpotential of electroplating as the current density is a constant value. As the growth of
the electrodeposited layer consists of both nucleation and crystal growth, there is a
competition between these processes [168]. The high overpotential promotes new nuclei

and limits the growth of crystals.
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Figure 4.9 (a) X-ray diffractions of Ni/BAM coatings deposited under different saccharin
concentration; (b) Relationship between the crystallite size of coating and the concentration of
saccharin in bath.

4.3.6 Deposition time

BSE images of fluorescent Ni coatings with different plating times are shown in Fig.
4.10(a-d). The distribution of phosphors was calculated by field estimation using grey
scale images. The area coverage of phosphor particles in the deposited coatings against
different plating times is presented in Fig. 4.10(e). The area coverage of the phosphors
increases dramatically to 10.0% at 30 min, and then drops down a little. This increase of

BAM phosphors in the coating can be attributed to the increased depth of coating, which
84



CHAPTER 4 THE MONITORING OF COATING HEALTH BY IN-SITU LUMINESENT LAYERS

can accommodate bigger phosphors.
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Figure 4.10 BSE images of luminescent Ni coating after different plating time: (a) 10min, (b) 30
min, (c) 45 min, (d) 60 min (Ceam = 10 g/L, J = 4 A dm™); (e) Area coverage plot versus plating time.

4.3.7 Phosphor concentration

Further research has been carried out to investigate the effect of BAM phosphor
concentrations. As illustrated in Figs. 4.11(a-d), the coverage percentage of BAM

phosphors in the composite coating initially increases as the particle concentration in the
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electrolyte increases. It reaches the maximum value of 15.9% at 5 g/L (Fig. 4.11e).
Afterwards, the area coverage decreases slowly and drops to 10.9% at 10 g/L. This
phenomenon could be explained as follows: At the lower levels of BAM concentration,
the majority of the BAM phosphors are co-deposited with Ni. Over a certain
concentration (5-8 g/L), the BAM phosphors easily aggregate and sedimentation occurs.
The large aggregates are hard to keep at the electrode surface to incorporate into a
growing Ni film. These two factors combined will lead to relatively lower particle

contents in the composite coating over a certain level of BAM particle content.
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Figure 4.11 (a-d) BSE images and (e) coverage measurement of luminescent Ni coatings deposited in
the solutions with different phosphor concentrations as seen in individual pictures (t = 45 min, J =4
A dm?),
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Photoluminescence emission and excitation spectra of BAM:Eu?* BAM powder and Ni-
BAM:Eu?* coating were acquired at Aem= 450 nm and Jex= 330 nm as illustrated in Fig.
4.12(a). The excitation spectrum of BAM consists of a broad band centered at 324 nm
and two shoulders at 270 and 380 nm, which are attributed to the electron transitions from
the ground state 8S72 of Eu?* with 4f ” configuration to (4f ®) 5d of Eu?* [169]. Under
excitation at 330 nm, the BAM exhibits broad-band emission in the range 375-560 nm
with a maximum at 453 nm. This is due to the transition of the Eu?* ion from lowest 5d
excited state to the 4f ground state. The composite nickel coating possesses similar
luminescence spectra to the BMA:Eu?* powder, demonstrating the BAM particle

structure was unchanged after electrodeposition.

Fig. 4.12(b) shows the corresponding photoluminescence spectra of composite coatings
excited at 330 nm. The emission wavelength of Ni/BAM samples was always ca. 452 nm
and the shape of spectra did not shift at a higher loading of BAM phosphors in the
electrolyte. The luminescence intensity of the coating deposited at 5 g/L BAM was 10
times higher than that of the coating deposited at a bath particle loading of 2 g/L. Fig.
12(c) shows that the luminescence intensity of the coating increased at a higher coverage
of BAM in the coating. The fitting curve obeys an exponential relationship between
luminescent intensity and BAM content in the coating: y = 53 + 0.37>exp(0.48>x). The
intensities increased quite slowly at a particle coverage below 12%, but increased rapidly
when the particle coverage reached 14-16% towards the end of the deposition. The slope
of the tangents at the 7.9% and 15.5% BAM in the coatings were 8 and 310 respectively,

with a difference of ca. 39x.
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Figure 4.12 (a) Spectrum comparison between BAM phosphor and Ni-BAM coating; (b)
photoluminescence emission spectra of Ni-BAM coatings deposited in the solutions with different
particle concentrations: 2 g/L, 5 g/L, 8 g/L, 10 g/L (t = 45 min, J = 4 A dm?); (c) intensity of UV
emission vs the coverage of BAM in coating.

4.3.8 Comparison of the effect of surfactants on composite coatings

Electrodeposited coatings were prepared in the basic electrolyte with and without
surfactants. In the absence of surfactants, the coating showed a smooth surface (Fig.
4.13(a)). EDS confirmed it to be pure nickel where BAM phosphors were barely observed.
In the PEG electrolyte bath, an averaged 4.6% area coverage of BAM phosphors were
co-deposited but not uniformly distributed, as shown in Fig. 4.13(b). In the electrolyte
bath with CTAB, the BAM powders were well embedded in the Ni coatings (Fig. 4.13(c))
and its coverage reached 11.5%. In the electrolyte bath with the addition of both
PEG+CTAB surfactants, the deposit consisted of denser phosphors, as shown in Fig.
4.13(d). The area coverage of phosphors averaged 15.6% which is almost the sum of those
from solutions with a single surfactant as shown in Fig. 4.13(e). Fig. 4.13(f) shows the
photoluminescence spectra of composite coatings excited by 330 nm UV light. The
emission wavelength of Ni/BAM samples was ca. 452 nm, which corresponds to the
transition of Eu?" ion from its lowest 5d excited state to the 4f ground state. The
luminescence intensity of the coating deposited with PEG+CTAB addition was 4 times

higher than the coating from a bath containing PEG.
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Figure 4.13 (a-d) SEI images showing embedded BAM in Ni coatings deposited without and with
surfactants PEG, CTAB and combined PEG - CTAB, respectively; (e) area coverage of BAM
phosphors in these coatings; (f) photoluminescence emission spectra of the Ni/BAM coatings

deposited with different surfactants.
Fluorescent microscopy was used to detect the luminescence density of the Ni-BAM
coatings. All fluorescent images were probed with DAPI filter (excitation, 350 nm;
emission, 450 nm). Fig. 4.14(a) shows the BAM phosphors emitting blue in the coating
surface recorded in UV light. In a systematic study, coatings were prepared from
electrolyte with PEG addition (Fig. 4.14(b)) or CTAB and PEG addition (Fig. 4.14(c)).
With the PEG addition, few BAM phosphors were observed scattered within the coating.
Most of the coatings were not able to emit light. With the addition of CTAB and PEG,
large numbers of BAM phosphors are distributed homogeneously as light emitting
sources in the layer. This result confirms that the CTAB is effective in changing the
dispersion of phosphors and enhancing the electrostatic adsorption of phosphors on the

cathode by increasing their positive charge.
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PEG+CTAB

Figure 4.14 (a) Digital image of luminescent coating under 365 nm UV illumination; (b-c)
fluorescence images of Ni-BAM: Eu?" coatings deposited with different surfactants.

Linear sweep voltammetry (LSV) was used to characterize the electrochemical
performance of the electrodes. The test was conducted in three-electrode cell at a linear
potential scan rate of 10 mV s over a potential range of 0 to 1.2 V. Fig. 4.15 shows the
cathodic LSV curves recorded for Ni and Ni-BAM (5 g/L) with and without additives to
the basic solution. It indicates that all the depositions start at a potential of approximately
-0.83 V versus SCE. As the potential becomes more negative than -1.0 V, the current
density rapidly becomes more negative. The addition of BAM phosphors appears to slow
down the rate of current density increase, which can perhaps be attributed to the steric
hindrance of the non-conducting BAM phosphors [170]. At the current of 4 A dm™ used
for the electrodeposition, the potential for the Ni-BAM deposition is -1.2 V. With the PEG
addition, the potential extends to be more negative at -1.3 V. This is believed to be due to
the adsorption of the PEG onto the electrode surface, which then took up some available
sites and made charge transfer unavailable at these sites. More negative overpotential
means lower current efficiencies, as a large current will produce intensive hydrogen

which accordingly affects the coating quality. With the addition of PEG + CTAB, the
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potential moves towards a more positive value at -1.1 V. It is therefore seen that with the

addition of the double additives, the codeposition of Ni and BAM will be more effective.

‘ - - - Ni

‘ Ni/BAM
—— Ni/BAM PEG
Ni/BAM PEG+CTAB

Current density (A dm-z)

1.2 1.0 -0.8 -0.6
Potential (V vs. SCE)

Figure 4.15 LSV profiles of Ni and Ni-BAM electrodeposition (Csam =S g/L) with and without
additives in the basic solution. (Crec =2 g/L, Ccras = 0.1 g/L).

4.3.9 Microhardness and tribological properties

The respective coefficients of friction for Ni and Ni/BAM coatings are recorded in Fig.
4.16(a). The friction coefficient of the pure Ni coating was lowest at an average of 0.55.
The luminescent Ni coatings had an initial friction coefficient of 0.7 during the first 100
s, which was caused by the initially rough surface of the luminescent coating. After this
“running in” process, the coatings with lower BAM coverages (4.6%) show the friction
coefficient dropped down to a steady value of approx. 0.6; the friction coefficient for the
composite coatings with higher BAM coverage (11.5%, 15.6%) remained at ca. 0.7. The
friction coefficient increased at a higher content of BAM phosphors. Although the friction
coefficient for the BAM phosphors is not available, it can be expected that it should be

much higher than Ni.

Fig. 4.16(b) shows the hardness and wear rate (sliding under ambient air) of the composite
coatings as a function of BAM phosphors in the coatings. The hardness of the Ni deposit
was measured in the range of 450 =15 HV. For the Ni luminescent composite coatings,
the hardness values are in the range of 495 to 599 HV. As seen in the HV data in Fig.

4.16(b), they are almost proportional to the embedded particle contents in the coatings,
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i.e. the BAM phosphors reinforce the Ni deposit. The strengthening effect could be
explained in terms of an Orowan hardening mechanism [171], whereby dislocations bow
around BAM phosphors which act as dislocation pinning sites resulting in an increase in
the flow stress. The coating with 15.6% BAM shows the highest value of 599429 HV,
which corresponds to the maximum amount of phosphors observed in the coatings. In
contrast, their wear rates are a negative gradient linear relationship with the BAM
contents in the coatings. The pure Ni coating has a wear rate at 4.8<10* mm?® Nt m?,
whereas the wear rates of the luminescent Ni coatings are lower, ranging from 2.4>10*
to 3.9%10“% mm3 Nt m™. It is evident that the codeposited phosphors improve the wear
resistance of the Ni coating when sliding against the steel ball counterpart. The result is

not unexpected as it is in general a rule that the higher the hardness the lower the wear

rate.
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Figure 4.16 Relationships of coefficient of friction against sliding time for the Ni and Ni/BAM
coatings; (b) wear rate and hardness of Ni/BAM coatings vs the BAM content in coating (t = 45
min, J =4 A dm™).

Fig. 4.17(a-d) show the wear tracks of the Ni coatings consisting of 0%, 4.6%, and 15.6%
BAM phosphors, respectively. Non-continuous patches in dark contrast were observed

within all three wear tracks. Noticeably, the 11.5% BAM coating contains lots of

uniformly distributed small patches, which were formed on the top of the BAM phosphors.

A comparison of their composition in Fig. 4.17(e) shows that there is the highest content
of iron and oxygen in the Ni/BAM 11.5% coating, suggesting the steel ball was oxidising

and transferring material to the counterpart.
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(e) Element
(Wt%) Ni 4.6 % BAM 15.6 %BAM
OK 8.9 10.5 14.8
Ni K 87.6 87.0 63.2
Fe K 3.5 25 22.0
AlK - - 05

Figure 4.17 SEI images of wear tracks on different coatings (a) Ni, (b)Ni/BAM 4.6%, (c,d) Ni/BAM
15.6%; (e) EDS comparison of the whole wear track in Ni, 4.6% and 15.6% Ni-BAM coating.
Fig. 4.18(a-c) show the morphologies of the wear tracks on counterpart balls after the
friction test. The counterpart ball displays a smaller wear track after sliding against
Ni/BAM composite coatings than sliding against the Ni coating. This may be related to
the increased hardness in the composite coating, which can reduce the wear of coating.
Fig. 4.18(d) shows the composition of the wear tracks on counterpart balls. Higher nickel
and oxygen levels were found on the counterpart ball after sliding against the coating with

higher BAM content.
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Figure 4.18 Morphologies of the counterpart balls after 1500 s friction test against (a) Ni, (b)
Ni/BAM 4.6% and (c) Ni/BAM 15.6% coatings; (d) EDS comparison of the wear track in these
counterpart balls.

4.3.10 Corrosion resistance of the Ni/BAM coating

The polarization curves of the steel substrate, Ni coating and Ni-BAM (5 g/L) coating are
illustrated in Fig. 4.19. The electrochemical parameters such as corrosion potential (Ecorr)
and corrosion current (Jecorr) Were collected using the Tafel extrapolation method [172]
and listed in Table 4.3. The steel substrate shows the most negative corrosion potential
(Ecorr) Of -701 mV, with a high corrosion current density (Jcorr) of 3.89%10° A cm™. The
potentiodynamic curve shapes of the Ni-BAM and pure Ni coating are similar with active
oxidation reaction at the anode and oxygen reduction at the cathode. Due to the positive
shift of the polarization curves, there should be no defects present in the tested coating
samples [173]. The Ni-BAM composite coating displays a more positive Ecorr 0f -460 mV
and lower Jeorr 0f 5.79%10°® A cm2 than the Ni coatings of -485 mV, -4.93x10° A cm™.

The corrosion rate is in direct proportion to the corrosion current density. The relation

between them follows this relationship:

v =373 X107 X J o X (M/0)  (4.1)
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where v = corrosion rate (g cm?s™?), J = corrosion current density (A cm™2), M = molar
mass (g mol™), n = number of electrons involved in the electrochemical reaction. The
corrosion current density of the Ni/BAM coating is much smaller than the Ni coating,

consequently, the corrosion rate is slower and the corrosion resistance is stronger.

The improved corrosion resistance of the Ni-BAM coating was correlated with the
presence of the inert BAM phosphors. The phosphors could improve the corrosion
resistance in the two following ways [174,175]. Firstly, the phosphors fill some areas of
the Ni matrix, forming inert barriers and blocking the initiation and progression of
corrosion. Secondly, the dispersed BAM phosphors and the nickel matrix could form
many “corrosion microcells”. Nickel metal acts as the anode, while the phosphors act as
the cathode in “corrosion micro-cells”, as the standard potential of the BAM phosphors
Is more positive than that of nickel. Such corrosion micro-cells will aggravate the anode
polarization. With a uniform distribution of BAM phosphors in the coating, homogeneous
corrosion rather than localized corrosion dominates. Thus, the Ni-BAM coating appears

to provide adequate protection to the substrate [176].
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Figure 4.19 Polarization curves of substrate, Ni coating and the luminescent Ni coating (curve 1:
steel substrate, curve 2: pure Ni coating, curve 3: Ni-BAM coating).
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Table 4.3 Corrosion potential (Ecr) and corrosion current (Jeor) for Substrate, Ni coating, Ni-
BAM:Eu?* coating in NaCl solution.

Substrate Ni coating Ni-BAM:Eu*
Ecorr (mV) -701 -485 -460
Jeorr (A cm™) 3.89x107 4.93x10°? 5.79x10°®

4.4 Discussion

4.4.1 Working mechanism of CTAB and PEG on the electrodeposition of
Ni/BAM

As indicated in Fig. 4.13, the surfactants are crucial to deposit satisfactory ceramic-metal
composite coatings: with the addition of PEG, CTAB and PEG+CTAB, the area
coverages of the embedded BAM phosphors have increased from nil without surfactant
t0 4.6%, 11.5% and 15.6%, respectively.

As an inert particle in a bath grows into the deposit this involves convection, diffusion
and then adsorption and reduction at the electrode surface, before particles can be
embedded in the metal [41, 177, 178]. When the adhesion force is strong enough to resist
the shear force caused by gravity, particles begin to incorporate into the growing metal
layer. For micron size (>1 pum) particles with a high density (> 3.2 g cm™) as in this study,
the gravity force is larger than the sum of other forces. Therefore, the majority of the
particles can’t stick on the electrode surface and no effective incorporation of particles
can occur (Fig. 4.20a). Without surfactant, the particles tend to settle out at the bottom of
the electrolyte.
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Figure 4.20 Schematic illustration of the codeposition process of particles in electrolyte with a) no
surfactant, b) PEG or ¢) CTAB.

PEG (Mn=6000) is a non-ionic surfactant with a long chain structure H-(O-CH2-CHz2)136-
OH. With such a structure PEG is hydrophilic in water (H-OH). In the electrolyte solution,
The OH" of PEG will migrate into the BAM particles and H* toward water (Fig. 4.20b).
The adsorbed PEG layer can provide steric separation and its hydrophobicity can inhibit
the particles from merging into larger aggregates, so less sedimentation was expected.
With the applied potential, the hydrogen-bond of PEG will be attracted strongly by
existing electrons in the cathode. The electronic force will hold the particles on the

electrode surface longer and enhances the incorporation of particles into the metal matrix.

The CTAB molecule, (Cis6H3s3)N(CHz3)3Br, is a long chain cationic surfactant. It consists

of a hydrophobic tail and a non-charged hydrophilic head (as shown in Fig. 4.20c): the
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former part preferentially adsorbs on particles, whereas the latter part avoids particles
[179,180]. This electrostatic repulsion helps to produce a stable dispersion in the
electrolyte. As a cationic surfactant, CTAB can not only improve the stability of particle
suspension but also charge the non-conductive particles positively via electrostatic
adsorption [181]. Therefore, the cationic particles will be attracted strongly to the cathode
surface under the applied potential. This helps explain why the particle area coverage
with CTAB was 6.9% higher than that with PEG.

With the addition of both PEG and CTAB, the area coverage of BAM particles was 15.6%
which is almost the sum of the separate surfactant effects. It indicates that both effects of
CTAB and PEG work on the particle surface, so the embedded ceramic particles could be
maximised by (1) the suspension enhanced by PEG and (2) the increase of the adhesion

force between the cationic particles and the cathode by CTAB.

The non-ionic surfactant PEG and the cationic surfactant CTAB have different effects on
the electrodeposition reaction, as indicated in the LSV curves of Fig. 4.15. The adsorption
of the PEG onto the electrode surface took up some available sites and made charge
transfer unavailable at these sites [170] which caused the resistance to increase as well as
the overpotential. A highly negative overpotential usually results in intensive hydrogen
evolution which may block the deposition of particles and Ni ions. The situation is quite
different for CTAB, as it is a redox-active cationic surfactant. If the applied deposition
potential becomes more negative than its reduction potential, the CTAB molecule (with
or without BAM connected) on the electrode will be reduced and CTAB in the solution
will diffuse toward the cathode surface, which compensates the curve shift in Fig. 4.15.
As a consequence, it is more effective on the deposition of particles and a higher

percentage of BAM can be achieved during the composite electrodeposition process.

With the addition of two surfactants, the LSV of Ni/BAM electrodeposition is similar to
that from a bath containing CTAB in Fig. 4.15. This may indicate that the individual
particle is covered by a mixture of CTAB and PEG. It also explains why the particle area
coverage is almost the sum of those by individual CTAB and PEG additions. The
anionic/non-ionic surfactant combination has been reported to improve the embedment
of particles in other composite plating systems such as Ni/PTFE (polytetrafluoroethylene
polymer composite), Ni-P/PTFE or Ni-TiO2-Si0O2[182,183,184].

98



CHAPTER 4 THE MONITORING OF COATING HEALTH BY IN-SITU LUMINESENT LAYERS

4.4.2 Effect of saccharin on grain refinement

As illustrated in Fig. 4.9, the crystallite size of the coating was easily controlled within a
certain range by varying the saccharin concentration. In electrodeposition, three important
factors are considered to reduce the crystallite size: (1) high overpotential or high current
density, (2) high concentration of adsorbed ions, and (3) slow flow of adsorbed ions.
These factors may work separately or simultaneously to promote the formation of
nucleation or dislocation and therefore reduce crystallite size [185].

Saccharin (C7HsNOsS), a typical hardening additive, is an aromatic compound containing

unsaturated sulfanilamide base. The formula structure is as follows:

NH

S0

In saccharin molecules, the lone-pair electrons on the oxygen atom could easily fill the
3d orbitals of the nickel atoms, forming a stable coordination with it. Hence, during
electrodeposition, there is a strong interaction between the surface atoms of Ni deposits
and the saccharin additives. Due to the large size of the coordination compound, the
surface migration of the metal ions on the electrode are largely suppressed, which
provokes disorder incorporation of adsorbed atoms (ad-atoms) into the lattice or inhibits
the surface diffusion of ad-atoms to growing centres [186]. In the meantime, a
significant increase of electrode overpotential occurs, which will cause a rapid formation
of a large number of new crystal nucleus. The result of the combined effect of the two

processes is that the crystallite size of deposits has been dramatically reduced.

The deposits produced with the addition of saccharin in solution usually exhibit higher

tensile strength, higher hardness, and relatively lower ductility.
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4.4.3 Applications

Two types of luminescent coatings in Fig. 4.1 have been successfully prepared. Fig. 4.21
exhibits the cross section view and the corresponding worn surface under UV. For the top
layer with the embedded phosphors as illustrated in Fig. 4.21(a), the worn through area
on the coating did not show any light emission while the surrounding area showed clear
blue-light emission (Fig. 4.21(b)). For the phosphors embedded in the interlayer (Fig.
4.21(c)), the illumination in the worn through surface is the opposite (Fig. 4.21(d)). These
layers can be extended further to produce multiple colour layers including red green and
blue for functional coatings.

Substrate
(a)

Figure 4.21 (a, b) cross-sectional SEI image of Ni/BAM coating and the luminescent image of the
coating wear under UV illumination; (c,d) cross-sectional SEI image of the two-layer coating system
and the plan-view luminescent image of coating wear under UV illumination.

Luminescent material embedded in a Ni coating or attached into a composite structure
could act as a real-time damage sensor. When the damage/fracture occurs in the host
composite, it will result in a light emission under UV illumination. It is worthwhile to

identify the specific characteristics of the Ni luminescent coating and its ability to become
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a successful optical damage sensor. The main characteristics are characterised and listed

as follows:

(1) The luminescent Ni coating exhibits blue colour under UV, with sufficient intensity to
be easily observed with naked eye. Fig. 4.21 shows that the light signal from the point of

fracture to the detector is strong enough to be detected.

(2) The luminescent coating may work independently or in a multilayer structure. The
huge advantage of a fully embedded structural health-monitoring system is that one could

discern the structural state of health with only a minor weight increase.

(3) For the double layer system, the sensor layer could sense the nature and magnitude of
structural damage as the damage occurs in real time and send out information on the level

of damage.

4.5 Summary

Composite luminescent coatings - BaMgAli1017:Eu®" doped Ni coatings have been
successfully prepared in an aqueous nickel plating electrolyte, key findings are

highlighted as follows:

1. The non-ionic PEG and cationic CTAB surfactants have incorporated BAM
phosphors into the nickel coatings using an aqueous nickel plating electrolyte, with
area coverages of 4.6% and 11.5%, respectively. The PEG suspends the phosphors in
the bath by adsorbing on its surface and increasing steric hindrance. The cationic
surfactant CTAB shows a higher impact on the incorporation of particles as it can
change the net charge on particles and increases the migration force to the cathode.
A combination of CTAB+PEG improved further on the area coverage of BAM
phosphors to be 15.6%.

2. The crystallite size of coating was well controlled from 23 nm to 9 nm by varying
the concentration of saccharin, which was thought to increase electrode overpotential,

speed up the nucleation of Ni crystallites and retard their growth.
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3. Ni/BAM coating shows successfully a distinct blue colour under UV illumination,
which can be applied as either top layer or underlayer for the monitoring of wear

progress.

4. The as-deposited coatings possess a highest hardness of 599 HV and a lowest wear
rate of 2.4x10™* mm? N"'m™ which is half that of pure Ni coatings. The luminescent
coating also displays better anti-corrosion properties than pure Ni coating. These

factors prove the possibility of using such coatings in wear sensing applications.
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Chapter 5 Development of Ni-P/MoS: composite coatings by

electrodeposition

5.1 Introduction

MoS2/metal coatings usually exhibit exceptional low friction and high wear resistance
properties. However, they are difficult to electrodeposit onto steel due to uncertainty
around how to optimise composite electrodeposition, especially for the codeposition of
semiconductive particles like MoSz. Such particles will influence the distribution of the
electric field on the electrode, which may cause pores and high internal stress in the
coating. In this chapter, an attempt has been made to electrodeposit Ni-P/MoS: coatings
on mild steel by optimizing current density, the concentration of additives (CTAB), and
particle concentration. Additionally, coating structure, surface roughness and MoS2

content were characterized and evaluated.

5.2 Experimental details

The coatings were deposited on a mild steel substrate which was polished using 120 and
800 grit silicon carbide paper, washed with detergents to remove oil residue, dried with
paper towels and afterwards activated in 10% hydrochloric acid for 10 seconds to remove
any oxide films and to obtain an active fresh surface. Finally, the substrate was rinsed
with distilled water before the electrodeposition process was started. These steps ensured
a good adhesion between the coating and substrate.

The electrolyte solution with the composition is listed in Table 5.1. Nickel sulphate
hexahydrate and sodium hypophosphite were included to supply nickel ions and
phosphorous ions respectively for the coating deposition on the cathode. Boric acid was
used as a pH buffer, and CTAB as the surfactant was used to aid particle deposition.

Molybdenum disulphide as solid lubricant was used with particles 0.5-2 um in diameter.
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All ingredients are added one by one to be dissolved by magnetic stirring and ultrasonic
mixing. The solution in the beaker was heated by a water bath with a controlled

temperature of 60 °C and stirred at approximately 120 rpm.

Table 5.1 Electrolyte composition for the electro-deposition of Ni-P/MoS: coating.

Chemical compound Concentration (g/L) Sourced from
NiSO4:6H20 220 Sigma-Aldrich
H3BOs3 30 Sigma-Aldrich
NaH2PO2 10 Sigma-Aldrich
NiCl2:6H20 45 Sigma-Aldrich
HOC(COOH)(CH2COO0H)2 12 Sigma-Aldrich
CTAB 0.1/0.2/0.3/0.5 Sigma-Aldrich

MoS> 1/3/7/10/20 ST-Nano

Science&Technology
5.3 Results

5.3.1 Morphology and microstructure

The as-received MoS: particles were examined using both SEM and TEM. The SEM
image in Fig 5.1(a) shows that the as-received MoS: lubricants are randomly shaped
flake-like particles, with a diameter from 1 to 4 um. Fringes can be seen in the HRTEM
image, exhibiting a spacing of 0.63 nm which is in accordance with the

interlayer distance of the (002) plane of MoS2. The Fourier transform of this image

indicates the particle is polycrystalline.
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Figure 5.1 (a, b) SEI images and (c) TEM image of as-received MoS: particle; the inset image is the
Fourier transform of the TEM image.

The Ni-P/MoS: coating was electrodeposited for 45 minutes from a solution with 1 g/L

MoS:z. Under SEM, Ni-P coating displays a relatively smooth surface. In contrast, the Ni-

P/MoS:2 composite coating shows a rough surface decorated with nodules. The high-

magnification image shows numerous small MoS: particles on the surface. The thickness

of the coating is around 25 microns (Fig. 5.2(d)).

Figure 5.2 (a) SEI image of Ni-P coating; (b) (c) plain view and (d) cross-sectional view SEI images
of the Ni-P/MoS: coating deposited from electrolyte with 1 g/L. MoS:.
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The XRD patterns of the prepared Ni-P/MoS: coating display a broad peak of Ni (111) at
45°, as can be seen in Fig. 5.3. By analyzing this peak with the Scherrer Equation, the
crystallite size is found be 1.8 nm. This deposit appears to have an amorphous or
nanocrystalline structure as amorphous materials still have some short-range order. The
remaining peaks at 14°, 32°, 33°, 36°, 39°, 50°, 58° and 60° are in accordance with the
standard peaks of the MoS: (JCPDS Card number 00-024-0513), and the average
crystallite size is calculated to be 70 nm by applying the Scherrer equation to the (002)
peak.

(002)

-
5
3 Ni-P/MoS
s Ni (111) :
P (103)
‘© (100)
c (101) (105)  (110)
] (102) (112)
= ot
As-received MoS,
_J\_____._AA_AM AN

10 20 30 40 50 60 70 80
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Figure 5.3 X-ray diffraction patterns of as-received MoS: particles and Ni-P/MoS: composite
coating (J = 2.5 A dm%, Cmos2= 10 g/L).

5.3.2 MoS: on the growth of coating

As shown in Fig. 5.2, the pure Ni-P coating has a relatively flat surface while the surface
of the Ni-P/MoS2 composite coating is very coarse. Thus, it is worthwhile to study the
effect of MoS: on the growth of the coating by examining the composition of the nodule

protrusion and base area using EDS.

In Fig. 5.4, spectrum 1 was taken from the dome of the nodule cluster and spectrum 2 was
taken from the surrounding flat area. The quantities of Ni, P, Mo and S in these areas
were compared. It is clear from the results that there is significantly more molybdenum
and sulphur present within the dome than the surrounding area (nearly zero), implying

that the MoS: particles sparked the growth of the nodule from the relatively flat Ni-P
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coating base. This is because Ni atoms are more easily deposited on the top of the
adsorbed MoS: particles.

Spectrum 1 Spectrum 2

Element Weight |Element Weight %

Ni 87.6 H.1 Ni 95.1#4.2

P 8.8 40.7 P 45 4.6
Mo 2546 | Mo 0

S 1144 S 04 #.3

Figure 5.4 (a-b) Plane view SEI images of Ni-P/MoS: 1 g/L coating; (c) EDS analysis of the nodule
and base area in the sample.

5.3.3 Current density

Applied current density greatly affects the structures of composite coatings, including the
size, shape and distribution of the deposit. This effect is more significant for a composite
electrodeposition bath containing conductive particles like metal particles or
semiconductive particles like MoS2 than composite coatings with inert particles like SiC,
as the former two could greatly change the electric field distribution on the electrode

surface under high current density [187].

Fig. 5.5 shows that the coating surface contains a network of cracks when the applied
current density is 5 A dm™, becoming wider as the current density increases to 7 A dm™.
This is attributed to the generated internal stress during Ni-P/MoS: electrodeposition,

exceeding the fracture strength of the deposit. Paseka et al. reported that the internal stress
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of Ni-P became higher with increasing current density as the further absorption of
hydrogen occurred [188]. In our experiments, the maximum current density for producing
a coating without cracks is 2.5 A dm™. This result is in line with previous reports that the
current density of 3 A dm™ produces the minimum internal stress in the Ni-P/SiC deposits

and higher current density results in cracks above 4 A dm?[189].

The P content was obtained by doing EDS examination across the whole area shown in
Fig. 5.5. It can be seen from Fig. 5.6 that the phosphorus content in the deposit decreases
as the current density increases. P cannot be deposited alone but only by codeposition
with iron-group metals, so the reduction speed of phosphorus ions is much slower than
that of nickel ions especially at high current density. It has been stated that during Ni-P
electrodeposition pure phosphorous can be generated through the following indirect
mechanism: (1) H2PO2» +2H" +e— P + 2H20; (2) Ni** +2e— Ni; (3) 2H' +2¢— Ha
[190].

Fig. 5.5 (a-d) SEI images of Ni-P/MoS: coatings obtained in the same solution under different
current densities as indicated in individual picture (Cmos2= 10 g/L, t = 45 min, Cctap= 0.1 g/L).
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Figure 5.6 Weight percentage of phosphorus in the coating examined by EDS vs. applied current
density for electrodeposition.

5.3.4 CTAB concentration

Fig. 5.7 shows SEM images for the composite coatings deposited in the baths with
different CTAB concentrations (0.1, 0.2, 0.3 and 0.5 g/L). The composite coatings
deposited at 0.1 or 0.2 g/L exhibit relatively flat surfaces with few pores. More holes
could be observed by SEM in coatings deposited at 0.3 g/L. At 0.5 g/L CTAB
concentration, the coating has large pores as well as nodules. This coating is partially

delaminated from the substrate owing to its highly porous structure.

Fig. 5.8(a) shows the content of MoS: particles incorporated into the coatings as a
function of the concentration of CTAB in the bath. The incorporated MoS:2 content
initially increases with the CTAB concentration and reaches a maximum of 11.8 wt% at
a concentration of 0.3 g/L. However, a further increase of surfactants resulted in a sharp
decrease of particle content in the composite coating. This phenomenon can be explained
as follows: at first, all the surfactant will cover the MoS:z particles. At a certain point, the
plating bath becomes saturated with the surfactant so that all MoS: particles are fully
surrounded by surfactant molecules. Once the surfactant concentration exceeds this level,
the CTAB will start to adhere on the cathode and hence hinder the codeposition process
of Ni** and MoS:, i.e. slowdown the coating rate. In addition, as the MoS: particles are
much larger than that of Ni?*, the diffusion of MoS: particles from solution towards the
cathode will be more suppressed than that of Ni** which leads to very few MoS: particles

being embedded in the electrodeposited Ni-P matrix.
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The phosphorous content remains unchanged as the concentration of surfactant in bath
increases from 0.1 g/L to 0.3 g¢/L, as illustrated in Fig. 5.8(b). However, when the
surfactant reaches 0.5g/L, the P content in the coating drops considerably. This is also
related to the hindrance effect of CTAB on the deposition process after the saturate
concentration is reached, producing large amounts of hydrogen and changing the pH
value near the electrode surface. As the complex reaction of H2PO2" to P occurs just in a

limited pH range around 4, the content of electrodeposited P decreases a lot.

Figure 5.7 (a-d) SEI images of Ni-P/MoS: coatings deposited from solutions with different CTAB
concentrations (as indicated in individual picture) (Cmos2 = 10 g/L, t = 45 min, J = 2.5 A dm™).
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Figure 5.8 Weight percentage of (a) MoS: and (b) phosphorus in the coating vs. the CTAB
concentration in bath.

5.3.5 Particle concentration

It is widely thought that very rough coatings cannot withstand high load pressures and
hence will wear out fast during friction service conditions. A systematic study of coating
parameters has therefore been carried out to reduce the surface roughness, including

adjustment of current density, CTAB and particle concentration.

The concentration of the MoS:> in the electroplating bath was found to have the most
significant impact on the coating roughness and the content of incorporated particles in
the coating. The coating morphologies of coatings deposited at different particle
concentrations are shown in Fig. 5.9 (a, c, e, g, 1). The composite coatings deposited with
up to 3 g/L of MoS: exhibit rough surfaces with some high nodules. Further increase of

the MoS:2 concentration in the electrolyte leads to refinement in the microstructure.

The 3D surface reconstructions with a pixel size of 0.2 um are shown in Fig. 5.9 (b, d, f,
h, and j). The red/pink colours represent the large peaks and troughs, which can be seen
clearly on the particle concentrations of both 1 to 3 g/L. Further increase of particle
concentration shows a small colour contrast, suggesting a nearly flat surface. However,
electrolyte viscidity and serious coacervation of the particles are increased when the
particle concentration reaches 20 g/L in the electrolyte, which is unfavorable to achieve

further refinement in the structure.
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Figure 5.9 (a, ¢, e, g, i) SEI images and (b, d, f, h, j) 3D surface reconstructions of the Ni-P/MoS:
composite coatings obtained in the solution with different MoS: concentrations as indicated
separately in figures (Ccrap= 0.1 g/L, t = 45 min, J = 2.5 A dm2).

Surface area roughness (Sa) of composite coatings was also measured using MeX
software and listed in Fig. 5.10. The roughness value increases as the concentration of
MoS: increases from 1 to 3 g/L in the plating baths, because the sites of the particle
clusters will be increased on the cathode and disturb the uniform current distribution on
the solution/cathode interface. Ni-P is preferably deposited on the top of these particles,
creating more and more nodules, hence the larger Sa value. Once the concentration is high
enough, as it is at 7 g/L, the nodules induced by a large number of particles will collide
with each other at the early stage of deposition to form a new flat platform rather than

growing up. Thus, the roughness is reduced.
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Figure 5.10 Relationship between surface area roughness (Sa) and MoS: concentration in solution at
a current density of 2.5 A dm2 (Cctas = 0.1 g/L, t = 45 min).

The embedded MoS: particles appear as a greyer colour in a BSE image. Observations of

the cross-sectional BSE images of Ni-P/MoS2 composite coatings (Fig. 5.11) confirm that
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the content of the MoS: particles in the composite coatings increased substantially as the
particle loading in the plating solution increases from 1 to 10 g/L but was almost
unchanged with a further increase of the particle concentration to 20 g/L. Moreover, the
agglomeration of MoS2 particles is clearly seen in the Ni-P/MoS2 20 g/L composite
coating. The elongated particles are attributed to the deformation of MoS2 during the

polishing process.
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Figure 5.11 (a-e) Cross-sectional BSE images of Ni-P/MoS: coatings obtained in the solutions with
different MoS: concentrations as indicated in individual picture (Cctas= 0.1 g/L, t = 45 min).
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Fig. 5.12(a) shows the content of incorporated particles in the deposits versus the
concentration of particles in the bath. Upon increasing the amount of particles dispersed
in the bath to 10 g/L, the fraction of incorporated particles greatly increases from 1.2 wt%
to 7.9 wt%. These results could be explained by Guglielmi’s two-step adsorption model
where a higher particle concentration in the plating bath increases the adsorption of
particles, thus resulting in a higher incorporation percentage [191]. However, no obvious
change can be found for the particle content in deposits when the particle concentration
in the bath goes up to 20 g/L, as aggregation phenomena may be present in the bath at
over saturation concentration. It has been suggested that the maximum concentration of
suspended particles in the electroplating solution is limited by the content of surfactant
[192]. Fig. 5.12(b) shows a gradual decrease in the content of phosphorous in the coatings
as the particle concentration in the bath increases, which is partly associated with the
increasing weight percentage of incorporated particles in the coating. On the other hand,
the increasing presence of MoS: particles will restrict phosphorus production due to

enhanced adsorption of H" on the surface of particles [193].
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Figure 5.12 Weight percentage of MoS: (a) and phosphorus (b) in the coating vs. the particle
concentration in bath.
The XRD patterns of the Ni-P/MoS: coatings are illustrated in Fig. 5.13. A broad peak
around 45<appears for all coatings, which is attributed to (111) of the Ni phase. A small
Ni (220) peak at 76<existed in the Ni-P coating but disappeared for the Ni-P/MoS2
coatings. The predominant (111) plane in all deposits was associated with low surface
energy during electrodeposition [194].

The crystallite size of the Ni-P phase was estimated by applying the Scherrer equation to

the diffraction line of Ni (111) and the broad maximum of amorphous-like phase. The
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calculated crystallite size is 2.7 nm for Ni-P coating. Comparably, the crystallite size
decreases to 1.8 nm for the coatings with MoS: addition regardless of MoS:z concentration.
The refinement is ascribed to the adsorption of nanoparticles on the cathode which act as
nucleation sites for Ni deposition and increase the nucleation rate of Ni [195,196]. On the
other hand, the particles increase the charge-transfer resistance of electroplating processes
and therefore cause higher cathodic potential which is preferred in crystalline refinement.
The peaks located at 14< 33< 36< 39<and 50 <are consistent with the standard peaks of
the hexagonal MoS2 (JCPDS Card number 00-024-0513). Clearly, higher contents of
MoS: particles were indicated where the stronger XRD peaks appeared.
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Figure 5.13 X-ray diffraction patterns of Ni-P and different Ni-P/MoS: coatings obtained in the
solution with different MoS: concentrations.

5.3.6 Microhardness test

The Vickers hardness test was conducted using a diamond tip micro-indenter and the
hardness value was calculated from indentation using the relevant formula specified in
the experimental methodology. However, due to the rough surface of the samples, it was
hard to get defined indentation marks. Thus indentation was carried out on the cross-
section of the coatings to acquire the hardness data accurately. As shown in Fig. 5.14, all
Ni-P/MoS:2 coatings possess improved hardness in a range of 605 to 627 HV compared
to the Ni-P coating at 530 =60 HV. The hardness increase of the composite coating is
attributed to the decreased crystallize sizes from 2.7 nm to 1.8 nm (Fig. 5.10) as the
increase in grain boundary area could reduce dislocation mobility [171,197]. However,
there is no obvious change of hardness among the different Ni-P/MoSz composite

coatings.
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Figure 5.14 Relationship between Vickers hardness and MoS: particle content in coating.

5.3.7 Heat treatment

The evolution of the X-ray diffractograms with the annealing temperature for Ni-P/MoS:
sample is illustrated in Fig. 5.15. After heat treatment at 300<C the sample presents
similar X-ray diffraction patterns to the as-deposited case although with higher intensity
and narrower peak width. This indicates the crystal growth of the Ni crystallites. NisP
phases appeared during the one hour of annealing at 400<C [198]. The further heat
treatment at 500 <C resulted in narrower XRD peaks for Ni-P and NisP, indicating the
increase of crystallite size. No obvious change can be found in the NisP phase when the
sample was annealed at 600 <C, however, the oxide NiO with peaks at 38< 43<and 62.5°
appeared in the XRD diffractogram. The results are in close agreement with those
obtained for electrodeposited Ni-P and sputtered Ni-Cr-P-coated samples
[196,199,200,201].

The crystallite size was calculated from the XRD peak at 44.5° using the Scherrer
equation. Fig. 5.16 shows that the crystallite size of the Ni phase increases significantly
after heat treatment. The initial coating has a very small crystallite size of 2.0 nm, which
was increased to 12 nm, 29 nm, and 59 nm respectively after heat treatment at 300 C,
400<C and 500<C. The average crystallite size didn’t increase further after heat treatment
at 600C.
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Figure 5.15 X-ray diffraction patterns of Ni-P/MoS: coating after 1 h heat treatment in air at
different temperatures: 300 °C, 400 °C, 500 °C, 600 °C.
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Figure 5.16 Change of the crystallite size of coating after 1 h heat treatment at different
temperatures: 300 °C, 400 °C, 500 °C, 600 °C.

The annealing temperature also has a prominent effect on the hardness of the Ni-P/MoS2
composite coatings. As can be observed in Fig. 5.17, heat treatment at 200<C doesn’t
cause noticeable variation in hardness. There is a rapid increase of hardness from
annealing at 300<C due to the precipitation of NisP based on the XRD results. Heat
treatment at 400 <C leads to the maximum Vickers microhardness at 1150 £120 HV. This
improvement is attributed to the formation of the NisP crystals, which are widely
distributed and induce precipitation hardening [202]. The precipitation hardening has also
been reported in the literature such as Ni-P/WCz, Ni-P/SiC2 [203,204,205]. The hardness
starts to decrease when heat-treated at 500 <C as NisP crystals grow. After annealing the
coating at 600<C, the surface oxidation phenomena, verified by EDS and XRD analysis,

led to a small drop of Vickers microhardness due to the formation of Ni oxide.
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Figure 5.17 Change of the microhardness of the Ni-P/MoS: coatings as a function of annealing
temperature.

5.4 Discussion

5.4.1 Effect of particles on the growth of the coating

In Section 5.3.2, it has been argued that the MoS: particles enhance the growth of nodules
from the metal matrix, resulting in a rough surface. It is important to elucidate further the
electrodeposition mechanism of the Ni-P/MoS2 composite coatings.

It is well known that, during metal or alloy electrodeposition, the distribution of current
over the smooth surface of electrodes is uniform, thereby all the metal ions moving in the
electrolytic solution are subject to the same effect of the Coulomb force E*q: (E represents
the electric field, gt represents the charge of ions) [206, 207]. The deposition rate remains
constant at the different sites on the substrate, therefore a homogenous coating is expected
to be produced. However, the situation was different for composite electrodeposition of
Ni-P/MoS2. The change is directly related to the non-uniform distribution of current on
the electrode surface with adsorbed particles. When conductive or semi-conductive
particles were added into the electrolytic solution, the electrolytic current concentrated in
the vicinity of particles on the cathode (bigger E) as illustrated in Fig. 5.18. In
consequence, the ions in solution move at higher velocity v towards these tip points due
to the bigger Coulomb force E*qt, speeding up the crystal growth at these locations and
creating many deposit protrusions on the surface. This mechanism fits the Ni-P/MoS:
electrodeposition system quite well. As a result, a rough surface was obtained for the Ni-
P/MoS: coating while the Ni-P displayed a flat surface.
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Electrodeposition layer

Figure 5.18 Schematic showing current distribution on the electrode in composite electrodeposition.

5.4.2 Mo$S; content in the Ni-P/MoS; composites

MoS: in the Ni-P/MoS2 composites plays a critical role in improving the properties of the
composite coating. Therefore, it is worthwhile to investigate the factors influencing the
incorporation percentages (wt%) of MoS: particles in Ni-P, including the CTAB additive
and MoS; particle concentration. CTAB is advantageous to the codeposition of MoSa.
Wang [19] has proposed that positive ions in CTAB tend to be absorbed on the MoS:2
particle surface causing electrostatic attraction to the cathode. Similar results are found in
the Ni-P/MoS: electrodeposition system. Without CTAB, MoS: particles are scarcely
embedded into the Ni-P coating. The content of MoS:z in the coating increases as the

amount of CTAB in solution increases.

The MoS:2 content in the coating is also related with the MoS:z concentration in the bath.
According to the Gugliemi’s two step adsorption model [191], the codeposition particle
will go through two consecutive adsorption stages: In the first step, particles reaching the
electrode surface are loosely attached, and are covered by adsorbed ions and solvent
molecules on the electrode surface. During the second step, the particles become strongly
adsorbed onto the electrode due to the applied electrical field, and are incorporated into
the growing metal coating. This first loose adsorption step is easily influenced by the
particle concentration in the bulk electrolyte. The EDS results in Fig 5.12 clearly illustrate
that the content of MoS: particles in the coating increases substantially as the particle
concentration in the bath increases from 1 to 10 g/L in good agreement with this model.
A similar result was also observed by Wu et al. for Co-Ni/Al203[208]. No obvious change

was found for the MoS: content in the coating with further increases in the MoS: solution
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concentration to 20 g/L, which could be attributed to the particles’ saturation adsorbed on

the cathode surface.

5.5 Summary

» Ni-P/MoS:2 composite coating has been successfully produced by direct current
electrodeposition from an aqueous bath. Due to the semi-conductor nature of the
MoS: particles, the as-deposited coating shows a markedly rough surface with
many nodule protrusions. XRD results reveal that the composite coating has an

amorphous or nanocrystalline structure.

» The current density used in the electrodeposition process should be lower than 5
A dm?, otherwise cracks will form in the coating because of the high internal

stress caused by a high current.

» During the electrodeposition, the number of particles incorporated into coatings
mainly depend on the concentrations of surfactant and particle loading in the bath.
The addition of CTAB is effective to incorporate particles into the coating,
however, a higher CTAB concentration over 0.2 g/L resulted in a porous structure.
As the MoS:2 concentration in bath increases, the particle content in the
electrodeposited coating first increased rapidly and then remained constant (ca.
7.5wWt% MoSz) for the bath of MoS2 concentration exceeding 10 g/L.

» The Ni-P/MoS2 composite coatings show higher hardness than the substrate and
the Ni-P coating, ranging from 605 HV to 627 HV. The variation of the MoS2
content in composite coatings doesn’t exhibit an obvious direct effect on the
hardness of Ni-P/MoSz. Heat treatment results in a significant improvement in
hardness. The hardness reached as high as 1150 HV after calcination at 400 <€ for

1 hour, which was attributed to the precipitation hardening from NisP.
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Chapter 6 Friction and wear properties of the

electrodeposited Ni-P/MoS: coatings

6.1 Introduction

MoS: solid lubricant has been successfully electrodeposited with Ni-P in the previous
chapter. Examination of its friction behaviour, wear resistance and oxidation is crucial in
assessing its deployment in potential applications. It is also important for a better
understanding of the low friction behaviour of MoSz2-containing coatings which could be
used as self-lubricating coatings. The cross section of the wear track was sectioned by a
focused ion beam (FIB) and observed under TEM to study the MoS:z deformation modes

during wear.

6.2 Experimental details

A reciprocating TE-77 tribometer (Phoenix, UK) was used to evaluate the friction
behaviour in air with a relative humidity of 50% at 25<C. The counterpart body was an
AlSI-52100 bearing steel ball (diameter 6 mm) with a hardness of 700 HV. The tests were
done under the following condition: a load of 14 N (initial Hertzian contact pressure of
1.58 GPa), a sliding frequency of 1 Hz and a sliding stroke of 2.69 mm. The frictional

force was recorded automatically by a piezoelectric transducer.

6.3 Results

6.3.1 Friction coefficient

Wear testing was carried out on the Ni-P/MoS: coatings deposited at different MoS:2
concentrations (Section 5.3.5). Fig. 6.1 shows the friction coefficients against time for the
substrate (AISI 52100), Ni-P, and Ni-P/MoS2 composite coatings. The friction coefficient
of the mild steel substrate increases gradually and afterwards stays around 0.6 during the

remaining test time. The pure Ni-P coating produced has a friction coefficient slightly
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lower than the substrate, fluctuating but relatively stable at 0.45 for the majority of the

test duration.

In contrast, the friction coefficients of all composite coatings are distinctly lower. For the
Ni-P/MoS:2 1.2 wt% coating, the coefficient of friction started low at 0.1 but increased
sharply to 0.5 and fluctuated with time. The friction coefficient of the 2.0 wt% MoS:
coating started at 0.1 and slowly increased to 0.3. With the increase of MoS2 (4.1 wt%
and 7.1 wt%) in the coatings, the coefficients of friction started from 0.05 and increased
gradually with the testing time. The 7.9 wt% MoS:2 composite coating exhibits a steady
low friction coefficient of 0.05 with time. In order to test the durability of this coating, a
1-hour reciprocating test was carried out, which demonstrated a low constant friction

coefficient without any sign of being broken down.

These results confirm that the addition of solid lubricant to the electrolyte effectively
reduces the friction of the resultant Ni-P coating. The more MoS: incorporated in the
coating the lower the friction coefficient that can be obtained. It appears that the Ni-
P/MoS: 7.9 wt% coating, deposited from the concentration of 10 g/L. MoS: in the solution,
has sufficient solid lubricant to form a complete tribofilm and accordingly achieved the

lowest friction rate.
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Figure 6.1 Relationship between friction coefficient and time for different sliding against bearing
steel ball (Ccrag= 0.1 g/L, J = 2.5 A dm, t = 45 min).

6.3.2 Wear track analysis

After 1000 s wear test, the morphology of wear tracks on the substrate was checked under

SEM and displayed in Fig. 6.2. Deep grooves and delamination were observed in the wear
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track of the steel substrate. The substrate (mild steel) was soft so ploughing occurred,
causing deep grooves. Repeated displacement of material caused small voids near the
surface through fatigue; eventually these voids grow and converge to form large wear
debris. Due to the relatively high coefficient of friction the interface temperature would
rise, soften the surface of the substrate and increase the adhesive strength of the contact

points. This ultimately resulted in severe adhesive wear.

X : 135 NI
100pm WD 8.1mm FMC SE X500 10um WD 8.1mm

Figure 6.2 Morphology of the wear track on mild steel substrate at different magnifications.

In comparison, only fine grooves and scars with shallow depth were found on the wear
track of Ni-P, parallel to the sliding direction (Fig. 6.3). Adhesive wear is defined as the
transfer of material from one surface to the other which may later be removed as wear
debris [209]. Several factors such as hardness, degree of solubility of the interacting
surfaces and the rate of formation of surface oxide film could influence the rate of
adhesive wear [210]. As the Ni-P and the chrome steel ball have lower mutual solubility
than the pairing of mild steel substrate and chrome steel ball, the adhesive wear on the
Ni-P coating is much slighter than that observed on the substrate. In addition, the
improved hardness of the Ni-P coating compared to the substrate also plays a role in the
mild wear and improved wear resistance behaviour. The wear track exhibits an oxygen

content of 11.3 wt%, suggesting the occurrence of oxidation.
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Element Spectrum1  Spectrum 2
(Weight%)
OK 17404 11.340.6
PK 9.4 .0 8.6 #0.9
Fe K 0 2340
Ni K 88.9 +1.6 77.8 2.1

Figure 6.3 (a,b) Morphology of the wear track on Ni-P coating after 1000s test at different
magnifications, (¢) EDS comparison of coating and wear track.
The wear track on the Ni-P/MoS2 1.2 wt% coating was examined after 100 s friction test,
as shown in Fig. 6.4(a). This is called the “run-in” stage (polishing) of the friction process
for the composite coating. On the outer edges of the track, the worn surface is very smooth.
The high contact stress combined with shear stress from the movement of the pin would
cause the nodules in the coating to be crushed and cut. The debris particles, generated
from nodules with richer MoS:, traveled reciprocally in the contact zone where they
effectively formed a lubricating transfer film contributing to the low coefficient of friction.
At the center of the wear track, the surface appears slightly rougher where there is a higher

level of deformation under the contact stress of the pin due to its spherical shape.

As shown in Fig. 6.4(b), delamination grooves appear in the coating after the 1000s test.
The breakup corresponds to the sharp rise of the friction coefficient seen in Fig. 6.1. Due
to the existence of nodules, the shear and contact stress is higher than the smooth Ni-P
coating. Cracks thus formed in the surface, propagated and eventually converged to form

a large hole in the coating. The further wear mechanisms observed here were associated
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with the mild steel (substrate) on the bearing steel (pin) contact. Thus, it caused a high

coefficient of friction.

X120

100um

WD 7.6mm

(c)
Element Spectrum 1 Spectrum 2
(Weight%)
OK 2.840.2 4.2 4.5
P K 84+.0 9.8 #.7
SK 0.34.3 1.240.4
Ni K 87.8 40.8 8244+.1
Mo L 0.9 4.7 2.4 .7

Figure 6.4 Wear tracks of 1.2 wt% Mo0S: sample tested after (a) 100 s and (b) 1000 s, (c) EDS
comparison of coating and wear track.
As shown in Fig. 6.5, the wear track of 2.0 wt% MoS: sample had fewer scratches across
its width. With the increasing amount of lubricant, more dark patches were observed and
were identified as a MoSz rich tribofilm. After the 1000s friction test, a complete polishing
tribofilm was formed. The compositions of the wear track were investigated using EDS.
It shows high levels of oxygen, indicating oxidation occurred on the coating during the
test. The MoS2 concentration accumulated on the wear track with a higher percentage
than the remaining area. The dominating oxides, which may include MoO and NiO,

should be the factor explaining the relative higher coefficient of friction (0.3).
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~ Spectrum 2

Element Spectruml  Spectrum 3
(Weight%)

OK 3.4 4.3 10.9 #0.5
PK 6.7 #0.7 7.6 2.6
SK 0.6 #0.5 1.8 4.8

Ni K 87.8 #1.5 75.1 2.2
Mo L 1.440.6 2.6 #0.3

Figure 6.5 Wear tracks of 2 wt% Mo0S: sample tested after (a) 100 s and (b) 1000 s, (c) EDS
comparison of coating and wear track.

The high concentration of MoS:z particles in the Ni-P/MoSz 4.1 wt% coating led to a
relatively flat surface as shown in Fig. 6.6. The shallow tribofilm layer maintained very
well during the 1000 s test. By comparing the EDS spectra of coating and wear track, it
was noticed that the MoS: suffered less oxidation in the tribofilm and hence provided low

coefficients of friction.
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100um WD 7.8mm

SEI 15.0kV X120

c

(E)Iement Spectrum1  Spectrum 2
(Weight%)

OK 22407 43408
PK 6.2 4.6 7.040.2
SK 1.34.3 3.14.6
Ni K 87.5+.8 81.1 4.5
Mo L 2.840.9 45402

Figure 6.6 Wear tracks of 4.1 wt% MoS: sample tested after (a) 100 s and (b) 1000 s, (c) EDS
comparison of coating and wear track.
The 7.1 wt% MoS:2 coating only shows slight wear. After 100 s the wear track in Fig.
6.7(a) shows that the pin specimen were in contact only with the top areas on the surface.

The wear track grew and connected after 1000 s with more material worn away.

As expected the 7.9 wt% sample shows the least wear damage. After 100 s the wear track
in Fig. 6.8(a) is very narrow and the gaps between the smooth areas indicate that the pin
specimen is in contact only with the top areas of the surface, suggesting the excellent
support ability of this coating to load. After 1000 s the wear track grows very little in
width but clearly has worn away more material. The EDS test illustrates that no oxygen
increase could be found on the wear track after 1000 s test, indicating there was no heating
up of the coating during the wear test to cause the metals Mo/Ni oxidation. Accordingly

MoS: can be protected from oxidation.

Overall, the above results demonstrate that the embedded MoS: particles in the matrix

could reduce friction coefficient and improve wear resistance by forming a MoS2
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lubricating layer on the sliding interface. Good load-bearing ability was found on the 7.1
wt% and 7.9 wt% MoS:2 samples. Oxides could be formed as the tribofilm in the low

MoS: containing coatings due to heating up by wear. Other MoS: based coatings like Ti-

MoS; or Mo-MoS: have also been reported to provide high load-bearing capacity
[136,211].

15.0kV X100 > S 15.0kv X100 100um WD 9.6mm

Element Spectrum1  Spectrum 2
(Weight%)

OK 2.6 #0.5 4.1 4.6
PK 6.54.4 7.0 4.5
SK 2.8 4.3 3.6 4.2

Ni K 83.8 H.7 79.8 .1
Mo L 4.3 1.5 55#0.3

Figure 6.7 Wear tracks of 7.1 wt% Mo0S: sample tested after (a) 100 s and (b) 1000 s.

A4

um WD 7.9mm 15.0kV X120
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o (d)
{ Element Spectrum 1  Spectrum 2

(Weight%)

OK 3.24.5 3.84.4
PK 6.1 40.8 54107
SK 3.140.6 4.1 40.3

Ni K 82.8 £1.5 79.1 #1.6
Mo L 4.8 #0.6 7.64.4

Figure 6.8 Wear tracks of 7.9 wt% Mo0S: sample tested after (a) 100 s and (b) 1000 s; (c)
morphology of wear track at high magnification, (d) EDS comparison of coating and wear track.

Wear track width was also measured for composite coatings, which could indicate the
wear resistance of the composite coatings. After 100 s the wear track width is very small
for all composite coatings and the gaps between the smooth areas indicate that the pin
specimen is in contact only with the tops of the tallest domes. It is easy to see that the
wear track becomes wider after a longer test. Among them, the Ni-P/M0S2 7.9 wt%
coating shows the smallest change as test time increases from 100 s to 1000 s, meaning

the wear rate is very low.

Not surprisingly, as the particle content increases the width of the wear track generally
decreases. It is especially evident after the 1000s sliding test, as the Ni-P/MoS2 7.9 wt%
coating only shows one-third of the wear track width on the Ni-P/MoS: 1.2 wt% coating.
This is due to the more uniform and smoother surface morphology seen on the higher
concentration samples. As previously discussed these samples have low roughness so the
contact pressure exerted on the surface will be considerably less than on the lower

concentration samples.
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Figure 6.9 Relationship between average wear track width and MoS: particle content in samples
tested for 100 s and 1000 s.

6.3.3 Reconditioning of MoS; particles in coating

A FIB-SEM system was used to examine the cross-section of the wear track and the
change of MoS: in the coating after the friction test. The cross-section liftup of the 7.9

wt% sample is shown in Fig. 6.10.

Figure 6.10 FIB image of the cross-section of wear track in 7.9 wt% sample after milling two
trenches.
Afterwards, TEM was applied to explore the detail of the shear-induced MoS: evolution.
The central image in Fig. 6.11 shows the BSE cross-section at low magnification. The top
is the coating surface, and the greyer areas are MoS: particles. It is clearly shown that the
shape of the MoS: particles changes from the as-received angular to elongated needles. It
is interesting seeing that closer to the sliding surface, the MoS: particles are aligned more
closely parallel to the surface. The high-resolution TEM images show the (002) plane is
constantly parallel to the elongated direction of the MoS: particles. It can be concluded
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that the MoS: particles will be broken into a number of pieces. These fractured MoS: will
find it energetically more favourable to rotate than the whole particles. It also seems that

the load induced the MoS2to form needles whose planes were parallel to the c axis.

Figure 6.11 (Center) BSE image of the FIB cross-sectional sample from the wear track of Ni-
P/MoS27.9 wt% coating, (a-d) HRTEM images of MoS: particles with different distribution depths
in coating.

6.3.4 Oxidation and wear resistance

BSE techniques were employed to examine the composition difference between the wear
track and coating in Fig. 6.12a. The dark contrast in the wear shows Fe oxides. Less
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oxidation of NiP/FeO on the Ni-P coating is shown in Fig. 6.12b. In Ni-P/M0S2 composite
coatings, with the increase of MoS2 the wear track appear brighter. This indicates that less

oxidation occurred with the increase of MoS: in the coatings. Heating up by friction was

the reason for oxidation in the lower MoSz composite coatings.
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10 pm | violybdenum
Figure 6.12 (a-f) BSE images of the wear track for different coatings after friction test and (g,h)
elemental mapping of the wear track of (e).

Oxygen element mapping is displayed in Fig. 6.13. For the mild steel substrate, the
oxygen concentration in the wear track is obviously higher than the remaining area,
indicating severe oxidation during wear in air. The Ni-P showed improvement in
oxidation resistance, displaying a similar slight increase but with less intensity on the
wear area. In contrast, the oxidation was barely observed for the coating with 7.9 wt%

MoSo.

The quantities of oxygen in the wear tracks after wear have been plotted in Fig. 6.14. All
the Ni-P/MoS: coatings exhibit lower oxygen than a pure Ni-P coating does. As the
content of MoS:2 in the coating increases, the oxygen decreases in the wear track. The 7.9
wt% MoS:2 coating exhibits negligible oxygen. The decreased oxidation is attributed to
the formation of a MoS2-mixed lubricating tribolayer on the interface, isolating the
coating from the air and reducing the frictional heat in the meantime.

Figure 6.13 Oxygen mapping analysis of the wear track for the substrate, Ni-P coating, and Ni-
P/MoS: 7.9 wt% composite coating after 1000 s friction test.
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Figure 6.14 Relation between the content of MoS: in coating and the increase of oxygen in wear
track for different Ni-P/MoS: coatings.

6.3.5 Wear on counterpart ball

The worn surfaces of counterpart balls (bearing steel) after sliding against the substrate
and different coatings for 1000 s at 14.0 N are illustrated in Fig. 6.15. A lot of wear debris
exist on the counterpart ball after sliding against the mild steel substrate. The higher
hardness of the counterpart ball (700 HV), compared to the substrate (260 HV), resulted
in less damage on the ball. The debris were scuffed from the substrate and thus no defined
scar appeared. Comparably, the wear scar on the counterpart ball after sliding against Ni-
P coating had much less debris in Fig. 6.15(b). A large amount of wear debris is fabricated
on the surface of the counterpart ball against Ni-P/MoS:2 1.2 wt% coating, as the nodules
in the coating are likely to fragment into fine debris during the friction test. Much fewer
and smaller debris were generated on the counterpart ball against the Ni-P/M0S22.0 wt%
coating. In contrast, after sliding against the Ni-P/MoS2 4.1 wt%, Ni-P/MoS2 7.9 wt%
and Ni-P/MoS2 7.1 wt% coatings, the counterpart balls display continuously lubricated
tracks without noticeable debris. Therefore, the increase of MoS2 content in the coating
could not only improve the wear resistance of the coating but effectively protect the

counterpart ball from wear.

The compositions of the counterpart balls after friction test were examined and illustrated
in Table 6.1. The counterpart balls possessed higher O contents when tested against 1.2
wt% or 2.0 wt% MoS:2 coatings than that found when tested against single Ni-P. The

rough structure of these coatings generated more oxides due to frictional heat. As the
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contents of MoS: in the coatings increase, the oxidation had lessened quickly on the
counterpart balls. When the content of MoS2 was raised to 7.9 wt% in the coating, the
steel ball consisted of mostly Fe and few O. The excellent oxidation resistance is due to
the embedded MoS: in the coating producing a transferred lubricating tribofilm on the

counterpart ball and thus preventing direct contact with air during the friction process.
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Figure 6.15 Surface morphologies of counterpart balls after sliding for 1000 s against mild steel
substrate, Ni-P and different Ni-P/MoS: coatings.

Table 6.1 Composition of the counterballs after wear test against different coatings.

E('%i’;t Vs. Ni-P |V/s. 1.206 M0Sz|Vs. 2.0% MoSz|Vs. 4.1% MoSz|Vs. 7.1% MoSz|Vs. 7.9% MoS:
OK | 101 14.1 155 72 35 2.0
PK 45 2.0 13 4.9 0.6 0.1
FeK | 375 34.3 49.8 63.1 80.0 90.1
Crk | 05 0.5 0.7 0.9 13 17
NiK | 474 49.1 315 17.6 112 3.6
Mo K 0 0 0.7 3.7 2.1 18
SK 0 0 0.5 2.6 13 0.7

The counterpart steel balls were also imaged by BSE to reveal oxides. As seen from Fig.
6.16, a large wear track exists on the steel ball against the mild steel substrate. A uniform
tribofilm with medium grey level appeared on the steel ball sliding against Ni-P coating,
suggesting less oxidation on the latter sample. Lots of dark debris were found on the steel
ball against the 1.2 wt% MoS: coating due to the serve oxidation. As the content of MoS:
increases, the wear track on the counterpart steel ball displays a lighter colour and less
debris. Noticeably, after sliding against the 7.9 wt% coating, the steel ball shows only a
slight colour change in the wear track. The dark materials on the two ends contain a high
percentage of MoS2. They were transferred to the counterpart steel ball as lubrication

therefore less frictional heat was generated and less oxidation occurred.
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Figure 6.16 (a-g) BSE images of counterpart after 1000 s friction test against mild steel or different
coatings, (h) Topological image of the wear scars on counterpart against 7.9 wt% MoS:.
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6.4 Discussion

6.4.1 Tribofilms and their effect on tribological performance

The intent of this section is to discuss the factors responsible for the extremely low friction

coefficient and wear rate of the Ni-P/MoS: in air compared with substrate steel or Ni-P.

The hardness of the bearing steel ball (700 HV) is much greater than that of the mild steel
substrate (170 HV) in the ball-on-substrate tribology system. Such a significant difference
in hardness ensures that abrasive wear dominates the wear process of the mild steel
substrate. SEM observations of the wear track in Fig. 6.2(a) show that some grooves are
plowed as a result of abrasive wear. In addition, the high solubility between the
counterpart steel ball and mild steel substrate causes severe adhesive wear displayed as
bulged areas in the wear track. A lot of large wear debris are scattered on the worn surface,
which are expected to be mixed oxides of Fe2O3 and Fe3O4 (validated by EDS results).
Oxidation is believed to be detrimental to the wear resistance of mild steel, as the oxide
debris are prone to break and roll over during sliding, and are likely to give rise to a

change to the wear mechanism from two-body to three-body abrasive wear.

For the Ni-P coating, because the hardness of Ni-P (HV = 530) is lower than that of the
bearing steel counterpart (HV = 700), debris particles generated and oxidized are crushed
and pushed along the wear scar, i.e. not over-rolled. The adhesion force between the
counterpart ball and Ni-P metal surfaces is strong, and therefore the wear particles slide
firmly on the sliding surface and turn into incomplete tribofilms during a long sliding
time. Wear resistance is improved due to the existence of the compact oxide films. The
friction coefficient is still high (friction coefficient: 0.4) due to the strong bonding

between the films on the coating and the counterpart ball.

The friction coefficient («) is the ratio of the frictional force, F' to the normal force, W.

u=FIW (6.1)

Therefore, the friction force and normal force depends on the real contact area, 4 with
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shear force, T and pressure stress, c:
F=Arand W= Ao. (6.2)

The equation may be simplified to 4 = /6. Due to the lamellar structure of MoSa, the
inclusion of MoS: into the Ni-P coating greatly reduces the shear force (7) causing a

decrease in friction coefficient, especially when a smooth lubricating layer was formed.

A schematic diagram of the self-lubricating Ni-P/MoS: coating is illustrated in Fig. 6.17.
The supposed formation process of MoS: tribofilm is as follows: at first, the embedded
MoS:z is heavily compressed under the friction load. Once friction starts, the movement
of the counterpart pin will cause high shear stress near the contact surface and the MoS:
in this area starts to deform. The stored MoS: particles in the matrix continuously and
slowly release to the mating surface. Some MoS: lamellae will be exfoliated and become
smaller crystals. During the friction process, the fine MoS2 lamellas accumulate in the
wear crevices or attach to the metal surface, creating a densely packed super-lubricating
coating layer. The whole reconditioning process of the lubricants happens within the
coating, away from the air environment. Furthermore, the lubricating film not only firmly
attaches to the coating surface but also transfers to the counterpart, producing excellent
tribological characteristics such as low friction coefficient, low wear rate and high

oxidation resistance in the absence of oil or grease.

Substrate

Figure 6.17 Schematic graph of the formation of the self-lubricating film on Ni-P/MoS: composite
coating.
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6.4.2 The working principle of Ni-P/MoS; composite coating

The tribological behaviour of MoS: has been studied for a long time. The main factors

contributing to the successful lubrication performance of MoS: are thought to be the

prevention of oxidation, formation and adhesion of a homogenous transfer film and

intercrystalline slip [212,213,214,215,216].

Taking into account the SEM, EDX, TEM and friction results, and combined with its

structure, the advantages of Ni-P/MoS:z can be reviewed as follows:

Electrodeposited Ni-P alloy possesses a high hardness which bears high contact stress
and has a high resistance to wear. However, a coating with low hardness usually
possesses a high wear rate, in which the MoS: particles in the coating will be pushed

away quickly rather than form a lubricating tribofilm.

MoS: are easily oxidized to MoO3 and the latter can cause the material to stick,
accelerate the deterioration of its easy shear performance and lead to an increase in
fiction. In the composite coating, however, the MoS:2 were fully surrounded by Ni-P
matrix and thus prevented from oxidizing. Accordingly these coatings can maintain

a low friction coefficient for a long period.

The adhesion sequence of MoS: films to metals is: copper > nickel >> stainless >
gold. The sequence was deduced from friction experiments of MoS: single crystals
against sputtered copper, nickel, gold, and 304 stainless steel [217]. The wear test on
Ni-P/MoS: coating indeed confirmed that MoS: debris strongly adhered to the Ni
matrix therefore it remains effective in lubrication rather than being squeezed out.
The high content of MoS: ensured the formation of a complete tribofilm to isolate

the metal-metal contact, in this case, Ni-iron contact.

6.5 Summary

1. The incorporation of MoS: particles in the composite strongly influences the
friction performance of coatings. Compared to both mild steel substrate and
Ni-P coating, the composite coatings show significant friction reduction. The
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friction coefficient of the Ni-P/Mo0S2 composite coatings were significantly
lower than that of Ni-P coating, exhibiting a steady-state value of 0.05 during

a 1-hour reciprocating test.

The mild steel substrate shows severe adhesive and abrasive wear while the
Ni-P coating just shows a medium abrasion wear track. The embedment of
MoS: particles into a Ni-P matrix did affect the wear resistance of Ni-P, i.e.
the effects are increased or decreased. The coating with lower particle content
(1.2 wt% MoSz) exhibits a more severe wear condition while least wear was
observed on the coating with 7.9 wt% MoS2 with a low wear rate of 2.5x10°
mm® N'm!. The compact structure and the high content of MoS> are thought
to be two critical conditions for the electrodeposited NiP/MoS: coating to

produce a low wear rate.

The oxidation degree is severe for the substrate, medium for the Ni-P coating
and very rare for the Ni-P/MoS2 composite coating during wear testing. Such
a result suggests that the MoS2-containing tribofilm on the friction surfaces
greatly reduces the friction temperature and also works effectively as a

“separator” to block the sliding surface from the air.

. A very slight wear track was found on the counterpart ball sliding against Ni-
P/MoS:2 7.1 wt% and 7.9 wt% coatings because the MoS> lubricants have also

been transferred onto the counterpart ball and form a lubricating film.

The FIB and TEM study demonstrate that the particles in the coating went
through a shear stress-induced reorganization, evolved into crystalline
fragments and finally mixed with amorphous matrix. The easy shear of MoS2
lamellas and the intercrystalline slip between fragmented MoS: and
amorphous Ni-P are thought to provide the critical mechanism for reduced

friction, high wear resistance and enhanced oxidation resistance.
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Chapter 7 Fabrication of self-lubricating Ni-P/WS; coatings

by electrodeposition

7.1 Introduction

Layered materials like tungsten disulphide (WS2) or Molybdenum disulfide (MoSz) are
widely used as solid lubricants or as additives in liquid lubricants [218,219]. Their low
friction performance is typically associated with the easy shearing of the weak interlayer
bonds (van der Waals) in these materials. WSz is preferred over MoS: in high-temperature
applications as MoS: rapidly oxidizes to MoOs in atmospheres above 316<C while the
WS: has a good thermal stability up to 594 <C. In addition, the friction coefficient of WS>
is below 0.1 in argon until 815<C. Unfortunately, some reactive dangling bonds on the

prismatic edges (1010) of WS are susceptible to humidification which usually leads to

the degradation of the low friction property.

An alternative strategy is preparing WSz composite coatings that combine the advantage
of WSz with other materials to produce ideal properties for a wide range of applications.
Some composite coatings (CrN-WSz, Ni-WS2, Zn-WS2, and bronze-WS>) have already
been prepared, exhibiting low friction characteristics in either vacuum or humid air
[145,220,221,222]. Electrodeposited Ni-P alloys possess many advantages over other
metals or alloys such as high hardness, high strength and good wear resistance. The
research in this chapter will look into the overall merits of the co-electrodeposited nickel-
phosphorous-WS; and analyse how effective the coating would be as a candidate for self-

lubrication.

7.2 Experimental details

Electrodeposition was carried out on mild steel (4 cm <1 cm) at 60<C for 45 minutes
under a current density of 2.5 A dm™. The electrodeposition bath contains NiSO4+6H20
220 g/L, HsBOs 30 g/L, NaH:PO: 10 g/L, HOC(COOH)(CH2COOH)2 12g/L,
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NiCl2-6H20 45g/L, different concentrations of WSz (1-25 g/L) and CTAB as listed in
Table 7.1.

Table 7.1 Concentrations of WS2 and CTAB for electrodeposition of Ni-P/WS: coating.

Concentration of ingredients (g/L)
WS; particle 1 3 7 10 15 25
CTAB 0.1 0.1 0.1 0.2 0.2 0.3
7.3 Results

7.3.1 Morphology and structure

Fig. 7.1 shows that the as-received WSz powders have an angular shape, with diameters
in the range of 100-250 nm.

Figure 7.1 (a) SEI and (b) TEM images of WS: nanoparticles.

The particles were then dispersed in the ultrasonic bath and codeposited with Ni-P. As
can be seen in Fig. 7.2, the prepared Ni-P/WS:z coating is quite rough, with some clusters
of protruding nodules on the surface. Higher magnification reveals the presence of large
numbers of WSz particles in the coating. EDS was carried out on the same surface
displayed in Fig. 7.2(a). The EDS spectrum exhibits that the coating primarily consists of
the four elements: Ni, P, W and S, indicating the embedment of WS particles into the

coating by electro-codeposition.
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Figure 7.2 (a, b) SEI images of Ni-P/WS:; coating under different magnifications; (c) EDS spectrum
of Ni-P/WS; coating (Cws2= 7 g/L, t = 45 min, J = 2.5 A dm™).

The TEM image in Fig. 7.3 displays a uniform spread of WS2 particles inside the Ni-P
matrices. The SAED (selected area electron diffraction) pattern of this sample exhibits a
very weak broad ring, indicating the amorphous/nanocrystal structure of the

electrodeposited coating.

Figure 7.3 (a, b) TEM images of the Ni-P/WS: coating (Cws2= 7 g/L, t = 45 min, J = 2.5 A dm), the
inset is SAED pattern of the whole area in (a).
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7.3.2 Bath temperature

The bath temperature has a strong influence upon the plating process of the Ni-P/WS2
coating. Fig. 7.4 exhibits that the sample deposited at 20 <€ has a dark colour while the
rest of the samples have a grey colour. Some parts of this coating were peeled off and left
with light patches, suggesting a weak adhesion to the substrate. The SEM images in Fig.
7.5 show that the coatings deposited at 20 €€ or 40 <€ consist of clusters of nodules
(around 4 pm in diameter) and cracks. The nodules in the coating grow to a diameter of
8 pm and cracks disappeared when the temperature was raised to 60 €. At the higher
temperature, the deposited coatings usually have lower internal stress which prevents
crack formation. However, if the temperature is too high (80 <€), the stability of the
aqueous electrodeposition solution is questionable. As shown in Fig. 7.6, the content of
WS: particles in the coating was largely reduced as the electrodeposition temperature
increases from 20 <€ to 80 <€. Overall, the optimum operating temperature for
electrodeposition of the Ni-P/WS: coating is 60 <€, with reasonable internal stress and
WS content.

Figure 7.4 Pictures of the temperature varied Ni-P/WS: samples (from left to right: 80°C, 60°C,
40°C, and 20°C).
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°C, 60 °C and 80 °C (Cws2= 15 g/L, t = 45 min, J = 2.5 A dm?).
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Figure 7.6 Weight percentage of WS: in coating vs. the electrodeposition temperature.

The relationships between the coefficient of friction and the sliding time for the samples
deposited at varied temperatures are displayed in Fig. 7.7. Initially the coefficient of
friction is around 0.25 for all the samples. The 20°C, 40°C and 80°C samples show an
increase in friction coefficient for a period of time before coatings failed, and afterwards
rise to a friction coefficient of approximately 0.75 due to the steel-steel contact. However,
the electrodeposition temperature has quite a drastic effect on when the coating fails. The
friction coefficients of the 20°C and 40°C sample rise sharply to 0.75 after exhibiting a
low value for 20s and 110s respectively. Comparably, the 80°C sample lasted with a low
friction coefficient below 0.5 for as long as 5 minutes. The 60°C sample is the only one
that retains the coefficient of friction constant around 0.3 during the whole test duration.
Therefore, the optimized temperature value for the best low friction performance is close
to 60°C.
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The sharp increase in the friction coefficient of the 20<C or 40<C coatings is attributed to
the cracks in the structure, which make these coatings less resistant to the high load and
shear stress and so break down in a short time. The peeling off of the coating will leave
the substrate sliding against counterpart ball, resulting in a high friction coefficient around
0.8. The 80°C sample failed significantly later than the former two samples thanks to a
crack-free structure. The low-friction performance at the initial stage indicates the WS
particles in the coating did reduce the friction coefficient. However, as the amount of WS2
particles in the coating was quite small, the lubrication effect was not sufficient to prevent
frictional heat and formation of wear debris during the friction process. Therefore, the
friction coefficient gradually increased due to the accumulation of frictional heat and
debris on the interface. The lowest and steadiest friction coefficient for the 60°C sample
is attributed to its crack-free structure and high WSz content, which continuously releases

WS: to lubricate the mating surface.
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Figure 7.7 Graph showing the coefficient of friction versus time for Ni-P/WS: samples deposited at
a range of electroplating temperatures.

7.3.3 WS, concentration

Fig. 7.8 shows how the coating deposits are affected by CTAB and WS2 concentrations.
The clusters of surface nodules have considerably increased for greater concentrations of
WSz and CTAB. The semi-conductive WS; particles in the bath will be adsorbed on the
cathode and result in an inhomogeneous distribution of current densities on the cathode.
This will accelerate the growth of deposits around them and develop nodules from the
matrix. This effect is more evident for the Ni-P/WS: coating deposited at higher WS and
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CTAB concentration, which created a rough surface with many nodule protrusions. This
process is also similar to the growth mechanism of Ni-P/MoS: described in chapter 5.

y 7 & %
NP - ¢ e X it N, A

Fig. 7.8 (a-f) SEI images for Ni-P/WS: coatings deposited at WS: concentrations of 1, 3, 7, 10, 15
and 25 g/L in chronological letter order (T= 60 °C, t = 45 min, J = 2.5 A dm™).

As can be seen in Fig. 7.9, the amount of the incorporated WS: in the coating increases to
4.8 wt% as the WSz concentration in the bath rises up to 15 g/L. Higher particle
concentration in solution usually leads to more adsorbed particles on the cathode which
are subsequently embedded into the growing deposits. However, a slight decrease of the
WS content in the coating was found when the deposition concentration of WSz and
CTAB changed to 25 g/L and 0.3 g/L respectively. This drop was partly attributed to the
high concentration of CTAB in solution which easily adsorbed on the electrode and
blocked the adsorption of WS: particles on the electrode. In addition, some dispersed
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particles easily set down at the bottom of the electrolytic cell owing to the high
concentration of WSa. The graph 7.9(b) suggests that the incorporation of nano-size WS:
particles effectively improves the hardness of the composite coating. The 15 g/L WSz
sample has a hardness of 720 £50 HV, which is higher than the other samples as this

coating has the maximum WSz content of 4.8 wt%.
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Fig. 7.9 (a) The WS: content in coating and (b) the Vickers hardness of coating against the
concentration of WS in the electrolyte solution.
Fig. 7.10 shows how the coefficient of friction changed during the wear test for the above
coatings. All these coatings exhibit an initial frictional coefficient around 0.2. For the 0.5
wit%, and 1.3 wt% WS: coatings, the coefficient of friction then gradually increases to
0.7-0.8. The results indicate that the lubricating WSz was effective initially but gradually
lost function during the wear process. For the 2.3 wt% WS: coatings, this sequence is
delayed. In contrast, for the composite coatings with 3.6 wt% WS and above, their
coefficient of friction exhibited a stable frictional coefficient of 0.17-0.2 during whole
friction test, much lower than the friction coefficient of Ni-P (0.5). The significant friction
reduction is due to the low shear yield of the WSz and its high amount which can

constantly provide a lubrication function for a long period.
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Fig. 7.10 Coefficient of friction versus time for the Ni-P/WS: coatings with different WS: contents.

As shown in Fig. 7.11, the Ni-P/WSz 0.5 wt% coating was deeply abraded by the
counterpart steel ball, leaving a wear track width of 450 m. As the WSz content in sample
increases, the wear track gets narrower. The Ni-P/WS2 4.8 wt% sample exhibits the
narrowest wear track of 260 pm and produces very few debris, suggesting its highly
improved wear resistance. During the sliding test, higher content of WS: lubricants in the

coating resulted in more effective lubrication on the surface and less shear force, therefore

much lower wear rate was maintained.

Figure 7.11 Comparison of wear tracks for different coatings: (a) 0.5 wt% WS, (b) 2.3 wt% WS, (¢)
3.6 wt% WS;, and (d) 4.8 wt% WSa.

The morphology of the counterpart balls after the friction test were examined and
displayed in Fig. 7.12. The counterpart ball exhibits a clear abrasion wear scar after
sliding against the 0.5 wt% WS2 coating. The increase of WSz content in the coating could
greatly reduce the size of the wear scar on the counterpart ball and thus less wear damage

appeared in the coating. There is only a tiny wear scar on the ball after sliding against 4.8
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wt% WS2 coating. It can be seen from Table 7.2 that the counterpart ball has the lowest
percentage of oxygen after the friction test. The reduced oxidation is due to the increase
of WS particles in the coatings which significantly reduces the friction by the formation
of the tribofilm. Less heat was produced as the WSz tribofilm prevented the metal-metal

contact.

Figure 7.12 Surface morphologies of counterpart balls after 1000 s friction test against different Ni-
P/WS:; coatings: (a) 0.5 wt% WS, (b) 2.3 wt% WSz, (c) 3.6 wt% WS, and (d) 4.8 wt% WS:.

Table 7.2 EDS comparison of the whole wear scars on counterpart balls after test against different
Ni-P/WS: coatings: 0.5 wt% WSz, 2.3 wt% WS2,3.6 wt% WSz, and 4.8 wt% WS,

E('\fvrt'};)’;t Vs. 0.5 Wt% WS; Vs. 2.3 W% WS, Vis. 3.6 Wt% WS, Vs. 4.8 wt% WS,
0K 7.55 4.39 2.90 2.87
Ni K 0.17 4.40 7.21 2.66
PK 0.03 0.72 0.70 0.36
SK 0.05 0.07 0.08 0.17
W M 0.17 0.35 0.39 0.85
CrK 1.53 1.50 1.38 1.48
Fe K 90.86 88.57 87.34 91.61

7.4 Summary

Ni-P/WS: coatings have been successfully prepared by optimizing bath temperature,
CTAB and WS: concentration. The as-deposited coatings showed rough surfaces
consisting of small nodule protrusions. The electrodeposition at 60 € effectively
prevented cracks in the coatings, which resulted in a better coating strength and lower
friction coefficient. In general, the increase of the WSz and CTAB concentration in the
electrolyte enhanced WS: contents in the coating. The coatings with WS; content of 0.5
- 4.8 wt% had a hardness range from 570 - 720 HV. Excellent low friction coefficients of

0.17 - 0.2 have been obtained for the coatings with WSz over 3.6 wt% in reciprocal friction
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test against bearing steel balls. WSz in the coating matrix forms a reservoir to form a low

shear stress tribofilm for wear lubrication.
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Chapter 8 Overall discussion of composite electrodeposition

The results in Chapters 4-7 have shown the successful electrodeposition of Ni/BAM, Ni-
P/MoS:2 and Ni-P/WS: for tribological applications. The incorporation of different kinds
of particles has effectively reinforced the properties of Ni coatings in differing ways. The
Ni/BAM coating exhibits blue luminescent emission under UV illumination, which could
work alone or be incorporated into the coating system to monitor the wear of coatings.
Composite Ni-P/MoS2 and Ni-P/WS; coatings have demonstrated enhanced mechanical
and frictional properties, displaying low friction coefficients of 0.05 and 0.17 respectively.
The properties of these coatings are directly related to their structures which have been
controlled by the varying of electrodeposition parameters such as: current, temperature,
surfactant and particle concentrations. Systematic comparison and discussion of their

effects will be presented here.

8.1 Effect of electrodeposition parameters on coating structure

8.1.1 Current distribution on cathode

As can be found in Fig. 8.1, the morphologies of Ni, Ni/BAM, Ni-P/MoSz and Ni-P/WS:
coatings are totally different, varying from a flat surface to a rough surface. This distinct
change is attributed to the diverse growth mechanism in metal and composite

electrodeposition.

During the metal electrodeposition process, the metal ions in solution are driven by the
Coulomb force E*qt (E represents the electric field, gt represents the charge of ions) and
move along the electric field, then become deposits after cathode reduction [223]. As
illustrated in Fig. 8.1(a), the driving forces maintain the same value at different sites on
the cathode owing to the equal current distribution, resulting in steady and uniform
growth of deposits. As a result, the obtained coating usually exhibits a flat surface (Fig.
8.1(b)).

However, the growth model for a deposit is greatly changed in composite
electrodeposition due to the introduction of the particles into the electrolyte. When non-
conductive particles are added into the electrolytic solution, the electrolytic current is
distorted in the vicinity of adsorbed particles as illustrated in Fig. 8.1(c). The BAM
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particle (BaMgAl11017:Eu?*, BAM) has a crystal structure of B-alumina, which is
electrically insulating. Therefore, Ni will not deposit on the particle and instead grow
exclusively on the surrounding area. The resulting Ni/BAM coating exhibits a flat Ni base
with some protrusions of BAM particles (Fig. 8.1(d)). Such a surface morphology has
also been discovered in other electrodeposited composites like Ni-Al203 and Ni-diamond
[224,225].

For the composite electrodeposition of conducting or semiconducting particles, the
electrolytic current will centralize on the top of the adsorbed particles on the cathode
which are extended into the solution (Fig. 8.1(¢)). The ions in solution move at a higher
velocity v towards these points due to a higher Coulomb force E*qt, causing a higher
growth rate at these locations. Hence nodular protrusions easily form on the
electrodeposited coatings, sometimes producing a porous structure (Fig. 8.1(f, g, h)).
Similar rough structures are not only found in WSz and MoS: electrodeposits [19,20], but
also in the Ni-CNT, Ni-SiC electrodeposition systems [226,227].
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Figure 8.1 (a, ¢, €) Schematic view of electrolytic current distribution on the cathode without
particle, with non-conductive particle and with conductive particle; (b, d, f, g, h) SEI images of as-
deposited Ni, Ni/BAM, Ni-P/MoS:, Ni-P/WS; and Ni/MoS: coatings; the inset in (h) is the cross-
section SEI image of the Ni/MoS: coating [19].

8.1.2 Concentration of surfactant and particle

CTAB, (Ci6Hs3)N(CHs)sBr, is one of the most common cationic surfactants used in
composite electrodeposition, which could effectively charge the suspended particles
positively by electrostatic adsorption. The modified particles will be attracted to the
cathode surface under the applied potential, having a high possibility of being
incorporated into deposits. The effect of CTAB on the Ni/BAM, Ni-P/MoS2 and Ni-
P/WS: electrodeposition systems has been summarized in Fig. 8.2. Clearly, the increase
of CTAB concentration promotes the amount of the particles being incorporated into all
the coatings. However, if the concentration of CTAB rises above 0.2 g/L the Ni-P coating
became highly porous and were unable to withstand a high applied load, which is not
desired in tribology. Even though the most optimized surfactant concentration is not the
same for all these coatings, it is generally accepted that a CTAB concentration of 0.1 g/L
is good for preparing a coating with high content of particles and compact structures
[228,229].
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Figure 8.2 Relationship between the particle content in coating and the CTAB concentration in the
bath for Ni/BAM, Ni-P/MoS: and Ni-P/WS; electrodepositions.
According to the Guglielmi and Celis’s electrocodeposition model [43, 44], the particles
in the bath first adsorb onto the cathode and subsequently are incorporated into the
growing metal coating. A higher concentration of particles in the bath can increase the
number of adsorbed particles on the cathode, therefore increasing the particle content in
the electrodeposited coatings. This trend can be clearly found in all the Ni/BAM, Ni-
P/Mo0Sz, Ni-P/WS2 coatings (Fig. 8.3). The optimized particle concentration for the
Ni/BAM, Ni-P/MoSz, Ni-P/WS: coatings are 5 g/L, 10 g/L, 15 g/L respectively. The
variation in value was mainly affected by the particle properties such as density, surface
condition, shape and conductivity. Nevertheless, after reaching an optimal value, a further
increase of particle concentration usually led to the reduction of particle content in the

coating as excessive particles in the bath will agglomerate and sediment out quickly [230].
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Figure 8.3 Relationship between the particle content in coating and the particle concentration in

bath for electrodeposition of Ni/BAM, Ni-P/MoS: and Ni-P/WS; coatings.
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8.1.3 Current density and temperature

Current density and temperature are two critical factors affecting the deposition kinetics
of the Ni-P/MoS: and Ni-P/WS: coatings. At a low current density of 2.5 Adm™ and a
high temperature of 60 <€, the charge transfer stage controls the precipitation kinetics
which leads to slow reduction of metal ions on the cathode surface. When the current
density is larger than 5 A dm™ or the bath temperature becomes lower than 40 <€, there
will be a shortage of the supply of metal ions to the electrode surface. The diffusion of
ions is in the control stage and the electricity current will be partly consumed by the
reduction of hydrogen at the cathode surface. This process normally results in high
internal stress in the coating, which could generate cracks in the coating once it exceeds
the fracture strength of the coating [163, 164,165]. In an extreme case, some parts of the

coating would be peeled off from the substrate, as listed in table 8.1.

Table 8.1 Description of the structure of the Ni-P/MoS: and Ni-P/WS: coatings deposited at
different temperature and current density.

Parameters Coating structure
Current 1 Adm?, 2.5 Adm™, 5 Adm?, 7 Adm?,
density compact compact crack big crack
Bath
at 20 <€, peel off | 40 <€, crack 60 €, 80°€,
temperature compact compact

8.2 Friction coefficient of composite coating

The incorporation of solid lubricants greatly enhances the tribology properties of the
coating, but the reported friction coefficients vary a lot in different studies as listed in
table 8.2. To explore the relationship between the friction coefficient and the particle
content, the friction coefficients of the Ni-P/WS: and Ni-P/MoS2 coatings are
summarized in Fig. 8.4. Generally, an increase of the lubricant content in the coating
results in a decrease of the friction coefficient, exhibiting the lowest value of 0.05 and
0.17 respectively for the Ni-P/MoS2 and Ni-P/WS2 samples. Higher content of lubricants
in the coating could create more lubricant “spacer” between the friction surfaces and also
form a lubricating tribofilm. The generated lubricating spacer or film is not only effective
in reducing the friction coefficient and wear rate, but also in preventing the coating from
oxidising.
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Table 8.2 Comparison of friction coefficient, particle content in bath and particle content in coating
for different electrodeposited MoS: or WSz composite coatings.

Electrodeposited Particle Particle content | Friction
coatings concentration in coating coefficient
Ni-MoS, ! 0-30 g/L 0-3 Wt% 0.21-0.52
Ni-W-MoS, 24 0-2 g/L 0-37 Wt% 0.12-0.31
Ni-Co/MoS; ?2 0-1 g/L 0 0.15-0.20
Ni-P/WS, 144 0 74 wt% 0.07
1.0 -
A Ni-P/MosS,
;E_) 0.8, . = Ni-P/WS,
Q2
t ]
& 0.6
)
= A A ]
2
4§ 0.41
[ A
0.21 -
A
A
0.0 : : . ; .
0 2 4 6 8

Content of particles in coating (wt%o)

Figure 8.4 Relationship between the friction coefficient and the particle content for Ni-P/MoS: and
Ni-P/WS: coatings.

8.3 Summary

Composite electrodeposition is an important technique for preparation of functional
coatings, but the process is much more complex than simple metal electrodeposition. By
comparing the Ni-BAM, Ni-P/MoSz and Ni-P/WS2 deposition systems, it can be
concluded that the coating structure and property are significantly affected by the
following parameters: (1) the conductivity of the particle which changes the growth
model of deposits and further affects the surface morphology; (2) the concentration of
CTAB and particles in the bath which control the number of the adsorbed particles on the
cathode and subsequently determine the particle content in the coating; (3) the applied
current density and bath temperature which alter the kinetics of the electrodeposition

process and furthermore vary the internal stress.
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work

9.1 Overall conclusions

The Ni/BAM luminescent coating, Ni-P/MoS:2 and Ni-P/WS: low-friction coatings have
been successfully prepared by composite electrodeposition. The main conclusions can be

stated as follows:

(1) The cationic surfactant CTAB shows a significant impact on the incorporation of
BAM particles by changing the net charge on the particles and increasing the
migration force to the cathode, with a high BAM area coverage of 11%. The PEG
surfactant stabilises the suspension of particles in the bath by adsorbing on its
surface and increasing steric hindrance, producing maximum coverages of 4.6%.
A combination of CTAB+PEG in the solution is most effective. By optimizing the
plating time and the concentration of BAM in the electrolyte, a maximum BAM
area coverage of 15.9% was obtained in the Ni/BAM coating. The luminescent
coating displays very intensive blue light emission under UV illumination and the
use of embedded luminescent particles to monitor coating health have been
demonstrated. Additionally, the Ni/BAM coating exhibited higher hardness, better
anti-corrosion ability and lower wear rate compared to pure Ni coatings,
suggesting the feasibility of using such Ni/BAM layers for wear sensing in
industry.

(2) The electrodeposited Ni-P/MoS2 coatings exhibit rough surfaces consisting of
small nodule protrusions. A low current density of 2.5 A dm? was applied for
electrodeposition to avoid cracking from a high internal stress generated at high
current. The embedded amount of the incorporated MoS: particles in the coatings
mainly depends on the concentrations of the CTAB surfactant and the MoS:
particles in the bath, since the former could incur positive charge on the surface
of particles and hence ensure they are easily attracted by the cathode and the latter

controls the number of the adsorbed particles on the cathode. Heat treatment of
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samples at 400 <€ for 1 hour has notably increased the hardness of coating to be

over 1100 HV, which is strengthened by the generation of NisP precipitates.

(3) The friction coefficient of Ni-P/MoS2 coating gradually decreases as more MoS:
particles are incorporated, exhibiting a stable lowest value of 0.05 for the 7.9 wt%
MoS: coating. Compared to the heavy abrasion wear on a Ni-P coating, this
coating only shows slight wear. In addition, oxidation was rarely observed on the
Ni-P/Mo0S27.9 wt% coating during the wear test. Uniform and compact tribofilms
abundant in MoS2 have been found on both coating surfaces and counterpart balls
owing to the strong adhesion of MoSz with Ni or Fe. The MoS: particles in the
coating underwent shear stress-induced reorganization, became fine crystallites
and dispersed onto amorphous Ni-P to form a tribofilm. The tribofilm could
efficiently reduce friction due to the easy shear of MoS2 lamellas. In the meantime,

it prevented heat up and oxidation.

(4) Similar to Ni-P/MoS, the electrodeposited Ni-P/nano-WS: coating shows a rough
surface with many nodule protrusions and the main structure is
amorphous/nanocrystal Ni-P. Increasing the bath temperature from 20 <€ to 60 €
eliminated coating cracks by reducing the internal stress in the coating. The
increase of the WSz and CTAB concentration in the electrolyte causes an obvious
increase of the WS: content in the coating, producing a highest WS: incorporation
of 4.8 wt%. An evident drop in friction coefficient has been found in the Ni-P/WS:
coatings as the WSz content increases, with the lowest value of 0.17. The
embedded WS particles in the coating were slowly and continuously released to
the mating surfaces during the wear and thereby reduced the friction effectively
for a long period.

9.2 Suggestions for future work

There are a number of areas where the research can be expanded on and improved through

further experiments:
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Firstly, the reciprocal wear test on the heat-treated Ni-P/MoS2 coatings. Heat treatment at
400 <€ has greatly increased the hardness of Ni-P coatings to 1150 HV due to the

crystallization of NisP , which is close to the reported hardness of hard chromium [231].

Secondly, it is worthwhile to do wear tests in other harsh environments such as in a
vacuum, as these tests can give a better indication whether these low-friction coatings
will be suitable for applications in the aerospace field. Normally WSz shows better
tribology performance than MoS:z in vacuum, especially at high temperature although in

the air the former has a higher friction coefficient than the latter.

Thirdly, MoSz or WS particles with different sizes and special structures like fullerene
can be introduced into our coating system to study the effect of the particle size and

structure on the self-lubricating property of the coating.

Finally, it would be interesting to combine the low-friction coating with the luminescent
coating to make a smart coating. The multiple luminescent layers may provide a good
monitoring of wear; a self-lubricating layer is added to ensure low friction. However, the
challenges for multilayer coating are around adhesion issues which will influence the

quality of any gradient multilayer system.
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Appendix A

Calculation of initial contact pressure for spherical
contact

As illustrated in Fig. A.1, the coating is considered as an infinite half space. Parameters

of the bearing steel ball and the coating are listed in Table A.1.

Figure A.1 A ball loaded on to a flat plate [203].

Table A.1 Parameters of pin and coating.

Items Bearing Steel (Pin) Ni (Coating)
Young’s Modulus /GPa 208 207
Poisson’s ratio 0.3 0.3

R/ mm 3 o0
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The effective radius R’ and the reduced modulus E* are determined by the following

equations [203]:

-1

R-(1+1)‘1_<l+1) _s
“\R, "R, “T\37) T>MM

£ = 1—v12+1—v§ 4 1—0.32_|_1—0.32 4 q1acp
=g 5 ) o7 207 0 @

The contact region under the applied load of 14 N is spherical with a radius a’ given by:

I
a = 4E* = U. mm

Then, the peak contact pressure Po is given by:

3N
2mAa:?

PO = - 1.58 GPa

The yield stress is around 1/3 of the hardness. Thereby no plastic deformation occurs on
the coatings with the hardness higher than 4.74 GPa (483 HV).
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Appendix B

Research Publications:

The following are research publications generated as part of the work presented in the
thesis.

(@ Y. He, S.C. Wang, F.C. Walsh, W.S. Li, L. He, P.A.S. Reed, The monitoring of
coating health by in situ luminescent layers, RSC Advances 53 (2015) 42965-42970.
(b) Y.He, S.C. Wang, F.C. Walsh, W.S. Li, P.A.S. Reed, Self-lubricating Ni-P/MoS2

composite coating and shear-induced reorganization of particles (Submitted).

Conferences Attended:

e Microscience Microscopy Congress, 2015, Manchester, UK (Poster).
e Gordon Research Conference: Tribology, 2014, Boston, USA (Poster).

e Materials Research Exchange, 2014, Coventry, UK (Poster).

22" Mission of Tribology Research, 2013, London, UK (Talk).
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