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Abstract
Increasing demand of water-lubricated mechanical components or
systems requires the development of novel materials with better wear or
corrosion performance in the adjoining water environment. This applies to
broad oceanic applications, for example, marine vessels, conventional power
plants, tidal and wave energy systems and other water-lubricated industrial
bearings. The current research project aims to evaluate the feasibility of the
electrodeposited Ni–based nanocomposite coatings for water-lubricated
tribological systems. The tribological behaviour of newly developed
nanocomposite coatings is assessed under immersed water lubrication. For
this reason test rig modification is deployed, to allow tribometer (TE92) to
accommodate water lubrication facility to replicate water-lubricated contacts.
In

this

research

tribological

performance

of

electrodeposited

nanocomposite coatings incorporating different nanoparticles, including
Al2O3, SiC and ZrO2 are presented. Tribological performance experiments
were conducted using modified ball-on-disc assembly with three ball system
using TE92 Rotary Tribo-meter (Phoenix Tribology). The electrodeposition
setup is installed for nanocomposite coatings. Different characterization tools
including SEM, XRD, EDS and 3D surface profiling are used for
nanocomposite coating investigations and to identify the optimized
parameters for coatings in terms of tribological performance under water
lubrication.
Overall, the addition of nanoparticles into a nickel matrix shows
improvements in tribological properties than conventional pure nickel
coatings. The specific wear rate is reduced almost 30% and corrosion
resistance property enhanced nearly double in nickel composite of silicon
carbide and alumina coatings respectively. All the coatings are mainly
consisted of dispersive part of surface energy indicating covalent bonding
between surface and liquids.
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Chapter 1 Introduction

Chapter 1.

1.1.

Introduction

Research background
Surfaces of materials or components have limited lives due to

mechanical interactions of components within the system or chemical/
electrochemical influences of the operating environment. These changes
may damage the functionality and in some worse cases cause catastrophic
breakdown of the system which might lead to hazardous effects for human
and the environment. For example, surface in contact with chemicals and
exposure to humid atmosphere cause to surface change due to chemical or
electrochemical corrosion, tribological or wear damage (Kanani, N., 2004). In
order to overcome these challenges various coating technologies have been
used such as evaporation, painting, thermal spraying and metalising
including electroless or electroplating coating.
Increasing demand of water-lubricated mechanical components or
systems requires the development of novel materials with better tribological
performance in the presence of the water environment. This applies to a wide
range of marine applications such as marine vessels, conventional power
plants, tidal and wave energy systems and other water-lubricated industrial
bearings.
One common requirement of protective coatings for mechanical
component/systems is significant surface hardness to withstand subject to
high loads and to provide a certain wear resistance properties. In the case of
water lubrication an additional requirement is a high corrosion resistance.
The absence of cracks may enhance the corrosion resistance. The
incorporation of nano particles is another instrument to influence the surface
properties, especially the friction and wear resistance. Due to the process it is
possible to form nano crystalline metals and also to incorporate different
particles. For all kinds of coatings it is a great challenge to remain adhered to
the substrate for longer lifetime because of the high stresses on the interface
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layer. So the adhesion strength of the coating is important, especially for
industrial applications.
Recently, protecting coatings produced by electrodeposition technique
have gained attraction due to superior economic approach and control over a
wide range of pulse settings and deposition process parameters. By using
optimal values of these parameters, it is possible to produce more complex
geometries of electrodeposited coating as compared to line–of–sight
deposition methods such as PVD and CVD. Extensive work has been
completed to evaluate the feasibility of electroplated coating for various
industrial applications.
However, it is necessary to study the tribological performance of the
electrodeposited

composite

coating

incorporating

nanoparticles

for

application in water lubricated contacts. Therefore, this research is looking
into the tribological performance of nanocomposite coatings with special
focus on water lubricated rolling contact. This applied research will provide
fundamental design solutions for electroplated nanocomposite coatings with
nano-enhanced wear and corrosion resistance efficiencies for water
lubricated tribological component or systems.
This research project is conducted in collaboration with industrial
partner Schaeffler Technologies GmbH & Co. KG, Germany. In this project,
Schaeffler provided access to their laboratories to conduct several
experiments, including corrosion tests, wettability and mechanical testing.
The Schaeffler Group with its product brands INA, FAG and LuK is a leading
manufacturer of high-quality rolling bearings, plain bearings, linear guidance
systems, and engine components for mechanical engineering, aerospace
and the automotive industry worldwide. An overview of various kinds of
coating supported products with different industrial applications produced by
Schaeffler Group is shown in Figure 1. These coatings are categorized
according to four main functions, namely; (1) anti-corrosion, (2) anti-wear and
friction protection, (3) current insulation and (4) surfaces exposed to high
tribo-mechanical stresses.
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Figure 1 Schaeffler’s coating systems and their areas of applications.

During the last decade, extensive work have been completed in the field
of electroplating coating techniques especially with a focus on wear and
corrosion resistant coatings, self-lubricating systems and dispersionstrengthened coatings (Gyftou, P. et al., 2008; Lee, C., 2012; Musiani, M.,
2000; Su, F. et al., 2013a). As reported, electrochemical composite coating
investigations started from the beginning of 20th century as researchers
started investigating the effect of electrochemical co-deposition of Cugraphite as a self-lubricating agent in the car engine since 1928 and sand
particles with nickel matrix were used for anti-slip coating purposes (Gomes,
A. et al., 2011; Hovestad, A. and Janssen, L., 1995).
Electroplating is a versatile technique for co-deposition of nanoparticles
of metals, metal oxides, carbides, borides, and polymers with a metal or alloy
matrix such as nickel, copper and chromium. In recent years nano-composite
coating of metals and alloys have been of great interest due to peculiar
behaviour and novel properties of nanomaterials, typically with their sizes
below 100nm (Khazrayie, M. and Aghdam, A., 2010; Langdon, T. G., 2009).
Numerous studies have been reported on composite coating containing inert
particles of micro and nano size with metal matrix using electrodeposition
techniques which include Al2O3, ZrO2, TiO2, SiC, Si3N4, Fe2O3, and CeO2.
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The results from these studies are summarised in Table 2 and 3 in section
2.4.

1.2.

Aims

This research aims to study the potential of the electrodeposited Ni-based
composite coatings incorporating nanoparticles to improve the tribological
performance of water-lubricated tribological systems.

1.3.

Objectives

The research objectives for current research are as follows,
o Investigate

and

electrodeposited

understand

the

tribological

composite

coating

properties

incorporating

of

various

nanoparticles subject to water lubricated contact.
o Test rig modification is needed in TE92 rotary tribometer to assess the
tribological properties of newly developed electrodeposited coatings
subject to water lubricated contact.
o Identify the optimal parameters for the production of nickel based
nanocomposites coatings and corresponding chemical compositions
with

nano-enhanced

tribological,

mechanical

and

wettability

properties.

1.4.

Novelty

The novelty of research in this thesis is to evaluate the tribological
performance of electrodeposited nanocomposite coatings incorporating
various nanoparticles under water lubrication by using a modified version of
rolling contact tribometer. To identify the optimal formulations for the
production of nickel based nanocomposites and corresponding chemical
compositions with nano-enhanced tribological, mechanical and wettability
properties. This research will provide novel design solutions for selecting
suitable electroplated nickel composite coatings for tribological applications in
harsh water-lubricated contacts.
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Chapter 2.

2.1.

Fundamentals and Literature Review

An overview of electrodeposition techniques

Aqueous electrolytes also known as electrolyte baths are metal salts (of
metal to be deposited) which ionize when dissolved in suitable ionizing
solution such as water to form electrically charged anions and cations.
In addition to metal salts some additives, chemicals such as acids and
salts or buffers are commonly used in order to promote conduction,
optimizing the coating properties and to keep pH constant, as these
parameters play an important role in the preferred properties of finished
coated products.
For example, when nickel sulphate NiSO4 (metal salt) is dissolved in
water, it ionizes into Ni2+ and SO42- ions. In the presence of an external
power supply, the Ni2+ gets started releasing at anode due to the oxidation.
These Ni2+ are attracted by negative SO42- ions to form nickel sulphate. At
the same time some electron transfer to positively charged Ni2+ ions to form
free metallic nickel atoms which deposit themselves on the cathode. In this
way the oxidation and reduction process continue at anode and cathode,
respectively, to maintain the electrolyte charge more or less uniform. In
general anode-solution interface oxidation and cathode-solution interface
reduction follows equation 1 and 2 respectively.
 =  + 

Equation 1

 +  = 

Where ,  and 

Equation 2
are atom in the metal surface, ion in solution

and electron(s) in metal respectively.
Figure 2 illustrating the basic principle of electroplating methodology for
plating of nickel in a solution of nickel sulphate.
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Figure 2 Principle of nickel plating in nickel sulphate solution.

In addition to metal salts and additives to promote conduction there will be a
source to start metal deposition process which is as an external source of
applied voltage in case of electrodeposition or electroplating technique and
strong reducing agent in case of electroless or chemical deposition
technique. Third type of deposition technique is Laser-induced or Laserenhanced deposition based on laser technology and applied to either above
two deposition techniques to accelerate metal deposition rate (Horio, K. et
al., 1991; Morgenstern, T. and Schultze, J., 1997). The flow chart of chemical
and electrochemical coating techniques is shown in Figure 3.
In this discussion, electroplating technique with various processes such
as direct current (DC) and pulse current (PC) and pulse reversed current
(PRC) processes are studied. Moreover, the effect of electrodeposition
conditions is also discussed.
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Figure 3 A flowchart of chemical and electrochemical coating techniques.
2.1.1.

Types of electrodeposition techniques

2.1.1.1. Direct current electrodeposition
Conventional direct current electrodeposition methodology is an economical
approach which does not include the additional cost of sophisticated
controlled pulse supply system. Simple rectifiers or batteries are used as a
direct current supply to start the deposition process at the cathode (of metal
to be deposited) as discussed above. Nevertheless, there is only one
parameter (current density) to adjust in order to optimise the morphological
and physical properties of coating (Lou, H. H. and Huang, Y., 2005).
Secondly, due to non-uniform current distribution (higher at sharp edges and
lower at recessed areas of the cathode) cause non-symmetric thickness
layers of the depositing materials, geometrical shape and current densities
are modified to overcome such issues. Also, due to direct current supply in
DC electroplating there is not a homogenous distribution of ions in the bath
which create more depleted area with high current density and less depleted
areas with low current densities. Consequently, such uneven distribution of
ions affects the morphological properties of the coating (Kelly, J. et al., 2000).
As current flow is a continuous phenomenon in the direct current
electrodeposition process the duty cycle is 100% and average current density
is equal to peak current density.

2.1.1.2. Pulse

current

(PC)

and

pulse

electrodeposition
22

reverse

current

(PRC)
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During the last decades, the rapid advancements in the field of electronics
bring great flexibility in regulating the variable parameters of the applied
current waveform. These parameters play an important role in controlling the
various characteristics such as morphological structure of metals or allay as
well as the composition of particles incorporated in composite coating even at
the atomic scale.

PC and PRC electrodeposition techniques are basic

sources for recent development in the field of nano-tribology for
enhancement of tribological properties in the field of nanotechnology.
The pulse current refers to applied current waveform with one direction.
To characterise the pulse current the following parameters are considered:
•

Cathodic peak current density (Ip)

•

Cathodic pulse length or pulse ON time (TON)

•

Interval between the pulses or pulse OFF time (TOFF)

Using these parameters the duty cycle (γ) and frequency can be
defined by Eq. 3 and Eq. 4 as (Beattie, S. and Dahn, J., 2003; Chandrasekar,
M. and Pushpavanam, M., 2008),
  =



Equation 3

 

Duty cycle is defined as the portion of each cycle during which current
is ON.
  =



Equation 4

 

Average current density (IA) is defined by following equation
(Chandrasekar, M. and Pushpavanam, M., 2008; Puippe, J. C. and Ibl, N.,
1980).
I  =    ×

 

Equation 5

The current density is defined by Eq.6 as peak current divided by the
surface area to be electroplated.
!  "#$

%=

&'() *+,,'- .

/+,0(*' (,'( /234
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The pulse reverse current refers to applied current waveform bipolar
direction where anodic and cathodic pulses are mixed through sophisticated
regulating pulse generator as shown in Figure 4(c). In order to characterize
pulse reverse current following parameters are considered,
•

Anode pulse (reverse) time TAA

•

Cathode pulse (forward) time TC

•

Anode current density IAA

•

Cathode current density IC

•

Average current density ĪA

•

The cycle time T

For pulse reverse current the average current density (ĪA) and duty
cycle (γ’) followed as (Grimmett, D. L. et al., 1993),

2.1.2.

Ī =

67 87 699 877
899 87

"

  : ;  =

Equation 7
<

== <

Where TAA = TC

Equation 8

Merits of PC/PRC over DC electrodeposition

2.1.2.1. Additional parameters
PC/PRC offers additional current parameters by means of which output
current can be periodically altered, which is an advantage in enhancing the
deposition rate and quality of deposited coating as well as the needs for
additives also significantly reduced. For example, current OFF time TOFF in
(PC) or and (PRC) significantly discharge the double layer which is a barrier
for penetration of ions at cathode (Borkar, T. and Harimkar, S. P., 2011).
Secondly, continuous direct current is applied in DC electrodeposition which
creates an uneven distribution of ions with more and less current density
area in the electrolyte which affect the quality of the coating. Whereas, in PC
and PRC, the TOFF significantly enhance the quality of the coating by
increasing the ions distribution in electroplating solution (Chandrasekar, M.
and Pushpavanam, M., 2008). Balasubramanian studied the influences of
current duty cycle and frequency on the electroplated copper thickness and
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plating current efficiency over stainless steel and demonstrated good
adhesion of copper with maximum current efficiency and deposited thickness
with duty cycle of 80% and frequency of 50Hz (Balasubramanian, A. et al.,
2009).
2.1.2.2. Mechanical and tribological properties
Compared with DC electrodeposition method, the PC and PRC can yield
significant improvements in mechanical and tribological properties in
deposited coating. It is reported that nanocrystalline Cu electrodeposition
using PC method provided greater hardness, reduced friction coefficient and
higher wear resistance in comparison to DC electrodeposition. Furthermore,
PC deposited coating is more electrochemical stable in comparison to DC
deposition (Ogihara, H. et al., 2012; Tao, S. and Li, D., 2006). With the
revolution in the field of nanotechnology, nano-tribology research using
PC/PRC in comparison to DC electrodeposition techniques has attracted
great interest due to its remarkable improvements in coating tribological
properties such as wear resistant, friction and corrosion resistance and
mechanical properties (Huang, S. et al., 2011; Landolt, D. and Marlot, A.,
2003; Lee, C., 2012; Low, C. et al., 2006; Mishra, R. et al., 2004; Tao, S. and
Li, D., 2006; Thuvander, M. et al., 2001; Zhou, Q. et al., 2009).
2.1.2.3. Structure and morphological properties
The independent control over different parameters of PC/PRC techniques
can

deliver

significant

improvement

in

micro-nano

structures

and

morphological properties of the deposited coating of metals, alloys and
nanoparticles composites which is not possible with DC techniques (Kelly, J.
et al., 2001; Marlot, A. et al., 2002; Nakanishi, T. et al., 2001).
Researchers have investigated comparative studies of direct current
and pulse current electrodeposition techniques with a focus to overcome
porosity problems and have proposed PC/PRC techniques to achieve lower
porosity (Balasubramanian, A. et al., 2009; Barcena, J. et al., 2008; Liu, Z. et
al., 2011; Ramanauskas, R. et al., 2008). Porosity linked to the quality of the
deposited coating as well as tribological properties such as corrosion, with
increasing porosity can provide a safe way to various unwanted ions to

25

Chapter 2 Fundamentals and Literature Review
penetrate through the pores which may increase pitting corrosion behaviour
of the underlying substrate (Liu, Z. et al., 2010; Notter, I. and Gabe, D., 1992;
Zhou, Q. et al., 2009). It was reported that the formation of hydrogen bubbles
during the electroplating process resulting into the porosity

around the

microstructure grains boundries of the coatings (Nakahara, S. et al., 1976).
Zhengwei Liu et al. explained the relationship between porosity and pulse
plating conditions (Liu, Z. et al., 2010). It was concluded that the lower
porosity can achieved under high pulse frequency and lower current density
conditions.
2.1.3.

Demerits

of

pulse

current

and

pulse

reverses

current

techniques
The demerits of PC/PRC techniques are not as significant as its benefits over
DC deposition techniques. As Potentiostats/Galvanostats systems for pulse
generation are highly sophisticated designs which allow independent control
over different parameters of the waveform due to which its cost is greater
than simple DC unit. Furthermore the complex procedures of PC/PRC
techniques required proper planning about different parameters ahead to
retrieve improvements in results (Chandrasekar, M. and Pushpavanam, M.,
2008).

2.2.

Deep eutectic solvents (DESs) for water repellent composite
coating

Electrodeposition coating technique with aqueous solution electrolytes is a
versatile approach for wide range of composite materials incorporating micro
to nano sized particles with improved tribological properties as reported
above. However issues relating high metals solubility and instability of
colloidal dispersion rose while using water sensitive materials for example
the composites coatings incorporating water repellent materials such as
Polytetrafluoroethylene (PTFE) and deposition on water sensitive substrates
such as aluminium, consequently the coating will result in reduced content
ratio of particles as well as increased surface roughness in final deposited
coating (Abbott, A., 2011; Armand, M. et al., 2009; Changdong, G. et al.,
2012). To overcome these issues with water repellent material in aqueous
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baths several strategies have been adopted during the last decade such as
using ultrasonic stirrer for stabilising the distribution of particles or use of nonionic/cationic wetting agent.
Most recently the deep eutectic solvents approach invented by Abbott
and co-workers to improve surface morphologies with better metals solubility
and stability due to less surface energy of DESs electrolyte than water and
water insensitive behaviour (Abbott, A. P. et al., 2004). Deep eutectic
solvents (DESs) based ionic liquids are most commonly Choline chloride
based liquids using ethylene glycol (EG or Ethaline) as the hydrogen bond
donor is an advantageous media for metals electrodeposition in comparison
to conventional electrolytes with t following advantages.
2.2.1.

Non-toxic/Low vapour pressure

Traditional electroplating or Electrodeposition process based of cyanic or
phosphate electrolytes such poisoning baths are toxic, quite corrosive and
hazardous for environment. However, DES solvents are environment friendly
and considered as suitable alternative for many poisonous electrolytes (El
Abedin, S. Z. et al., 2007; Gu, C. et al., 2012). Extreme low vapour pressure
of ionic liquid based solvents around (10−11–10−10 mbar) which an advantage
to prevent releasing of harmful vapours into atmosphere (El Abedin, S. Z. et
al., 2007; Liu, Z. et al., 2012). In comparison to ionic liquids the deep eutectic
solvents are easy to prepare and cost effective with high purity and can
efficiently recycled upon excessive dilution in water (Abbott, A. P. et al.,
2004; Gu, C. et al., 2012). As deep eutectic solvents are mixture of already
known chemicals so they don’t need to be register with REACH as new
entities which is an advantage for commercial application (Abbott, A., 2011).
2.2.2.

Thermal stability

Much low vapour pressure of ionic liquids based solvents has significantly
improved the thermal stability of electrodeposition baths as compared with
common aqueous solutions and can be used in temperature of 300-400°C
(Bonhote, P. et al., 1996; Zein El Abedin, S. et al., 2012). Electroplating of Ta
which is not possible to deposited from aqueous solution has been
electrodeposited using eutectic combination of LiF–NaF–KF and K2TaF7 at
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temperatures between 650 and 850°C (Zein El Abedin, S. et al., 2005).
Electrodeposition electrolytes at such a high temperature, cause to increase
expected loss in current efficiencies, corrosion rate and similar technical and
economic issues, considering these problems. Abedin and co-workers
reported that Tantalum can be electroplated at temperature of 200°C with
composition

of

TaF5

and

1-butyl-1-methyl-pyrrolidinium

bis

(tri-

fluoromethylsulfonyl) imide as a mixture of ionic liquid (Zein El Abedin, S. et
al., 2005).
2.2.3.

The wide potential windows

The electrochemical potential window is a significant parameter of
electrodeposition technique which defines the electrochemical stability of
solvents at certain potential range at which the depositing electrode oxidized
or reduced. The electrochemical potential windows for electrodeposition of
metals and alloys in water based electrolytes is about up to 1.2 V (Fomin, A.,
2010). On the other hand majority of the deep eutectic based solvents have
potential window up to 3V and some ionic liquids are reported to have to 6V
capability (Zein El Abedin, S. et al., 2004). The wide penitential range of ionic
liquid based solvent give access for electrodeposition of elements which are
not possible with aqueous or organic electrolytes (El Abedin, S. Z. et al.,
2007).
2.2.4.

Water insensitive/ high solubility of metals

Unlike the room-temperature ionic liquids, the DES based solutions are easy
to prepare with low cost and high purity as well as these solvents are
nonreactive with water which is an advantage to quality coatings. Water
insensitive property DES based solutions is an important factor towards
quality coating in term of several advantages over conventional electrolytes
for example, (1) significantly reduced hydrogen embrittlement (gaseous
hydrogen produced during water electrolysis) from coating substrates
(Haerens, K. et al., 2009), (2) better distributions/dispersion of metals/alloys
and micro/nano sizes particles of water repellent materials (e.g. PTFE or
Teflon) (Changdong, G. et al., 2012), (3) Electrodeposition of metals over
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substrate which are sensitive to water (Abbott, A. P. et al., 2008; Liu, Y.-S.
and Pan, G.-B., 2011).

2.3.

Tribological contacts

Tribology is the science and technology of interacting surfaces in relative
motion. The tribological interacting surfaces subject to dry or lubricated
contact may result into loss of material from bodies in contact. The removal
of materials from tribological interacting surfaces is known as ‘’wear’’. The
wear failure can occur in various ways depending on contact situation,
sliding, rolling and impact. The force producing relative motion between two
solid bodies in contact is known as ‘’friction force’’. The ratio between friction
force and applied normal is defined as coefficient of friction and is a
dimensionless property. Friction is not a material property, but a system
parameter which may affect by the surrounding environment. The
surrounding environment includes the lubrication, humidity and wear debris,
resulting from different type of wear mechanism. For example, under
lubricated contact, the bodies in contact can be separated by a thin
lubrication film depending applied load, sliding/rolling speed and viscosity of
the lubricant. This thin lubrication film may contribute to the lower wear and
friction behaviour. The thickness of separation film is used to identify that
what type of lubrication regime exists between the contact. Therefore, the
term tribology encompasses the study of wear, friction and lubrication.
Tribology aims to understand/improve the friction and wear properties of
materials/surfaces for the specific application case. The wear and friction
properties of the wide ranging engineering component can be enhanced by
employing protective coatings. The lubricants are used for several purposes,
to minimize the friction and wear, to remove wear debris from contact areas
and as an anti-corrosive agent when used in the form of grease lubrication.
2.3.1.

Wear mechanisms

A number of different wear mechanisms have been defined in the literature.
However, the following four wear mechanisms are generally recognized as
the main types of wear behaviour (Burwell, J. T., 1957),
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•

Adhesive wear

•

Abrasive wear

•

Fatigue wear

•

Corrosive wear
The adhesive wear occurs as a result of micro-joints between the

contacting asperities of counter bodies in relative motion. The transfer of
material from one surface and the addition of it to counter surface is defined
as scuffing or galling.
The abrasive wear occurs when one material is harder than that of
counter body material. The abrasive wear can be occurs as a result of twobody abrasive wear or three-body abrasive wear. In two-body contact the
abrasive wear is caused by the surface asperities of hard material. While, in
three-body contact the abrasive wear is caused by the hard particle trapped
within rubbing surfaces. One of the types of abrasive wear is micro-ploughing
in which material of softer material is shifted to the sides of worn wear
groove.
The fatigue wear occurs under cyclic loading when the applied load
exceeded the fatigue strength limit of the material. The repeated loading may
lead to the formation and propagation of micro-cracks on/below the surface.
The material delamination occurs when the micro-cracks get connected to
each other and resulting in the material separation.
The degradation of materials as a result of accelerated corrosion
between rubbing surfaces is called corrosive wear. The corrosive wear is
combined effect of wear and corrosion and also called tribocorrosion. The
fundamental cause of corrosive wear is the chemical reaction between the
worn surfaces and corrosive media.
2.3.2.

Lubrication regime and lambda ratio

Under lubricated tribo-test conditions the rubbing surfaces can be separated
by a thin lubrication film. The thickness of separation film is used to identify
that what type of lubrication regime exists between the contact. The minimum
film thickness between surfaces in contact is calculated by using (Hamrock,
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B. J. and Dowson, D., 1981) Elasto-hydrodynamic lubrication (EHL) equation
with known physical properties.
>?@A = 3.63U F.GH GF.JK W

F.FMN 1

−e

F.GH) 

Equation

9

Where Hmin, U, G, W and k are dimensionless parameters for
dimensionless minimum film thickness, speed, materials, load and ellipticity
properties respectively and defined as,
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Where ηo, u, Er, ξ, P, Rx and Ry are viscosity, average surface velocity,
reduced elastic modulus, pressure viscosity, load, effective radius in x
direction and effective radius in y direction respectively. The reduced
modulus of elasticity is calculated as,
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Where E,E` ,v and v` are the Young’s modulus and poisson ratios of

contacting bodies respectively.
The actual minimum film thickness is product of dimensionless
minimum film thickness and effective radius of ball which is defined as,
h?@A = H?@A R n

Equation

10

The lambda (λ) ratio or specific film thickness ratio is define as the ratio
of measured minimum lubrication film thickness between the surfaces in
contacts to r.m.s roughness of bodies in contact (Hamrock, B. J. et al., 2004).
The three lubrication regimes are distinguished based on the value of lambda
(λ) in the Stribeck curve and are shown in Figure 4. These values are
approximated as λ>3 for (elastohydrodynamic lubrication, 1<λ<3 for partial or
mixed lubrication and λ<1 for boundary lubrication.
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Where R`{| and R`{} are the r.m.s roughness values of balls and coated
disc respectively.

Figure 4 Characterisation of lubrication regimes according to Stribeck
curve.

2.4.

Recent developments in nanocomposite coatings with focus
on tribological performance

Table 1 presents a summary of tribological properties of electrodeposited
composite coatings incorporating various metal nanoparticles with Ni matrix.
It shows improved tribological performance in all kinds of composites using
metal nanoparticles as filler in Ni matrix.

The effect of electrodeposition

conditions for direct current (DC), pulse current (PC) and pulse reverse
current (PRC) for pure nickel and Ni-based composite on sliding wear
behaviour are investigated by Borkar and Harimkar (Borkar, T. and Harimkar,
S. P., 2011). It was demonstrated that for all pulse conditions the nickel
composite coatings showed enhanced wear resistance than pure nickel
coatings. Furthermore particles enforcement improved with pulse current
(PC) and pulse reverse current (PRC) conditions when compared to direct
current (DC) and Ni-Al2O3 exhibited better wear resistant properties when
compared to Ni-silicon carbide and Ni-zirconium oxide. The influence of
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current density on wear resistance performance of

nickel and nickel

composite of TiO2 was investigated by Denny and Andreas(Denny, T. and
Andreas, B., 2008). It was concluded that the wear resistance of Ni-TiO2
composite enhanced with decreasing current density which increased the
hardness and refined the nanocrystalline grain size.
The deposition pulse frequency was identified as a dominant factor to
optimize the grain size, microhardness and corrosion resistance properties of
Ni-W coatings (Argañaraz, M. et al., 2011). Abdel Aal et al, determined the
optimum electrodeposition parameters and concentration (41 wt.%) of
incorporated nanoparticles of aluminium nitride (1-40-150nm) into Ni matrix
for improved tribological performance in term of wear resistance, corrosion
resistance and coefficient of friction (Aal, A. A. et al., 2006). Tribo-tests were
conducted subject to room temperature under a load of 500 g and sliding
speed of 70 rpm. It was demonstrated that the composite coatings of Ni-AlN
significantly enhanced the tribological performance in comparison to nickel
coatings. The wear and friction behaviour of electroplated Ni-Si3N4 with focus
of ionic liquid lubrication under ball on disc sliding rig studied by Yanqiu Xia
et al. (Xia, Y. et al., 2007). It was presented that the tribological properties of
co-deposit coatings were excellent under ionic lubrication. The friction and
wear tests were conducted under a load of 10 N and sliding speed of 0.055
m s-1.
Gül and co-workers studied the influence of current density on the
tribological performance of Ni-alumina co-deposited by using direct current
and PC methods (Gül, H. et al., 2009; Gül, H. et al., 2014). It was concluded
that the co-deposit composite coatings manufactured by PC technique
resulted into an increased percentage of incorporated particles and also with
enhanced particle distribution within the matrix. It was found that the wear
rate of coatings produced by using DC technique was reduced with
increasing current density. On the other hand, no significant influence of
current density was observed in coatings produced by using PC technique.
An optimum value for immersed particles (Gül, H. et al., 2012) and
sodium dodecylsulfate (SDS) (Kartal, M. et al., 2015) into electrodepositing
electrolyte has been reported in literature as 20 gram per litre and 0.10 gram
33

Chapter 2 Fundamentals and Literature Review
per litre respectively in order to achieve better mechanical and tribological
properties of electroplated Ni-silicon carbide and Ni- tungsten carbide
composite coating.
Beltowska-Lehman et

al (Beltowska-Lehman,

E. et al., 2015)

investigated the effect of ultrasonic treatment on Ni-ZrO2composite coatings.
It was established that the composite coatings Ni-W/ZrO2 showed the
uniform distribution and a greater content of particles subject to lower
ultrasonic treatment. It was the reason for the enhanced mechanical
properties of developed coatings. The corrosion resistance behaviour of
nickel alumina composite coatings as a function of incorporated nanoalumina particles was investigated by Zhou et al (Zhou, Q. et al., 2009). It
was proved that the integration of nano-alumina particles increases the
corrosion resistance, reducing the porosity of the coatings and also increases
the abrasion resistance. It was because of the better dispersion of nanosized particles with respect to the micro-sized particles. The effect of
depositing pulse frequency on the wear behaviour of nanocomposite coatings
under sliding contact was studied by Chen et al.(Chen, L. et al., 2006). It was
indicated that the volume fraction of alumina particles in coatings increased
with the increase of pulse frequency and the wear behaviour of coating
depend on reinforcement content of the particles into coating rather pulse
frequency. It was confirmed that the wear properties of electrodeposited
coatings as a function of changing pulse frequencies act significantly
dissimilar subject to dry and oil lubricated situations.
Earlier,

researchers

have

studied

the

influences

of

chemical

composition strength (ionic concentration) of electrolyte on surface
morphologies of coatings produced by electroplating method (BełtowskaLehman, E. et al., 2011). It was established that the lower ionic strength of
electrolyte results into good particle distribution within the nickel matrix, also
the refined microstructure of deposited pure nickel and nickel co-deposit of
alumina nanoparticles. The volume of electroplating bath also contribute to
the characteristics of deposit coating as researchers reported in the literature
(Oloruntoba, D. et al., 2010). It was observed that the coating deposition time
is significantly reduced at higher volume of electrolyte.
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Table 1 A summary of the tribological properties of some nanoparticles-filled metal nanocomposites.
Matrix/nanop

Filler Size (nm)

Method

Change of H

Change of COF

Wear resistance

articles
Ni/Al2O3

Corrosion

Reference

resistance
50-150

DC,PC

~450

~0.2 – 0.25

↑

↑

(Borkar, T.
and
Harimkar,
S. P., 2011;
Zhou, Q. et
al., 2009)

Ni/SiC

50

PC

~650

~0.29 – 0.34

↑

↑

(Vaezi, M.
et al., 2008;
Wielage, B.
et al., 2008)

Ni/ZrO2

100

PC

~434-446

↑

`-

↑

(Benea, L.,
2009;
Kumar, K.
A. et al.,
2012)

Ni/TiO2

21

DC

~400-450

~0.66 – 0.75

↑

↑

(Denny, T.
and
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Andreas,
B., 2008;
Lampke, T.
et al., 2006;
Wang, Y. et
al., 2014)
Ni/W

60-150

PC

~650-850

~0.30 – 0.40

↑

↑

(Argañaraz,
M. et al.,
2011;
Surender,
M. et al.,
2004b)

Ni/AlN

40-150

DC

~650

~0.012 – 0.016

↑

↑

(Aal, A. A.
et al., 2006)

Ni/Si3N4

100

DC

~484

~0.04 – 0.06

↑

-

(Xia, Y. et
al., 2007)

Ni/CeO2

40

DC,PC

~360-400

~0.48 – 0.52

↑

↑

(Aruna, S.
et al., 2006;
Xue, Y.-J.
et al., 2006;
Xue, Y.-J.
et al., 2010)
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Ni/Fe2O3

<100

DC

~300-320

~0.25 – 0.30

↑

↑

(Haq, I. U.
et al., 2013)

Ni/SnO2

<100

DC

~450-480

~0.22 – 0.35

↑

-

(Khan, T. I.,
2011)
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Table 2 provides a summary of recent research papers related to
electrodeposited nanocomposite coatings with different process method used to
examine the friction, wear and corrosion properties of coatings. The key
investigations demonstrate that the results are quite dependent to the experimental
condition of both electrodeposition parameters and configuration parameters of tribo
test methods used. Table 3 demonstrates a summary of the key results of the
investigation related to effect of configuration parameters such as testing method,
sliding velocity, contact frequency, contact area, temperature and coating material on
wear and friction coefficient properties.

2.5.

Summary of the literature review and research gaps

The tribological performance of nickel composite nanocoating has been extensively
studied by various researchers in dry and oil lubricated sliding contacts. However, the
tribological performance of nickel nanocomposite coatings under rolling contact with
focus on water lubricated environment is left obscure. Earlier investigations were
conducted based on pin-on-disc or ball-on-disc sliding wear test condition under dry
or oil lubricated environment.
Tribological performance of electrodeposited coatings in the presence of water
lubrication may considerably differ from dry or oil lubricated contacts. Waterlubrication film between tribologically interacting surfaces may alter the friction, wear
and corrosion properties of electrodeposited coatings. The incorporation of
nanoparticles, the wettability behaviour and chemical composition of electroplating
solution are some parameters which may unpredictable tribo-properties of the
coatings. Further study is necessary to investigate the tribology of nano-enhanced
electroplated coatings subject to water lubrication contacts.
Therefore, in the current study, a modified ball-on-disk assembly with three ball
system by using a Rotary Tribo-meter (Phoenix Tribology) was designed to simulate
industrial water-lubricated rolling contact. These coatings were studied in terms of
tribological and mechanical properties, coatings-substrate interface adhesion
strength, wettability behaviour and surface free energies.
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Table 2 A summary of electrodeposition of nanocomposite coating with focus on
tribological improvements
Coating
Tribo test
process
method
DC,
PC, Ball-on-disk
PRC

Composite
materials
Co–W (1570nm)

DC,
PRC

Co (10-50nm)

DC

DC
DC,
PRC

DC

DC,
PRC
PC

DC,
PRC

PC, Ball-on-disk

Ball-on-disk

Investigations

PTFE
particles (2
µm)

•
•

Electrochemical Ni–Co
measurements
PC, Ball-on-disk
Co–W (2050nm)

Ball-on-disk

•
•
•

SiC (50 nm) ,
Al2O3 (50 nm)

PC, Electrochemical 10-25 nm Ni
measurements grains
Ring on Disk

PC, Ball-on-Disc

•
•
•
•
•
•
•
•

Ni–W/ Al2O3,
Al2O3(80nm)
Al2O3 (150
nm),
SiC (30–60
nm), ZrO2
(200 nm)

•
•
•
•
•
•
•
•
•
•
•
•
•

PC

Pin-on-disc

Ni-CNT, CNT
(30–50 nm)

•
•
•

DC

Ring on disk

Ni-W alloy
(1.5-8.7 nm)

•
•
•
•
•
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COF
Hardness
Wear
COF
Hardness
Wear
Wettability
Corrosion
resistance
Wear
Corrosion
resistance
COF
Hardness
Volume
fraction
Hardness
Wear
COF
Wettability
Corrosion
resistance
Wear
COF
Hardness
Wear
COF
Hardness
Volume
fraction
Coating
thickness
Wear
Hardness
Wear
resistance
Wear
COF
Hardness
Heat treatment
effect
Deposition rate

Reference
(Su, F. et al.,
2013b)
(Su, F. et al.,
2013b)
(Changdong,
G. et al.,
2012)
(You, Y. et
al., 2012)
(Su, F.-H.
and Huang,
P., 2012)
(Abbott, A.
P. et al.,
2012)
(Gu, C. and
Tu, J., 2011)
(Hou, K.-H.
and Chen,
Y.-C., 2011)
(Borkar, T.
and
Harimkar, S.
P., 2011)

(Borkar, T.
and
Harimkar,
S., 2011)
(Hou, K.-H.
et al., 2010)
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PC, DC

Electrochemical Ni-Cu, grain
size (1831nm)

•
•
•

DC

Pin on disk

•

Ni-Al2O3
(50nm)

•

PC

Ring on disk

DC

Electrochemical NiMeasurements Al2O3(13nm)

DC, PC

Vickers micro- Ni/nanohardness
SiC(20nm)

DC,
PRC

Ni-P-SiC,
(300nm)

•
•
•
•
•
•
•
•

PC, Vickers micro- Nihardness
Al2O3(13nm)

•
•
•
•
•
•
•

DC, PC

Ring on disk

Ni–P–SiC,
(300 nm)

DC, PC

Ring on disk

Ni–P

DC

Ring on disk

PC

Ball-on-flat

Ni-Co/Si3N4
(20nm)
Ni–WC

DC

Ring on disk

Ni–SiC(293
nm)

40

•
•
•
•
•
•
•
•
•
•
•
•
•

Hardness
Deposition
morphology
Corrosion
resistance
Adhesive
strength
Volume
fraction
Hardness
Wear
Wear
COF
Micro hardness
Corrosion
resistance.
Hardness
Volume
fraction
Parameters
effects
Volume
fraction
Hardness
Wear
COF
Micro hardness
Volume
fraction
Internal stress
Wear
COF
Micro hardness
COF
Micro hardness
COF
Hardness
Wear
Wear
COF
Hardness
Volume
fraction

(Agarwal, M.
et al., 2010)

(Saha, R. et
al., 2010)

(Hou, K. H.
et al., 2008)
(Ciubotariu,
A. C. et al.,
2008)
(Gyftou, P.
et al., 2008)
(Thiemig, D.
et al., 2007)

(Hou, K.-H.
et al., 2006)

(Hou, K.-H.
et al., 2007)

(Shi, L. et
al., 2005)
(Surender,
M. et al.,
2004a)
(Hou, K. et
al., 2002)
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Table 3 A summary of configuration parameters effect on coefficient of friction and wear.
Tribo
Tester
ring-ondisc
pin-ondisc

Specimens
•
•
•

ball-ondisc

•

•

ball-ondisc

•
•

ball-ondisc

•
•

(CuSn)
alloy
Aluminum
(Al99.6)
Steel
(rings and
disc)

Experimental
Conditions
• 1000 rpm
• 100–180
◦C
• lubricate
d

Key Results
•

•
•
•

Multilayered
DLC
AISI
52100
steel ball

•
•
•

Dry
16–20 Co
SV 0.060.5

•

7475alumi
nium alloy
H11 steel
ball
PTFE
coating
GCr15bearing
steel ball

•

•

•

300–450
◦C
Dry

•
•

Air
Vacuum

•

•

•

Investigations

Refere
nce
(Pondi
cherry,
K. S.
et al.,
2013)

As compared to PoD the RoD method is a
better approach for bench testing of journal
bearing application due to following benefits.
A uniform lubrication conditions
Demonstrates a better way of heat flow from
the contact points.
A better simulation of load bearing capacity
of the component/systems.
Increasing sliding velocity and normal load
contribute to reduction in COF.
The wear rates reduced with increasing
normal load. The wear rate increases up to
certain value of increasing sliding velocity
and then started decreasing with further
increase in velocity.
The coefficient of friction and deformation
significantly increased with an increase in
the testing temperature.

•

Effect of testing method

•

Effect of sliding velocity

(Kim,
D.-W.
and
Kim,
K.-W.,
2012)

•

Effect of temperature

(Wang,
L. et
al.,
2010)

There was no significant influence of
surrounding environment on friction
coefficient .The increasing normal load
contributed to the reduction in COF.
The wear resistance behavior of PTFE type

•

Effect of load and
surrounding Envir.

(Yuan,
X.-D.
and
Yang,
X.-J.,
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•
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coating
Si3N4
balls
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balls

•
•
•

•
•

RH 50–
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Dry
318 rpm

•

50% RH
Dry
0.64 and
16 Hz

•

•

•

•

ball-ondisc

•
•

MoS2
Steel balls

•

•

Room
temperat
ure
Dry

•

coating decreases subject to vacuumed
condition. However, the behavior was
reverse when normal load was increased
above 6N.
The AlCrN show better wear and coefficient •
of friction behaviour than that of TiAlN.
The experimental results show s that the
AlCrN is good candidate to achieve better
oxidation and spalling resistance properties
of the coatings. Also these coatings proved
better in terms of removing wear debris at
contact interface.
In addition to sliding velocity and normal
•
load the wear rate also depends on contact
frequency.
It was proven that the contact frequency
provides information about wear mode also
under constant sliding speed and applied
load conditions.
The oxidational and adhesive type wear
mechanism was observed above 9 Hz and
bellow 4 Hz respectively.
The Wear rate and average COF of coatings •
reduced with increasing counter ball
diameters. However, influences from ball
size vanished when increased above6.35
mm.
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2010)

Effect of coated material

(Mo, J.
et al.,
2007)

Effect of contact
frequency

(Navas
, C. et
al.,
2006)

Effect of contact area/ball
size

(Jiang,
J. et
al.,
2000)
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Chapter 3.

3.1.

Experimental Methodology

Electrodeposition of pure Ni and Ni-based composite
coatings

3.1.1.

Coating development setup

Electrodeposition experiments are performed by using a conventional
electroplating technique with two electrode system placed parallel vertically in
a beaker containing 1L of electrolyte solution. The electrodeposition
experimental setup used for small scale coating development in this research
is shown in Figure 5.
Pure nickel (99.99% Ni, supplier: Wieland Edelmetalle GmbH)
rectangular plates (100mm x 50mm) are used as an anode with surface area
2dm2, see appendixes A for calculations. The cathode specimen is a steel
substrate (dimensions; 80mm diameter and 8.20mm thick) for coating
deposition over a surface area of 0.70 dm2. The steel substrate is remained
constant for all types of coatings. The chemical constituent of substrate
material is provided in Table 4. Polyvinyl chloride (PVC) is used to seal the
areas which are not required to be plated. Prior to coating development
process the surface conditioning is conducted by mechanically polishing the
substrate and surface cleaning in liquids under ultrasonic treatment. The pH
of the electroplating solution is maintained between 4.0 and 4.5 by adding
NaOH or diluted H2SO4 and noted by using the Tecpel pH meter. Pulse
plating is carried out using MicroStar DPR: 20-15-30 model supplied by
Dynatronix (USA). The pulse current conditions such as plating time and
pulse on/off time settings can be controlled through the MicroStar Pulse
interface.
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Table 4 Chemical components of the substrate material (Bajwa, R. S. et
al., 2015a).
Materials

C (wt. %)

Si (wt. %)

Mn (wt. %)

S (wt. %)

P (wt. %)

Mild steel

0.14

0.27

0.91

0.25

0.02

(230M07)

Figure 5 Electrodeposition setup for nano-coatings manufacturing

3.1.2.

Watts bath preparation

3.1.2.1. Watts bath preparation for electrodeposition of pure Ni and codeposition of Ni-Al2O3, Ni-SiC and Ni-ZrO2 coatings
For standard Watts bath preparation the chemical constituent are consisted
of NiSO4 6H2O (265 g/L), NiCl2 6H2O (48 g/L) and H3BO3 (31 g/L) and
supplied by Fisher Scientific. For deposition of nanocomposite coatings the
nano-sized (~50nm 99.9%) particles of alumina oxide, silicon carbide and
zirconium oxides ZrO2 are provided by Io-Li-Tec GmbH & Co. KG. For better
suspension of nanoparticles, the electrolyte solution was continuously
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ultrasonically stirred (Sonic system P100) during the plating process of
coating deposition.
3.1.2.2. Watts bath preparation with various ionic strength of electrolyte
solution
The laboratory procedure for the preparation of Watts’s bath is same as
discussed above in section 3.1.2.1. However, during this current study, six
electrolytes solutions with three distinct strengths are prepared (i.e. High
concentration (Bhc), moderate concentration (Bmc) and light concentration
(Blc)). The Ni and Ni-alumina coatings are developed from these baths in
order to study the influence of different ionic strength on the tribological
performance of these coatings. The chemical constituents of these dissimilar
electrolytes are given in Table 5.
Table 5 Composition of electrolytes with various ionic concentrations (Bajwa,
R. S. et al., 2015a).
Chemical constituent (gram per liter)
Bath No.

Nickel

Nickel

Boric

Nano-

sulphate

chloride

acid

alumina

High concentration (Bhc)
1

331

60

38

-

2

331

60

38

20

Moderate concentration (Bmc)
3

265

48

31

-

4

265

48

31

20

Light concentration (Blc)
5

200

48

31

-

6

200

48

31

20
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3.1.3.

Substrate preparation

Prior to deposition the steel disc was mechanically polished on one side and
sealed with Polyvinyl chloride PVC on the other side. The polishing is applied
to achieve substrate roughness bellow (Ra) 0.1µm to get better coatingsubstrate interface adhesion. The pre deposition process includes a
sequence of surface conditioning using deionised water, acetone and etching
in 25% acidic solution.
3.1.4.

Pulse current electrodeposition parameter settings

The deposition pulse current conditions are controlled through the MicroStar
Pulse interface. All types of coatings carried out under constant pulse current
parameters, as given in Table 6.

Table 6 List of pulse parameters used for surface area 0.72dm2 of the
cathode
Pulse parameters
Current density
(A/dm2)

TON/TOFF
(mS)

Duty cycle
(%)

Frequency
(Hz)

Peak current
(A)

3

20/80

20

10

2.10

3.1.5.

Electrodeposition procedure
1) Pour the prepared electrolyte bath in the bathtub and let it stir for
about

1

hour

for

homogeneous

mixing

of

composition

compartments.
2) Hang the pure nickel anode to one wall and steel disc as cathode
to be plated to the opposite wall.
3) The negative terminal of the Dynatronix power supply (-) was
connected to the substrate.
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4) The positive terminal of the Dynatronix power supply (+) is
connected to the nickel sheet.
5) In case of nanocomposite coatings submerge the horn of
ultrasonic wave machine inside the electrolyte and make sure it
should not touch either anode or cathode.
6) Select the desired plating pulse configuration setting in the
Dynatronix power supply ProntPanel+ interface software to start
the plating process.

3.2.

Test rig setup for tribological testing

The Phoenix Tribology TE92 rotatory tribometer allow to accommodate
various other test rig combinations including pin-on-disc and four balls
systems. High Speed Microprocessor Rotary Tribometer (HSMRT) is
modified to accommodate ball-on-disc assembly with the water lubrication
ability. The calibration of tribometer was conducted by a technical engineer
from the TE92 supplier and calibration certificate for TE92 Microprocessor
Controlled Rotary Tribometer is enclosed in appendix C. The ball-on-disk
tribometer contained an upper sample (coated) and three lower counter
100Cr6 steel balls, equally spaced at 120o. A close up of the modified version
of HSMRT to mimic industrial applications subject to water-lubricated rolling
contacts is shown in Figure 6. The electrodeposited specimen disc (80mm
diameter and 8.20mm thick) is mounted with a shaft hub located at the outer
diameter of spindle of TE92 HS produces rotation and transmits the load on
balls rolling in the fixed disk at the base of the chamber. The test specimen
and counter body located within the test chamber are fully immersed in water
during testing.
The successful commissioning of modified version of HSMRT provide
an opportunity to conduct tribo tests for electrodeposited coatings subject to
rolling

contact

under

water

or

oil

lubrication.

Furthermore,

the

electrodeposited specimen disc with 80mm diameter can provide three
different wear tracks for tribo-test repeatability purpose. The wear track
radius on the coated specimen can be controlled by changing the ball holder
race with different radius of 33mm, 28mm and 23mm.
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The test conditions speed and contact pressure are controlled through
programmable user interface COMPEND-2011.

Figure 6 Modified TE92 Rotatory tribometer with test specimen and
schematic of loading configuration in magnified view.

3.2.1.

Tribo-test conditions

All tribo tests are conducted under immersed distilled water lubrication to
assess the tribological properties of newly developed coatings subject to
water-lubricated contacts. The test conditions were kept constant as 1m/sec
speed, 45N of applied load and a test duration of 30 min. The resulting
Hertzian contact pressure (Johnson, K., 1974) can be predictable to 1.75
GPa. The elastic modulus and poisson’s ratio of steel balls are 210 GPa and
0.30 respectively and assumed values for coated specimens as 230 GPa and
0.28 (Lille, H. and Koo, J., 2005). The tribological experiments are repeated
at least three times in order to reduce the uncertainty in the experimental
data.
Tribo-test conditions were chosen to simulate boundary lubrication.
Hamrock and Dowson formula for minimum film thickness and specific film
thickness ratio can be used to evaluate the type of lubrication regime by
using known physical properties in Table 7.

48

Chapter 3. Experimental Methodology
Table 7 Known physical properties for calculation of lubrication regime
Known properties

SI Units

ηo

1.08x10-3

Ns/m2

ξ

4.6x-10

m2/N

u

1

m/s

Rx

4.76 x10-3

m

Er

2.30x11

N/m2

P

45

N

k

1

Rqb

5.1x-8

m

Rqd

3.1x-8

m

According to equation (9), the dimensionless minimum film thickness is,
>?@A = 3.639.83193E − 13F.GH 106.15F.JK 8.60638E − 06
= 2.82197[ − 07

F.FMN 1

−e

F.GH) 

According to equation (10), the actual minimum film thickness is,
h?@A = 2.82197[ − 074.76[ − 3 = 1.34326[ − 09 m
The specific film thickness ratio (λ ) or lambda ratio can be calculated by
using equation (11),
λ=

1.34326[ − 09

√5.1E − 08` + 3.1E − 08`

= 0.022

The calculated value of λ (0.022) depicts that the tribological tests were
conducted within boundary lubrication regime range.
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3.2.2.

Tribo-test procedure
1) The test specimens and fixing screws were ultrasonically
cleaned in order to get rid of any contaminant traces on the
surfaces.
2) After surface cleaning, the surface roughness of coated
specimens were evaluated by using three-dimensional white light
interferometry at three different points.
3) The coated specimen was mounted with a shaft hub located at
the outer diameter of spindle of TE92 HS produces rotation. The
counter three steel balls were placed in the fixed disk (bearing
race) at the base of the chamber which allows free rotation of
balls.
4) The test chamber with a capacity of 500ml was fully immersed
with distilled water. The test chamber was cleaned with acetone
after fresh water was used prior to each test.
5) The tribo-test parameters were pre-defined in tribometer
software COMPEND-2011 which also runs the test. The resulting
output data was automatically stored in the excel data file and
was used for friction coefficient analyses.
6) After completion of tribo test, the specimens were carefully
removed from the tribo assembly without touching worn tracks
and ultrasonically cleaned with acetone.

All specimens were labelled and stored in antistatic grip seal shielding bag to
avoid any environmental influences.
3.2.3.

Wear and friction coefficient evaluation

The cross-sectional areas of worn surfaces on the disc during wear
testing are considered by means of a 3D surface analysis profilometry
(ZYGO). The wear volume of worn surfaces are calculated from V=AL, where
A and L are the worn track cross-sectional area in mm2 and length of the
worn track in mm respectively. The specific wear rate (mm3/Nm) is equal to V
(mm3) divided by Load (N) x rolling distance S (m).
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HS Rotary Tribo-meter (TE92) can only measure the torque which was
converted to friction force at a track radius appeared at coated specimen.
The coefficient of friction was calculated from equation, friction force divided
by normal load.

3.3.

Electrochemical corrosion tests

The initiation and propagation of destructive attack on metals and alloys by
chemical or electrochemical process with its environment in called corrosion.
Most metals and alloys when placed in corrosive medium a spontaneous
corrosion current initiate and suddenly corrosion current drops and intact
area behave passively. Resulting in a passive film, it is non-porous and
provides protective corrosion resistant surface of working material. However
subject to certain harsh environments, this anti-corrosive film can be affected
by localized corrosion incubation points. These localized failure points
referred to as pitting corrosion which results in the deterioration of passive
film and the base structure with the increasing reaction time.
Corrosion is an electrochemical process involving oxidation and
reduction phenomena which can be measured through electrochemical
measurement instruments. Electrochemical corrosion measurement is a
standard method to measure natural reactions between surface and
electrolyte in contact. Also, oxidation and reduction reactions can be
controlled through external applied voltage. The stimulation of oxidation or
reduction reactions at metal–solution interface through regulating free
corrosion potential or opening circuit potential (Ecorr) is called polarization. An
increasing in Ecorr towards positive direction will accelerate the oxidation and
a decrease in the Ecorr towards negative direction will accelerate the
reduction. The resulting currents are called anodic and cathodic currents for
oxidation and reduction respectively (Kelly, R. G. et al., 2002).
The anodic polarization curve measures the passivity and pitting
performance of metal or alloys under examination. In this technique a
potential is applied towards a positive direction starting from opening circuit
potential (Ecorr) until oxidation of electrolyte or sharply increase in current
occurs. A typical resulting anodic polarization curve plots current density vs
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potential and shown in Figure 7. The passivity of metals subject to specific
metal-solution system can be characterized by decreasing current density
with increasing potential. The longer the passive region in anodic direction
higher the passive film strength and the lower the current density the higher
is the degree of passivation. In anodic polarization plot the pitting potential
can be described by the anodic potential at which larger current observed.
The pitting potential tendencies of metals or alloys can also be estimated
from point of intersection by extrapolating of potential and current intersect
(Spies, H., 2014).

Figure 7 Schematic demonstration of anodic polarization states.
The

experimental

setup

used

for

electrochemical

corrosion

measurements in this research is shown in Figure 8. The electrochemical
corrosion measurements are conducted by using a conventional threeelectrode bench testing system (Gamry instruments). A platinum wire and
Ag+/AgCl electrode are used as counter electrode and a reference electrode
respectively. The working electrode is the electroplated specimen, placed at
the bottom in direct contact with 3.5 wt. % NaCl solution at a temperature of
20oC. Prior to starting the test the opening circuit potential (OCP) was
stabilized and experiment was conducted on scanning rate of 0.001 V/s. The
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corrosion behaviour of each coating is examined through potentiodynamic
anodic polarization curves. The specimen preparation procedure for
conducting the corrosion test is provided in section 3.6.1.

Figure 8 Three-electrode configuration setup with coated specimen as
working electrode at bottom.

3.4.

Wettability and surface energies test

The wettability and surface energies tests were conducted to understand the
lubricity behaviour of electrodeposited coatings with different type lubricants.
The surface energy or surface tension of electrodeposited nickel and nickel
nanocomposite coatings are examined by using Drop Shape Analyser DSA
100 (KRÜSS GmbH) based on Owens and Wendt (OWRK) technique
(Owens, D. K. and Wendt, R., 1969).

The reference liquids used in the

contact angle measurement (CAM) and surface energy (SE) experiments are
the H2O and CH2I2 with known surface energies. In order to reduce the
uncertainty in the results, three to four droplets are made on each coated
specimen for CAM and SE. The experimental method for study of surface
energy or surface tension of solid surfaces through contact angle
measurement

technique

is

discussed
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(Lugscheider, E. and Bobzin, K., 2001). The specimen preparation procedure
for conducting surface wettability behaviour study is provided in section 3.6.1.

3.5.

Adhesion performance tests

The adhesion enactment of newly developed coatings is studied by using
DIN EN 1071-3 standard method based on the scratch testing technique. The
specimen preparation procedure for conducting the scratch test is provided in
section 3.6.1. The scratch experiments are conducted with the help of the
CSM machine consisted of Rockwell C diamond with tip radius of 200µm and
testing setup shown in Figure 9. The scratch test standard parameters are as
follows,
o Load: 0 to 100 N
o Scratch length: 10 mm
o Test time: 60 seconds
Optical

microscopic

examinations

are

conducted

on

200X

magnifications to investigate the critical load value (Lc) at which the first
failure mode was witnessed.
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Figure 9 Scratch test configuration setup with dimensions of coated
specimen.

3.6.

Characterization tools and methods

The surface morphology and mechanical properties of newly developed
electrodeposited coatings are examined by using advanced characterization
methods such as, X-ray diffraction (XRD) analysis, scanning electron
microscopy (SEM), 3D white light interferometry and micro nano indentation
techniques. These techniques are discussed in this section.
3.6.1.

Sample preparations for characterizations

Each type of electrodeposited sample is cut into sub samples using a
precision cutting machine (ATM brilliant 220) in order to conduct different
investigations. The coated sample cutting procedure and preparation can be
seen in Figure 10. Following investigation are conducted by using different
segments of actual specimen,
•

SEM/EDS

•

XRD

•

Hardness and elastic modulus

•

Scratch testing
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•

Corrosion testing

•

Wettability and surface energies testing
The coated specimens are embedded by using an ATM OPAL 460

apparatus to study coating-substrate interface adhesion. The top surface of
the embedded sample is grounded and mechanical polished under, the
lubrication of polycrystalline diamond particles.

Figure 10 Coated sample cutting and preparation procedure to conduct
different investigations
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3.6.2.

3D surface profiler (Zygo NewView 5000)

The 3D surface profiling is conducted by using Zygo NewView 5000 Model
(shown in Figure 11) for surface mapping and to quantify the amount of wear
of worn surfaces of the coatings. The measured roughness parameters are
Ra (arithmetic mean of roughness) and Rz (sum of peak height and depth) are
used for surface mapping. The ZYGO white light interferometry is a nondestructive technique for surface characterisation of without special
specimen preparation.

Figure 11 Three-dimensional surface profiling machine (ZYGO NewView
5000)
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3.6.3.

Optical microscopy (Olympus)

Leitz Metallux 3 optical microscopy is used for coatings failure inspection
after scratch tests (as shown in Figure 12). The coated thickness and
coating-substrate interface adhesion are also examined by Metallus 3. This
microscopy

can

conduct

examinations

in

a

range

of

100x-1000x

magnification with 10x-100x objectives.

Figure 12 Leitz Metallux 3 optical microscopy with magnification in range of
100X-1000X.

3.6.4.

Scanning electron microscopy /EDS

The microstructure and surface morphology examinations of newly
developed coatings are conducted by using a scanning electron microscope
(as shown in Figure 13). The embedded samples of electrodeposited
coatings for coating-substrate interface analysis are also used for SEM
analysis. These embedded specimens are used for the examination of
reinforced nanoparticles distributions within the matrix. The Energy
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Dispersive X-ray spectroscopy (EDS) an additional functionality of SEM is
used to determine weight percentage of incorporating particles in the
composite coatings. The standard surface conditioning requirements of
specimens prior to putting in the SEM analysis were followed.

Figure 13 Scanning electron microscopy for microstructure and EDS
analyses (JEOL JSM-6010PLUS/LV).

3.6.5.

Micro and Nano-indentation tester

The mechanical properties of newly developed coats are measured with
nano-Indentation (CSM) (Figure 14a) and micro-indentation (LECO) (Figure
14b) testers. Nanoindenter is a suitable tester to reduce the influence of
substrate material on the resulting mechanical properties of coated materials
by controlling the load and depth penetration capability. For comparison
purpose tests are conducted both micro and nano indentation machines. To
avoid the influences of surface roughness peaks on the hardness or elastic
modulus properties of the coating under examination, all the samples are
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mechanically polished to develop smooth surfaces to decrease uncertainty in
the retrieving data points. This is because in uneven topology the localized
stress developing through contact between the roughness peak and the
applied load can cause into relatively deeper and small applied load. The
principle of instrumented indentation testing is described in appendix B.

Figure 14 Hardness and elastic modulus measuring machines (a)
Nano-indentation (CSM) (b) Micro-indentation (LECO).
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Chapter 4.

Performance of nanocomposite coatings

produced by various incorporated nanoparticles
As discussed in section (2.4) of chapter 2, extensive studies have appeared
to examine the wear, friction and corrosion performance of nano-composite
coatings embedded with nanoparticles into nickel as a matrix.

These

electrodeposited nanocomposite coatings have demonstrated improvements
to enhance wear, friction or corrosion properties with wide-ranging
engineering applications. The aim of the study included is this chapter is to
assess the practicability of electroplated pure nickel and Ni-based composite
coatings for water-lubricated tribological components/systems. Following
properties of newly developed coatings are investigated,
o Wear-resistance
o Corrosion-resistance
o Adhesion strength
o Wettability and surface tension

4.1.

Characterisation of the coatings

The pure Ni and Ni composite coatings are produced by using the pulse
electroplating method displays shiny grey look, surface evenness and well
adhered to the substrate. Figure 15 shows the SEM surface images of pulse
electrodeposited pure nickel and nickel co-deposition of nanoparticles (i.e.
Alumina, silicon carbide and zirconium).
As can be seen from SEM micrographs in Figure 15, all the coatings
demonstrate compacted fine grain microstructure. However, the nickel
composite of SiC nano-sized particle revealed bigger grain size when
compared to the remainder. This has also contributed to increased
roughness parameters Ra and Rz of Ni-SiC coating with values 0.21 µm and
1.38µm respectively. The variation in roughness parameters for all coatings
is provided in Figure 16. Although, the Ni-ZrO2 composite coating shows fine
compact grain size, but the roughness parameters are close to that of Ni-SiC
coatings. The reason for this behaviour can be attributed to the existence of
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agglomerated bigger particles on the surface. Also, porous structure is
observed in Ni/ZrO2 under magnified view of surface images which may also
contribute to increased roughness parameters with Ra and Rz values of 0.20
µm and 2.2 µm respectively. In case of Ni-Al2O3 composite coating the
minimum surface roughness are achieved with Ra of 0.05 µm and Rz of 0.63
µm. This is also understood from finer smooth surface morphology of NiAl2O3 coating as can be seen in Figure 15b. After that, the pure nickel with Ra
of 0.08µm and Rz of 0.73µm. The distribution of reinforced nanoparticles
within the nickel matrix can be seen from the cross-sectional images as
presented in Figure 17. The thickness of composite coatings was controlled
by constant electrodeposition time. However, in comparison the thickness of
Ni/ZrO2 composite is less than that of Ni/Al2O3 and Ni/SiC composites. This is
because the heavier zirconia nanoparticles resulting in the poor suspension
of nanoparticles in the electrolyte consequently the thickness is reduced.

Figure 15 Surface morphologies of different electrodeposited coatings under
scanning electron microscopy, (a) Pure Ni (b) Ni/Al2O3 (c) Ni/SiC and (d)
Ni/ZrO2 (Bajwa, R. S. et al., 2015b)
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Figure 16 Surface roughness of different electrodeposited coatings (Bajwa,
R. S. et al., 2015b).
The calculated reinforcement content of incorporating particles is
ranging between 2.5–3 weight percentages as measured by using energydispersive spectroscopy. The influence of different type of incorporating
nanoparticles (i.e. nano–alumina, nano–silicon–carbide and nano–zirconium)
on the hardness and elastic modulus properties of nickel composite coatings
with reference to a pure nickel coating are presented in Figure 18. In contrast
to previous outcomes in the literature no significant change is observed in the
hardness property of newly developed coatings. Previously it was concluded
that the reinforced hard ceramic particles contributed to enhanced hardness
of co-deposit electroplated coating. This contradiction is perhaps due to
dissimilar percentages of incorporated hard particles in the nickel matrix, in
earlier study the reinforcement content of

nanoparticles were ranges

between 8-12 weight % (Borkar, T. and Harimkar, S. P., 2011). Although, this
is well-known that strengthening effects of incorporating hard particles result
into to increasing the mechanical properties of composite coatings.
Alternatively, it has been reported that the plasticity index ratio or hardness to
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elastic modulus ratio (H/E) is also an essential parameter to predict the
properties of coatings/materials (Beltowska-Lehman, E. et al., 2015).
Similarly, as shown in Figure 18 the hardness of nickel alumina composite
with value 375HV and nickel–zirconia 405HV are less than that of pure nickel
which can be due to the reduced H/E ratio of composite coatings. In case of
nickel–silicon–carbide composite the H/E ratio is the maximum value which
predicts the better wear resistance performance of this coating. Previously, it
was established that the plasticity index ratio is also an effect parameter to
simulate the wear resistant behaviour of materials (Leyland, A. and
Matthews, A., 2000). In comparison a higher standard deviations were
observed in the hardness values of Ni/SiC and Ni/ZrO2 composite which is
relate of high roughness values of these composites. This is because the
roughness peak coming in contact to indenter can result in a greater depth of
indent at relatively lower load due to increased localized stress at the point of
contact.
Figure 19 shows the X-ray diffraction results for pulse electrodeposited
Ni and nickel-based composite (nano–alumina, nickel–silicon–carbide and
nickel–zirconia) coatings. The typical peaks of 111 and 200 patterns of nickel
are observed in this work as also informed by numerous scholars about
electrodeposited nickel coatings (Beltowska-Lehman, E. et al., 2015; Gül, H.
et al., 2012; Gül, H. et al., 2014). Regarding variations in orientations, the
reflection of 311 patterns appeared intense in case of nano–alumina.
Whereas, the reflection of 002 appeared not as much of the rest of the
coatings. In case of nickel–silicon–carbide coating the reflection of 022
patterns appeared noticeably intense. Note that the diffraction patterns for
incorporated nano-sized particles are not visible because of insignificant
loaded content of particles contained by the composite coatings (Borkar, T.
and Harimkar, S. P., 2011). The XRD pattern is used to calculate the
crystalline size of electrodeposited coating and measured as (nm); 39, 33, 34
and 30 for Ni, alumina, silicon carbide and zirconium composite coating
respectively. To some extent, the grain size of the nickel coating decreased
with incorporation of nanoparticles which is in agreement with previous
results (Benea, L. et al., 2015; Gül, H. et al., 2009; Kartal, M. et al., 2015).
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Figure 17 The display of incoporated particle distributions within the nickel
matrix for different nanocomposites through SEM, (a) Ni/Al2O3 (b) Ni/SiC and
(c) Ni/ZrO2 (Bajwa, R. S. et al., 2015b).
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Figure 18 The mechanical properties of different electrodeposited coatings
(Bajwa, R. S. et al., 2015b).

65

Chapter 4.

Performance of nanocomposite coatings produced by various
incorporated nanoparticles

Figure 19 XRD pattern of different electrodeposited coatings(Bajwa, R. S. et
al., 2015b).

4.2.

Wear and corrosion results

The wear resistance assessment experiments were conducted by using a
ball-on-disc assembly subject to water lubrication. Figure 20 shows the
comparison of wear properties of Ni and Ni composite incorporating different
nanoparticles. The nickel composite of silicon carbide shows the minimum
wear which can be because of the maximum plasticity index ratio as
discussed above in section 4.1. Although, the nickel alumina composite
exhibits the high wear rate than that of nickel SiC composite however, the
difference is not much significant. Likewise, there is not much difference in
the wear rates of pure nickel and nickel zirconium coatings.
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Overall, the wear rate behaviour of pure nickel is reduced almost 25 to
30% with the addition of nanoparticles, except in case of nano-zirconium
particles. This may be because of manufacturing defects resulting into
porous structure and occurrence of agglomerated particles on the surface of
nickel zirconia coatings. Consequently, the hardness has reduced and
roughness of the surface has increased as mentioned in section 4.1. The
three-dimensional surface profiling of worn surfaces during wear tests
revealed

two

body

abrasive

wear

and

plastic

deformation

in

all

electrodeposited coatings. However, the harsh plastic deformation behaviour
of Ni coating is considerably reduced with the addition of reinforced nanosized particles, except in case of nickel zirconium.
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Figure 20 The comparison of wear rates for different electrodeposited
coatings subject to water lubrication (Bajwa, R. S. et al., 2015b).
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Figure 21 Surface failure examinations for different electrodeposited coatings
by using SEM (Bajwa, R. S. et al., 2015b).
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Figure 21 show the surface examination by using scanning electron
microscopy of worn wear tracks after wear experiments with magnified
images in Figure 21e-h. As shown in Figure 21e and h, the Ni and Ni
zirconium have similar worn surface morphologies with smooth surfaces
under severe plastic deformation. Whereas, in case of nickel alumina and
nickel silicon carbide two types of surface failure mechanisms are seen,
namely; microploughing and adhesive wear respectively. These surface
failure mechanisms may attribute to the three body abrasion wear during
pulling out of incorporated nanoparticles in wear tests (Cui, G. et al., 2013).
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Figure 22 Potentiodynamic polarization curves for different electrodeposited
coatings (Bajwa, R. S. et al., 2015b).

The influence of incorporated nanoparticles on the corrosion resistance
behaviour of electrodeposited coating investigated by using electrochemical
testing method and the potentiodynamic results are shown in Figure 22. As
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expected the corrosion resistance property of steel substrate has significantly
enhanced with deposit of protective coating. In comparison between Ni and
composite coating, it can be seen that corrosion resistant potential of Ni is
lower than that of nickel alumina composite which validates the previous
results (Feng, Q. et al., 2008; Ramesh, C. et al., 2013). It is interesting to
note that the nickel composite of SiC and ZrO2 exhibits the less corrosion
resistant potential than the pure nickel which contradict the previous
investigations. This contradiction is because of the significantly higher
surface roughness of these composite coatings in comparison to pure nickel
as described in Figure 16. Due to the high surface roughness the peak
valleys on the coating surface can cause for rapid diffusion of destructive
electrolyte on the way to the substrate to boost up pitting corrosion failure.
This behaviour can be overcome by increasing the coated thickness of
coating and surface polishing of the coatings to reduce surface roughness.
The influence of coating thickness on the corrosion resistance potential of
coating is described in chapter 6 in detail.

4.3.

Adhesion and wettability results

The adhesion strength of the coating to the substrate is an important factor
before considering for application in industry. Therefore the adhesion force of
newly developed coating are investigated and compared with the required
adhesion force of 30 N for wide ranging industrial applications (refer by
Schaeffler). The adhesion strength result in terms of critical load values (Lc)
experimentally calculated by using the standard scratch test method is shown
in Figure 23. The newly developed pure nickel and nickel based composite of
nanoparticles demonstrated the adhesion force above the required value for
engineering applications with exception of nickel zirconium specimen. The
nickel alumina composite presented the maximum adhesion force of 79 N
followed by pure nickel, Ni-SiC and nickel zirconium with a minimum value of
28 N. The adhesion of these electrodeposited coatings can further improve
by inducing intermediate plating of favourable coating subject to the substrate
material.
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Figure 23 The variations of critical loads for different electrodeposited
coatings (Bajwa, R. S. et al., 2015b).
The worn track developed by the scratch tests is further examines by
using optical microscopy to understand the failure mechanism of these
coating and surface images are shown in Figure 24. For each specimen the
microscopic images are taken at starting, central and ending point of
developed scratch. There is a visible accumulation of wear debris at the
ending point of scratch in case of Ni and nickel alumina composite. This
accumulation of coating indicates the poor adhesion of the coating to the
counter body material. In case of nickel SiC and nickel ZrO2, no accumulation
of coating material is observed.
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Figure 24 Kinds of electrodeposited coating failure subject to various
incorporated nanoparticles after scratch test according to DIN EN 1071-3.

The contact angle measurement subject to water and surface energy
results of electrodeposited coatings are presented in Figure 25. The surface
free energy properties of coatings are presented in terms of polar and
dispersive parts. As can be seen from Figure 25 the coatings are mainly
consisted of dispersive part of surface energy which is an indication of
covalent bonding between surface and liquids. The dispersive and polar
component of coatings, produced from electrodeposition technique ranging
from 29–36 mN/m and from 2–16 mN/m respectively. There are not
considerable influences introduced by the nanoparticles addition to the nickel
matrix except in case of nickel alumina composite. The polar component of
the surface energy in case of nickel alumina is reduced significantly in
comparison to rest of the coat. Consequently, the water contact angle of
nickel alumina is considerably higher than the rest of the coating. This is
because the decreasing polar component of surface energy contribute to the
higher hydrophobic behaviour of the surface (Grischke, M. et al., 1998). The
lower polar share and corresponding surface energy of nickel alumina with
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the best comparative adhesion is contradicting the previous findings in the
literature (Lugscheider, E. and Bobzin, K., 2001). The reason for this
contradiction can be due to the coating manufacturing method as those
coatings were produced by PVD method. Based on surface energies
measurement data, the wetting envelopes are also developed for each
coating and shown in Figure 26. Wetting envelop provides the information
about suitable combination of surface material and counter lubricating liquid
to achieve desired wettability behaviour. The wettability behaviour depends
on the types of application such as good hydrophobicity is needed for water
repellent applications and good hydrophilicity is needed for better oil
lubrication effects. The hydrophobicity is physical property of molecules
which dislike/repel water and prefer to make cluster together. On the other
hand, hydrophilicity is physical property of molecules which like to attract or
dissolve in water. For example water on hydrophilic surface will exhibit low
contact angle and on hydrophobic surface will exhibit a high contact angle.
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Figure 25 The variations of water contact angle and surface energy for
different electrodeposited coatings (Bajwa, R. S. et al., 2015b).

Figure 26 Wetting envelopes for different electrodeposited coatings.

74

Chapter 4.

Performance of nanocomposite coatings produced by various
incorporated nanoparticles

4.4.

Conclusions

The aim of this study was to investigate the tribological performance of
electroplated Ni-based coatings incorporating nanoparticles. Experimental
results showed that the incorporation of nanoparticles significantly enhanced
the wear and corrosion properties. The wear rate of nickel composite coating
embedded with silicon carbide nanoparticles reduced almost 30% than a
pure Ni coating. The better wear resistance behaviour was also predicted
from the higher plasticity index ratio (H/E) of Ni/SiC composite coatings.
Regarding corrosion resistance, the nickel composite of Al2O3 nanoparticles
showed the maximum corrosion resistance potential of 0.37V. The corrosion
resistance potential of pure Ni was measured as 0.22 V. It was found that the
corrosion resistance behaviour can be significantly influenced by the surface
roughness. The maximum surface roughness of nickel composite of silicon
carbide (0.21µm) resulted in the lower corrosion resistance behaviour. The
effect of incorporating particles in the changing phase orientation of
composite coating was insignificant. All the coatings showed the typical high
peaks for (111) and (200) crystal planes of Ni. However, the (311) reflection
grows more intense in case of Ni/Al2O3. Whereas, the (002) grows relatively
less intense in the same coating. The adhesion tests demonstrated that all
the exhibit good coating-substrate adhesion except Ni/ZrO2. The Ni/Al2O3
coating showed the maximum adhesion force of 79 N which meets the
industrial minimum (at least 30 N) requirement for coating adhesion strength.
Overall, nickel composite of alumina presented the best tribological and
corrosion properties. Therefore, in the next chapter only Ni/Al2O3 composite
coating is considered in which the effect of ionic concentration on coating
performance is evaluated.
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The pule current or pulse reverses current electrodeposition method allow a
liberty to control various current parameters such as pulse on/off time,
frequency, current density and duty cycle, etc. These parameters play an
important role in optimisation of coating properties in terms of wear, corrosion
and mechanical properties. Numerous experimental findings in the field of
electrodeposited coatings are either contradictory or very difficult to relate
because of the variety of pulse and process parameters (Golchin, A. et al.,
2013; Gomes, A. et al., 2011; Hovestad, A. and Janssen, L., 1995).
During the last decade, many experimental investigations have been
reporting on the optimisation of these parameters with focus to various
industrial objectives. Nevertheless, the influences of ionic concentration in
the electroplating solution on the wear, corrosion, adhesion and wettability
have not investigated previously. Therefore, in this work different electrolytes
are prepared with an intention to explore the influence of this parameter over
above mentioned properties.

5.1.

Characterisation of the coatings

The influence of various ionic concentrations on the microstructure
morphology of Ni and nickel based composite of nano alumina coating is
shown in Figure 27. Bared surface images of steel substrate have also
included for comparison purpose in Figure 27d and h. These coatings are
produced

under

electrodeposition

the

constant

technique.

The

pulse

and

electrolytes

process
are

parameters

named

as

of
high

concentration (Bhc), moderate concentration (Bmc) and light concentration
(Blc). As evident from Figure 27, there is no significant influence of Bhc and
Bmc is seen over changing coating surface morphologies. This conclusion is
valid for Ni as well as for co–deposits. On the other hand, the coating
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developed by using Blc type chemical solution exhibit relatively increased
microstructure features and also spherical agglomerated particles are visible.
These agglomerated particles also contributed to relatively more rough
surfaces of these coatings, particularly in the nickel–alumina composite
coating as shown in Figure 28. The higher standard deviation of roughness
parameters in composite coating, produced from Blc type bath is also due to
agglomerated particles on the surface.
Interestingly, the similar effect of bath solution is observed with respect
to their hardness and elastic modulus properties as shown in Figure 29. The
hardness of coatings, produced from Bhc and Bmc type solution varies
between 250 to 451 HV in pure and composite coatings. The hardness
values for coatings produced from Blc solution changes from 200 to 515 HV
without and with nanoparticle incorporation respectively. The maximum
hardness values for composite (515 HV) and pure nickel (451 HV) are
achieved from Bmc and Blc respectively. Note that, to avoid the influences of
surface roughness peaks on the hardness or elastic modulus properties of
the coating under examination, all the samples are mechanically polished to
develop smooth surfaces to decrease uncertainty in the retrieving data
points. This is because in uneven topology the localized stress developing
through contact between the roughness peak and the applied load can cause
into relatively deeper and small applied load.
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Figure 27 Surface morphology of coatings produced by different types of
electrolyte (Bajwa, R. S. et al., 2015a).
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Figure 28 The effect of ionic concentration of solution on surface roughness
of different electrodeposited coatings (Bajwa, R. S. et al., 2015a).
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Figure 29 The variation of mechanical properties for coatings
electrodeposited from different ionic strength of electrolyte (Bajwa, R. S. et
al., 2015a).
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Figure 30 The demonstration of incoporated particle distributions in coatings
electrodeposited from different ionic strength of electrolyte (Bajwa, R. S. et
al., 2015a).

The typical globular form microstructure is visible under SEM for nickel
and composite coatings produced by using electrodeposition method. These
surface morphologies are in agreement with the previous experimental
results about nickel based electroplated coatings (Jegan, A. and Venkatesan,
R., 2013; Jung, A. et al., 2009; Thiemig, D. and Bund, A., 2009; Thiemig, D.
et al., 2007). In comparison to Ni deposit the co–deposits display relatively
more compact microstructure. This is because of incorporation of particles
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which are contributing to cathodic polarization mechanism. The distribution of
reinforced nanoparticles within the nickel matrix subject to different
electroplating solutions can be seen from the cross-sectional images as
shown in Figure 30. There is not considerable influence of depositing
solution’s ionic concentration over nanoparticles distribution and uniformly
distributed in the matrix. However, in case of coating which are plated from
Blc solution slightly differ in terms of relatively lower content of agglomerated
particle. Possibility, this behaviour also contributed to the maximum value of
hardness of Ni-Al2O3 (Blc) composite coating.

5.2.

Tribological and corrosion results

This is well established that the wear properties of the coatings enhanced
with the reinforcement of nano-sized particles as reported by numerous
scholars and in agreement with the current study as shown in Figure 31
(Borkar, T. and Harimkar, S. P., 2011; Wang, S.-C. and Wei, W.-C. J., 2003;
Wielage, B. et al., 2008). When comparing the wear rate of pure Ni coatings,
the wear rate of coating deposit from Bmc reduced half of Blc type and 25 %
than Bhc type coatings. The maximum hardness value and bigger plasticity
index of Bmc type coating can be attributed to the enhanced wear resistance
property (Wang, Q. et al., 2013). When comparing the wear rate of composite
coatings, the wear rate of coating deposited from Bhc and Blc type solutions
show similar wear property as shown in Figure 31. Whereas, the wear rate of
Bmc type coating is almost double than that of Bhc and Blc type coatings.
Therefore, in order to achieve better wear resistance performance in pure
nickel coating the Bmc is a favourable candidate. For composite coatings,
both Bhc and Blc are favourable candidates to get better wear resistance
results.
As shown in Figure 31, the strengthening influence of reinforced nano-sized
particles has also contributed to reduce the mean-steady friction coefficient
values as compared to pure nickel coatings. Previously, it was found that
increasing percentage of particle to composite significantly decrease the
coefficient of friction (Borkar, T. and Harimkar, S. P., 2011; Fan, H., 2010).
Nevertheless, there is no significant effect of depositing solution’s ionic
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concentration on changing the coefficient of friction value in both nickel and
nickel composite coatings is observed here.

Figure 31 The variations of wear resistance and mean-steady friction
coefficient properties for coatings electrodeposited from different ionic
concentration of solution (Bajwa, R. S. et al., 2015a).

The corrosion resistance of the electrodeposited coating subject to different
ionic strength calculated from potentiodynamic polarization curves. The
experimental results for electrochemical corrosion behaviour are shown in
Figure 32 in terms of potentiodynamic polarization curves. Overall, with all
forms of solution the nanocomposite show improvement in the corrosion
resistance when compared to pure Ni deposit. Similar effect of reinforcement
of nano sized relating corrosion resistance was reported in the literature
(Feng, Q. et al., 2008). When comparing the influence of ionic power of
electrodepositing solution, the Bmc show the maximum corrosion resistance
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potential in pure nickel as well as in nanocomposite coating. When
considering performance of these coating both in terms of wear and
corrosion properties, the favourable electrolyte is Bmc. Nevertheless, this
conclusion is applicable only for the electrodeposited pure nickel without
nanoparticles into the matrix. In case of nickel alumina nanocomposite
coating the favourable solution is Bmc for corrosion resistance and Bhc and Blc
solutions are suitable for better wear resistance properties.

3e-4
Pure Ni (HC)
Pure Ni (MC)
Pure Ni (LC)
Ni-Al2O3 (HC)

3e-4

Ni-Al2O3 (MC)
Ni-Al2O3 (LC)

2e-4

i [A]

Substrate
2e-4

1e-4

5e-5

0
-0.6

-0.4

-0.2

0.0

0.2

0.4

E [V] vs. Ag/AgCl

Figure 32 Corrosion resistance behaviour of coatings electrodeposited from
different ionic concentrations of solution (Bajwa, R. S. et al., 2015a).

On the other hand, the corrosion resistance of Blc type coating can be further
enhanced by introducing surface polishing to reduce the surface roughness.
This may be the peak valleys of surface roughness can also cause for rapid
diffusion of harsh electrolyte on the way to the substrate to boost up the
pitting corrosion failure.
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5.3.

Adhesion and wettability results

The adhesion of the coating to the substrate is an essential factor before
taking into account for applications. For that reason the adhesion of newly
developed coating is evaluated and compared with the required adhesion
force of 30 N for wide ranging industrial applications. The adhesion strength
result in terms of critical load values (Lc) is shown in Figure 33. The newly
developed coatings subject to different plating solutions confirmed the
adhesion force above the necessary value for industrial applications with
exception of pure nickel (Bhc). When comparing pure nickel coatings, the Ni
(Bmc) display the best adhesion force of 50 N followed by Ni (Blc) with a value
of 44 N and Ni (Bhc) with a minimum value of 20 N. When comparing
nanocomposite coatings, all types of coatings exhibit the relatively higher
adhesion than pure nickel with values; 60 N/(Bhc), 76 N/(Bmc) and 80 N/(Blc).
The use of favourable intermediate coating can further enhance the current
adhesion results of these coatings. The surface failure mechanisms of worn
tracks for all coatings are studied by using optical microscopy and
micrograph images are shown in Figure 34. These images are taken at three
different points of worn tracks that are starting, central and ending areas of
the wear scar. Regardless of depositing solution ionic strength of pure nickel
coatings, there is a visible accumulation of coated material at the ending
point of the scratch. Additionally, severe delamination is visible in Ni (Bhc)
type coatings. On the other hand, in nanocomposite coatings regardless of
solution ionic strength coated materials is not accumulated at the wear scar’s
ending point. As discussed above in section (4.3) such transfer of materials
related to the coating and counter body adhesion/wettability properties.
The contact angle measurement and surface energy results subject to
different ionic concentration of the electroplated coating are shown Figure 35.
The surface free energy properties of coatings are presented in terms of
polar and dispersive parts. Regardless of depositing solution ionic strength all
the coatings are mainly consisted of dispersive part of surface energy
indicating covalent bonding between surface and liquids. The dispersive and
polar component of coatings produced from electrodeposition technique is
ranging from 29–39 mN/m and from 2–18 mN/m respectively. There were not
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considerable influences introduced by solution ionic strength in both pure
nickel and nanocomposite coatings. However, the surface energy value of
nickel alumina is reduced significantly. Consequently, the water contact angle
of nickel alumina is considerably higher than the rest of the coat. Perhaps,
the higher contact angle of Ni-Al2O3 (Bmc) has also contributed to increased
wear rate.
Wetting envelopes for pure nickel and nickel nanocomposite coatings
electrodeposited from variant solution are presented in Figure 36. These
wetting envelopes are helpful in practical application for deciding appropriate
lubricant for specific combinations of materials and area of application.
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Figure 33 The variation of critical load values for coatings electroplated from
different ionic concentrations of solution (Bajwa, R. S. et al., 2015a).
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Figure 34 Kinds of electrodeposited coating failure subject to various
ionic concentrations after scratch test according to DIN EN 1071-3.
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Figure 35 The variations of water contact angle and surface energy for
coatings electroplated from different ionic concentrations of solution (Bajwa,
R. S. et al., 2015a).
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Figure 36 Wetting envelopes for electrodeposited coatings produced from the
different ionic strength of plating baths.
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5.4.

Conclusions

The aim of this study was to investigate the influences of ionic concentration
in the electroplating solution on the wear, corrosion, adhesion and wettability
properties

of

manufactured

coatings.

The

surface

morphology

of

electrodeposited Ni and Ni-alumina composite coatings was not much
influenced by ionic strength. However, coatings developed by using Blc
solution contributed to the agglomeration of Ni particles on the surface,
resulting in increased surface roughness. The maximum hardness value of
515HV was achieved for Ni-Al2O3 composite coatings by using electrolyte of
lower concentration (Blc). It was concluded that the adsorption of nano-sized
particles on the substrate surface contributed to the cathodic polarization
phenomenon and resulting into compact morphology of the deposited
coating.

Regarding nanoparticles distribution in the nickel matrix, it was

found that the Blc type electrolyte can present the best homogenous
distribution. The wear rate of Ni coatings (Bmc) reduced almost 30% and 50%
than that of Bhc and Blc type Ni coatings. Whereas, in composite coatings the
wear rate of Bhc and Blc was nearly similar and 50% less than Bmc type
composite. Likewise, a significant reduction in mean friction coefficient from
(0.12-0.17) to (0.27-0.31) was observed in composite coatings than pure
pure nickel coating, respectively.
Corrosion tests showed that the maximum corrosion resistance potential was
always achieved with Bmc type electrolyte, both in pure Ni and Ni-alumina
composite coatings. The cross-sectional examinations showed that all the
coatings are well adhered to the substrate without an interface delamination
or cracks. The effect of ionic concentration on the surface wettability of
electrodeposited was found insignificant. However, the Ni-alumina composite
deposited from Bmc type electrolyte showed the maximum contact angle of
92o. Whereas, for the rest of the coatings the contact angle was ranging
between 52-60o. It was believed the high contact angle of Ni-Al2O3 (Bmc)
resulting into lower wettability and consequently the higher wear rate.
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Conclusions
In this research work, an extensive tribological and corrosion study has

been carried out to evaluate the feasibility of newly developed Ni-based
coatings

for

bearing

applications.

The

tribological

performance

of

electrodeposited coating was investigated for the first time subject to waterlubrication conditions. The main conclusions of current work can be
summarized as below.
Electrodeposition of high quality Ni-based nanocomposite coatings:
The surface morphology and microstructure studies of newly
developed coatings indicated the effect of embedded nano-sized particles on
the surface finishing, crystal orientation and mechanical properties. The
resulting coating exhibits, increased hardness, surface evenness, refined
grain structure and well adhered to the substrate. Regarding the influence of
various ionic concentrations on the microstructure morphology of Ni and
nickel composite of alumina nanoparticles, no significant influence of Bhc and
Bmc was seen. Whereas, the Blc type chemical solution contributed to
increased grain size and creation of spherical agglomerated particles at the
surface of coatings.
Tribological properties of Ni-based nanocomposite coatings:
The nickel composite of silicon carbide showed the minimum wear rate
than a composite of alumina and zirconium nanoparticles. In comparison to
pure Ni the wear rate reduced almost 30% with the addition of silicon carbide
nanoparticles. Regarding the influence of ionic strength, the wear rate of Ni
coatings deposited from Bmc type solution reduced 50% as compared to Blc
type and 25 % than Bhc type coatings. In composite coatings, the Bhc and Blc
type composite coatings showed the best wear rate as compared to Bmc type
composite coatings. Therefore, in order to achieve better wear resistance
performance in pure nickel coating the Bmc is favourable candidate. For
composite coatings, both Bhc and Blc are favourable candidates to get better
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wear resistance results. The reinforcement of nanoparticles, not only resulted
in significant improvement in wear resistance, but also in the reduction of
friction coefficient of Ni-based composite coatings. However, no significant
effect of depositing solution’s ionic concentration on changing the coefficient
of friction value was observed.
Corrosion resistance properties of Ni-based nanocomposite coatings:
The nickel composite of alumina nanoparticles showed the maximum
corrosion resistance than a composite of silicon carbide and zirconium
nanoparticles. When compared to pure Ni the corrosion resistant potential of
Ni alumina composite increased from about 0.22 to 0.37 V vs Ag/AgCl. When
comparing the influence of ionic power of electrodepositing solution, the Bmc
has shown maximum corrosion resistance potential in pure nickel as well as
in nanocomposite coating.
Adhesion and wettability properties of Ni-based nanocomposite coatings:
In the scratch test the nickel composite of alumina showed the
maximum adhesion force of 79N followed by pure nickel (50), Ni-SiC (40)
and nickel zirconium with a minimum value of 28N. Regarding the influence
of various ionic concentrations on adhesion, when comparing within pure
nickel coatings, the Ni (Bmc) presented the best adhesion force of 50N
followed by Ni (Blc) with a value of 44N and Ni (Bhc) with a minimum value of
20N. When comparing nanocomposite coatings, all types of coatings exhibit
the relatively higher adhesion than pure nickel with values; 60N/(Bhc),
76N/(Bmc) and 80N/(Blc).
The nickel composite of alumina nanoparticles showed minimum
surface energy. Consequently, the water contact angle of nickel alumina is
considerably higher than the rest of the coatings. The dispersive and polar
component of all coatings was ranging from 29–36 mN/m and from 2–16
mN/m respectively. Regardless of depositing solution ionic strength all the
coatings are mainly consisted of dispersive part of surface energy indicating
covalent bonding between surface and liquids. The dispersive and polar
component of coatings produced from electrodeposition technique ranging
from 29–39 mN/m and from 2–18 mN/m respectively. There were not
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considerable influences introduced by solution ionic strength on wettability
behaviour both in pure nickel and nanocomposite coatings.

6.2.

Recommendations for future work

The goal of current industrial project has been to investigate and understand
the

potential

of

the

electrodeposited

Ni-based

composite

coatings

incorporating nanoparticles to improve the tribological performance of waterlubricated tribological systems. Therefore, a number of experimental
investigations conducted to evaluate the industrial performance of the newly
developed nanocomposite coating. These performance tests included, wear
resistance, corrosion resistance, adhesion strength and wettability behaviour
studies. Being an applied research numerous appealing questions raised
during this research which needs to be investigated in future work.
A simulation based model should be designed to predict the optimal
coating for water lubricated tribological systems. The experimental data in
current research project are helpful for designing such model. For example,
as discussed in chapter 4, the nickel composite of SiC nanoparticles is the
best candidate for wear resistance and the nickel composite of alumina
nanoparticles should be a better choice where more corrosion resistance
performance of coatings required. In chapter 5: regarding the influence of
various ionic concentrations in electroplating solutions, the Bmc type solution
provided the best corrosion resistance behaviour for both Ni and Ni based
co–deposits with reinforced particles. However, in case of wear rate
performance the Bmc is suitable for pure Ni coating and for co–deposits
coating the Bhc and Blc type electrolytes are favourable candidates. Similarly,
experimental findings concerning effect of other electroplating parameters on
adhesion, wettability and tribological performance of coating can be
incorporated into to the simulation model in order to achieve the optimal
coating for specific industrial applications.
The modified rule of mixture has been widely used for prediction of
hardness, modulus or poisson’s ratio value of nanocomposite coatings (Kuo,
M. et al., 2005). The modified rule of mixture is preferred over previous rule
of mixture model because it include additional factor known as strengthening
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efficiency factor β. The strengthening efficiency factor β depends upon the
aspect ratio and distribution of the fillers in the matrix which significantly
reduced the deviation between the experimental and theoretical curves. The
strengthening efficiency factor β within the contest of tribological properties of
nanocomposite can be an effective tool for prediction of wear or corrosion
properties as well.
In present work all tribological tests were conducted under distilled
water lubrication. However, in a real application the sand particles and
various salinities of marine environment may alter the tribological
performance of newly developed coatings. Therefore, the influences of real
sea water and sand particles on the tribological behaviour of newly
developed coatings should be investigated in future work.
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Appendix A
Surface area and pulse plating calculations
Surface area of cathode for electrodeposition
    = % z z +  z #$"
=  ` + 2
= 0.70"`

Surface area of anode sheet
    = 2 + 2 + 2

Pulse plating parameter calculations
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