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Abstract
Electrochemical deposition, including electroless and electro plating, has been widely applied
in industries to prepare coatings on working parts. These coatings are used to improve the
mechanical properties and/or corrosion resistance. Recently the electrochemical deposition
has been developed to synthesize composite coatings for better properties. The traditional
composite coatings are typically synthesized as below. Micro-/nano- particles are suspended
in an electrolyte solution, then metal atoms and the particles co-deposit on specimens to form
composite coatings. The second-phase micro-/nano- particles in the coating matrix provide a
dispersion strengthening, leading to the improved properties of coatings. These coatings are
called micro-/nano-composite coatings. Compared with the micro-composite coatings, the
nano-composite coatings attract much more attention due to the significantly improved
properties.
It is widely believed that the highly dispersive nano-particles in composites can produce a
strong strengthening effect. In order to achieve a good dispersion of the nano-particles, the
powder suspension has to be physically maintained in the solution by vigorous agitation, air
injection, ultrasonic vibration or adding surfactants. However, it is always difficult for the
nano-particles to achieve a good suspension because they have very large surface areas. The
high surface energy tends to cause agglomeration of the nano-particles in the composite
coatings. Therefore, it has been a challenge to prepare highly dispersive nano-particles
reinforced composites or composite coatings.
In the present research, a novel sol-enhanced electro- or electroless deposition processs has
been developed to prepare composite coatings reinforced by highly dispersive nano-particles.
A transparent TiO2 sol was added into the traditional electro-/electrless plating Ni electrolyte.
The TiO2 nano-particles in situ formed, and then co-deposited with Ni atoms to form highly
dispersive TiO2 nano-particles reinforced Ni-based composite coatings.
Two electrochemical deposition systems, i.e. electro- and electroless plating, were used in
this thesis to synthesize sol-enhanced electroless plated Ni-P-TiO2 and electroplated Ni-TiO2
composite coatings. The objective of the research in the thesis was to understand the
formation mechanism and electrochemical behaviours of the sol-enhanced composite
coatings; to investigate the effect of highly dispersive nano-particles on the mechanical/
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physical properties and corrosion resistance of composite coatings. The research was started
with an investigation of the processing of sol-enhanced electroless plated Ni-P-TiO2
composite coatings. Then systematic investigations were conducted on sol-enhanced
electroplated Ni-TiO2 composite coatings based on three aspects: the effect of the sol
concentration, the electrochemical process, and the thermal stability & tensile properties. The
experimental results are summarized below.
(1) A transparent TiO2 sol was added into the traditional electroless plated Ni-P solution at a
controlled rate to produce Ni-P-TiO2 nano-composite coatings on Mg alloys. The coating was
found to possess a crystalline structure. The nano-sized TiO2 particles (~15 nm) were well
dispersed into the Ni-P coating matrix during the co-deposition process. As a result, the
microhardness of the sol-enhanced Ni-P-TiO2 composite coatings was significantly increased
to ~1025 HV200 compared to ~710 HV200 of the traditional composite coatings produced with
solid particle mixing methods. Correspondingly, the wear resistance of the new composite
coatings was also significantly improved.
(2) Sol-enhanced Ni-TiO2 nano-composite coatings were electroplated on carbon steels by
adding a transparent TiO2 sol to the traditional electroplating Ni solution. The grain size of Ni
was significantly reduced to the level of 50 nm. It was found that the amorphous TiO2 nanoparticles (~10 nm) were highly dispersed in the Ni matrix. The microstructure, mechanical
properties and corrosion resistance of the composite coatings were systematically
investigated as a function of the sol concentration. The Ni nodules on the surface of
composite coatings changed from the pyramid-like shape to the spherical shape. The coating
surface became much smoother and more compact when they were prepared with higher
concentrations of TiO2 sol. The higher concentrations also led to higher contents of TiO2
nano-particles in the coating matrix. Simultaneously, the mechanical properties and corrosion
resistance of the composite coatings improved steadily when the sol concentration increased
till 12.5 ml/L. Conversely, excessive TiO2 sol led to the cracking on the surface of composite
coatings, adversely affecting their properties and corrosion resistance. Two factors, i.e.
surface microstructure and incorporation of TiO2 particles, were found to influence the
corrosion resistance of the composite coatings.
(3) The electrochemical process, microstructures and properties of the sol-enhanced and
traditional electroplated Ni-TiO2 composite coatings on carbon steels were studied and
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compared. The sol-enhanced Ni-TiO2 composite coating possessed a smooth surface and a
compact microstructure, and showed higher mechanical properties (hardness = 430 HV100)
compared with the traditional coatings (360 HV100). It is believed that the strengthening
effects resulted from the high dispersion of TiO2 nano-particles. The sol-enhanced coatings
showed slower growth of Ni grains along [220] direction, but did not change the orientation.
It is suggested that the sol addition declined the thickness of the diffusion layer and increased
the limited current density. Therefore, the polarization control in the sol-enhanced process
changed from the traditional concentration polarization to the electrochemical polarization,
avoiding the formation of loose and dendritic structures at the high current density.
(4) The sol-enhanced and traditional Ni-TiO2 composite coatings were electroplated on the
Cu substrate. The microstructure, thermal stability and tensile deformation of both coatings
were compared. The grain growth behaviours and fracture mechanisms were explicitly
discussed. It was found that TiO2 nano-particles agglomerated to large clusters of ~400 nm in
the traditional Ni-TiO2 composite. In contrast, nano-sized TiO2 particles (~15 nm) were
distributed at grain boundaries in the sol-enhanced composite. The finer grain size, higher
micro-strain (~0.31%) and higher microhardness (~407 HV50) of the sol-enhanced Ni-TiO2
composite were stabilized up to 250°C compared to 150°C of the traditional composite,
indicating that the transition temperatures were ~0.3Tm and ~0.25Tm (Tm = melting point of Ni)
for the sol-enhanced and traditional coatings, respectively. Tensile tests were performed with
the coatings removed from the substrates, showing a much higher tensile strength of ~1050
MPa of the sol-enhanced Ni-TiO2 composite compared to ~600 MPa of the traditional
composite. It was suggested that the lattice diffusion dominated above ~0.3Tm in the grain
growth process for the sol-enhanced composite. The distribution and location of TiO2 nanoparticles played a significant role in determining the formation and coalescence of
voids/cracks during the fracture process.
The novel sol-enhanced composite plating technique enables the production of metal-based
nano-composite coatings with superior properties and low cost. It is believed that this
technique will have a wide range of applications in industries.
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Chapter 1 Introduction
1.1 Background
There have been intensive researches on nanoscience and nanotechnology in the last decade
[1-2]. One of the focuses is creating nano-sized particle dispersion in composite materials. It
is well known that if nano-sized hard particles such as oxides or carbides disperse into a
tough metal matrix, the properties especially mechanical strength and wear resistance will be
improved significantly. The traditional way to achieve this purpose is using electrochemical
deposition with nano-sized solid particles mixing into an electrolyte solution. Both nanosized

particles

and

metal

ions

co-deposit

onto

the

surface

of

w

orking parts, forming metal-matrix nano-composite coatings [3]. The purpose of the nanocomposite coatings is to create “nano-dispersion”, which can significantly improve the
properties such as hardness and wear resistance [4-8].
It was well known as the Orowan theory [9] that the strengthening effects of the particle
dispersion come from the dislocation pinning effect. The critical condition for a dislocation to
bypass the particles in its gliding way is to bend itself to a semicircle between the particles.
The dislocation then moves forward and leaves a dislocation loop behind [9-11]. This theory
indicates that the mechanical properties increase with decreasing mean inter-particle distance
and particle size. Therefore, incorporation of nano-sized particles can be much more effective
than micro-sized particles in reinforcing the composites or coatings.
In order to realise a good dispersion, the traditional methods achieve particle suspension and
dispersion in an electrolyte by vigorous agitation [12], air injection [13], ultrasonic vibration
[14] and/or adding surfactants [15-16]. However, it is always difficult for nano-particles to
achieve a good suspension because they have very large surface areas. The high surface
energy tends to cause agglomeration of the nano-particles in the coatings. Therefore, it has
long been a challenge to prepare highly dispersive nano-particles reinforced composites or
composite coatings [8, 17].

1.2 Objectives
We have recently developed a novel technique, i.e. sol-enhanced composite plating, in order
to synthesise highly dispersive nano-sized particle reinforced composite coatings [18]. In this
1

new method, a transparent sol solution containing the desirable oxide/ceramic components is
directly introduced into an electrolyte solution, rather than the traditional solid-particle
mixing processing.
The improvements of microstructure and properties from the oxide dispersion are clear in the
sol-enhanced composite coatings. However, there are a number of questions come out from
this discovery: (1) What are the chemical and physical reactions when the transparent sol
solution is added into the electrolyte solution? (2) How does the nano oxide form and codeposit together with metal ions? (3) What is the effect of the sol addition on the
microstructure of coating matrix? (4) How do the highly dispersive nano-particles influence
the mechanical and other properties of coatings? Based on a good understanding of the above
questions, we will be able to explain the formation mechanism of the nanostructured
composite coatings, to optimise the plating processes, and to apply this new concept to create
many nano-composite coating systems. Our approaches are:
(1) Understand the formation mechanism of highly nano-particle dispersion
The process for the traditional composite plating includes formation of an ionic cloud around
the particles, transport, reduction reaction and adsorption [3]. In our sol-enhanced process,
the source of particles is the transparent solution rather than solid particles. The nanodispersion and metal deposition are controlled by the physical and chemical reactions when
the sol is added into the solution. This is an electrochemical process influenced by electrode
potential and solution composition. Other deposition parameters such as solution pH and
temperature also affect the reactions. We will qualitatively characterise the co-deposition
process of the colloidal with metal ions based on electrochemical mechanisms. This
information is essential for understanding the formation process of nano-dispersion.
(2) Investigate the effect of high nano-dispersion on the microstructure and properties
It is suggested that the mechanical property enhancement comes not only from the nanoparticle dispersion, but also crystal grain refinement. The sol addition influences the
nucleation and growth processes of the metal matrix, resulting in a fine-grained coating
structure. While the particle dispersion strengthening and grain refinement strengthening
have their physical models, the combination of these two effects is much more complicated.
We will design special experiments to separate these two effects, and combine them later
with our sol-enhanced coating. The surface microstructures of traditional and sol-enhanced
2

nano-composite coatings will be explicitly compared. Transmission electron microscopy will
be used to quantify the particle size, average distribution distance and grain size. The
influence of high nano-dispersion on the mechanical and corrosion properties, including
hardness, wear resistance, corrosion resistance, tensile strength and thermal stability, will be
systematically investigated.
The understanding of deposition mechanisms and physical models established from the above
work will give us the relationships of sol composition, nano-dispersion and property
improvement. This is a powerful tool to optimise the processing to obtain the best properties
of coatings. The mechanical properties especially hardness and wear resistance are known to
be highly sensitive to the dispersive distribution and grain size. The corrosion resistance can
also be improved due to the much denser coating structure of the sol-enhanced deposition.
These understandings may be used to further develop the nano-dispersion concept to a wide
range of metal-oxide composites. For instance, the matrix alloy will be expended from nickel
to copper, gold, silver and superalloys; the oxide can be titanium, zirconium, aluminium and
yttrium oxides; the substrates can be any metals, alloys, ceramics and polymers; the property
improvement will be on not only wear and corrosion resistance, but also high temperature
properties and conductivity.

1.3 Thesis outline
The thesis is divided into eight chapters. Many of the chapters are directly based on published
work by the author of this thesis [18-29]. Chapter 1 is introduction. Chapter 2 reviews the
related work on the nano-composite plating and sol-gel technology. Chapter 3 presents the
experimental principle, methods and processing. Chapter 4 presents the processing of solenhanced electroless plating Ni-P-TiO2 composite coatings on Mg alloys, and compares the
novel sol-enhanced coating with the traditional composite coatings, and finally systematically
investigates the formation mechanism of the sol-enhanced electroless plating. Chapter 5
presents the study on the sol-enhanced electroplating Ni-TiO2 composite coatings on carbon
steel, and systematically investigates the effect of sol concentration, the formation process
and mechanism. Chapter 6 explicitly discusses the electrochemical process of the solenhanced electroplating based on the comparative study with the traditional composite
electroplating. Chapter 7 investigates the thermal stability and tensile deformation of the solenhanced and traditional electroplating Ni-TiO2 composites, and systematically discusses the
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influence of nano-particle dispersion on the grain growth behaviours and fracture
mechanisms. Chapter 8 presents conclusions and the future research work.
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Chapter 2 Literature Review
2.1 Introduction
Electrochemical plating has been widely applied in industries for various purposes including
hardening surfaces, reducing friction, improving wearability, improving corrosion resistance,
modifying solderability and paint adhesion, altering conductivity, providing radiation
shielding and for object decoration. The electrochemical plating can be divided into
electroless plating and electroplating. The two plating processes are briefly discussed below.

2.1.1 Electroless plating
Electroless plating is a non-galvanic type of plating method that involves several
simultaneous reactions in an aqueous solution. All metal deposition processes from metal salt
solutions during electroless plating can be classified as chemical reduction reactions. The
dissolutions of a metal becomes a dissociated salt solution, on the other hand, is an oxidation
process. A reduction can be seen as an electrochemical process in which electrons are taken
up whereas, in the case of an oxidation, these electrons are surrendered [30]. The two types of
reaction are thus complementary, involving uncharged metal atoms, positively charged metal
ions and negatively charged electrons. In the case of electroless plating processes where no
external current supply is used, the electrons required to bring about the discharge of metal
ions are produced by a chemical reaction in solution. Strictly speaking, therefore, there is no
such thing as “electroless” metal deposition and the process should be described as one not
requiring external current supply or as a “chemical” deposition method [30].
Electroless plating processes can be classified under three categories [30-31]: (1) deposition
by ion exchange or charge exchange (displacement reactions, cementation, and immersion
plating); (2) deposition by contacting the substrate, which is immersed in a solution of the salt
of coating metal; and (3) deposition of the metal from solution containing reducing agents. A
distinction needs to be made, however, between metal deposition only on catalytically active
surfaces – this being the strictest definition of electroless deposition – and an uncontrolled
deposition out of solution.
The third method, i.e. depositing metal or alloys from solution containing reducing agents,
has been widely applied in industries, mainly due to the easy-control of the process, including
5

the thickness, surface roughness and porosity. In general, electroless plating is characterized
by the selective reduction of metal ions on the surface of a catalytic substrate. When the
substrate is immersed into an aqueous solution of metal ions, the continued deposition takes
place on the substrate through the catalytic action of the deposit itself. Since the deposition
catalyzed the reduction reaction, the term autocatalytic is also used to describe the deposition
process [32].

2.1.2 Electroplating
The fundamental principle of the electroplating is described as below [3]. When a metal is
immersed in an electrolyte, under certain conditions, a spontaneous dissolution takes place. In
this case, metal atoms leave the metal lattice to form positively charged ions (cations), and
then the ions migrate into the electrolyte solution. As a result of this anodic dissolution, an
excess of positively charged ions is found in the immediate vicinity of the metal electrode.
Their departure leaves an equal and opposite negative charge on the metal. Electrostatic
charge attraction has the opposite effect and seeks to pull the positively charged ions back to
the negatively charged metal. The process of anodic dissolution or cathodic metal deposition
implies movement of charge and thus constitutes an electric current. If a voltage is applied
across the two electrodes in an electrolyte solution, a current consisting of electron flow, will
be set up through the external circuit and back to the cathode. The anode will thereby
dissolve anodically, and the formed cations will migrate to the cathode. Anions present in
solution will move in the opposite direction towards the anode. Current will thus flow
through the solution by virtue of the movement of these charged ions. The fresh ions are
delivered to the cathode surface from the bulk solution. The delivering rate depends on the
prevailing hydrodynamic conditions at or near the cathode surface. The process involves
three main mechanisms, i.e. migration (under a potential gradient), diffusion (under a
concentration gradient) and convection (movement of the electrolyte liquid itself).

2.2 Deposition of composite coatings
Based on the process of electrochemical plating, a new technique – electrochemical
composite plating – has been developed since the 1960s due to the significantly improved
properties of the plated coatings, including hardness and wear resistance [33-38]. The
coatings prepared by the electrochemical composite plating are called composite coatings.
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The basic structure of the composite coatings is that second-phase particles are incorporated
into the metal matrix [39]. The deposition of the composite coatings can be divided into two
aspects: electroless composite plating, and composite electroplating. This section reviews
these two composite deposits.

2.2.1 Electroless composite plating
The ability to co-deposit fine particles within a metal or alloy coating has led to a new
generation of composite coatings. Some types of composite coatings were demonstrated in
earlier work [32, 40-41]. The technique of electroless composite plating is different from the
prevailing practices of conventional electroless plating. Finely divided, solid particulate
material is added and dispersed throughout the electroless plating bath, even though the
plating bath is thermodynamically unstable and is prone to homogeneous decomposition. The
dispersed particles are not filtered out. The dispersion of the particulate materials results in a
new surface area loading in the range of 100,000 cm2/L, which is about 800 times greater
than plating load generally acceptable in electroless plating [32].
Electroless composite coatings have recently been developed to improve the microhardness
and wear resistance of metal-based coatings, because the second phase particles provide
inherent uniformity, hardenability and wear resistance [42-44]. It is understandable that the
type of composite components and the size of dispersed particles in the coating determine the
mechanical properties of composite coatings [45]. The composite coatings are typically
synthesized by adding solid powders into the plating solution as a suspension during the
process, so that the powders can be incorporated into the deposition layer [30].
The overall process of electroless composite plating can be divided into four stages as follows
[30]: (1) liberation of particles from coagulates; (2) particle transport to the deposition
surface; (3) adhesion of particles to the freshly deposited surface; (4) growth of metal
coatings around the adsorbed particles.
2.2.1.1 Microstructures of electroless composite coatings
The microstructures of electroless composite coatings are determined by processing
parameters, composition of coatings, heat treatment and second-phase particles. The
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microstructures of several typical electroless composite coatings are summarized below as
examples.
Novakovic et al. [45] investigated the microstructure of electroless plated Ni-P and Ni-PTiO2 coatings. The surface microstructures of Ni-P and Ni-P-TiO2 coatings are presented in
Fig. 2.1. The composite coating has a mat-gray rough metallic surface with white spots. It is
proposed that the presence of TiO2 particles in the Ni-P matrix affected the heterogeneity of
the coating surface and increased the number of interfaces between Ni and particles in the
coating. When the particle concentration in the bath increased from 2.5 to 10 g/L, the particle
content in the coatings correspondingly increased from 7.9 to 8.8 wt.%. Additionally, the
roughness of the composite coatigs increased from 1.53 to 1.66 μm. This indicates that the
embedded TiO2 particles in the coating matrix significantly enhanced the surface
performance of the Ni-P-TiO2 composite coatings, leading to a higher roughness.

Fig. 2.1 Surface morphologies of the as-plated Ni-P and Ni-P–TiO2 composite deposits with
different TiO2 bath concentrations of (a) 0 g/L, (b) 2.5 g/L, (c) 5 g/L and (d) 10 g/L [45].
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Gao et al. [15] investigated the effect of SiC particle size on the microstructures of the
electroless Ni-P-SiC composite coatings, as shown in Fig. 2.2. The Ni-P-SiC coating
prepared with the superfine SiC particles (110 nm) possesses the smoothest surface (Fig.
2.2b1). Obviously the SiC particles influenced the deposit of Ni-P metals. The micro-sized
and superfine SiC particles homogeneously disperse in the coatings with relatively high
contents as seen in Figs. 2.2a2 and b2. However, it is found that the nano-sized SiC particles
agglomerate and non-uniformly distribute in the coating matrix (Figs. 2.2c1 and c2).

Fig. 2.2 Surface (a1, b1, c1) and cross-sectional (a2, b2, c2) morphologies of electroless NiP-SiC coatings prepared with three different sizes of particles, respectively. The black dots
indicate SiC particles [15].
Gay et al. [46] studied the microstructure of electroless Ni-P-ZrO2 composite coatings, as
shown in Fig. 2.3. It can be clearly seen that the Ni-P coating presents a smooth surface (Fig.
2.3A). Fig. 2.3B shows the surface morphology of Ni-P-ZrO2 composite coating with the
ZrO2 content of ~7.4 vol.%. The ZrO2 particles with the average size of 900 nm exhibit an
irregular shape, occasionally assembled in small aggregates.
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5 μm
Fig. 2.3 Surface morphologies of (A) Ni-P coating and (B) Ni-P–ZrO2 composite coating [46].
2.2.1.2 Properties of electroless composite coatings
The primary objective for developing electroless composite coatings is to improve the surface
properties of working parts, including wear resistance and hardness. The mechanisms for the
incorporation of the insoluble particulates into the metallic coating and the effects on
properties have not been fully understood. However, the key parameters in the process of
electroless composite plating have been characterized in various reports [47-52]. The
properties of electroless composite coatings are summarized below as examples.
(1) Wear resistance
Ramalho et al. [53] investigated the wear properties of electroless Ni-P-PTFE composite
coatings, and the results are shown in Table 2.1. It can be clearly seen that the co-deposition
of PTFE significantly improved the wear resistance of the coatings. The incorporation of
PTFE probably played the role of lubrication.
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Table 2.1 Wear results of all the performed tests [53].

Zhang et al. [54] studied the effect of SiC particles on the wear property of electroless Ni-PSiC composite coatings. As clearly shown in Fig. 2.4, the wear resistance of coatings was
improved by the addition of SiC particles. When the SiC content in the coatings is less than
9.41 wt.%, the wear weight of coatings decreases sharply with increasing the SiC content.
During the frictional contact, the SiC particles were served as a main sliding surface exposed
to abrasion. Due to the high hardness and reinforcing effect, the SiC particles in the
composite coatings improved not only the hardness of coatings, but also the resistance to
plastic deformation of the coating matrix. Therefore, incorporation of more particles leads to
higher wear resistance. However, when the particle content is above 9.41 wt.%, the wear
resistance is improved slowly (Fig. 2.4). It is proposed that the exfoliation of a small amount
of hard SiC particles caused abrasive wear in the process of the wear testing, in part
decreasing the positive effect of SiC particles on the wear resistance comparing with the
composite coating prepared with less content of the particles.

11

Fig. 2.4 The effect of SiC content on wear resistance of Ni-P-SiC composite coatings [54].
(2) Hardness
Alirezaei et al. [55] investigated the effect of Al2O3 content and heat treatment on the
microhardness of electroless Ni-P-Al2O3 composite coatings. The results are shown in Fig.
2.5. The increase of microhardness is attributed to the existence of hard Al2O3 particles,
which act as a barrier to plastic deformation of Ni-P matrix under the effect of loading. It was
also found that heat treatment influenced the microhardness of the composite coating. The
microhardness of composite coating reached the maximum value of 1050 HV after the heat
treatment at 400oC. The increase of microhardness was caused by the formation of semicoherent Ni3P phases. It is widely accepted that precipitation of Ni3P phase initiates at
~400oC. Further heat treatment at 600oC caused the growth of Ni3P precipitates, and changed
the interface from the semi-coherent state to the non-coherent state, resulting in the slight
decrease of the microhardness.
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Fig. 2.5 The effect of the concentration of Al2O3 particles and heat treatment on the
microhardness of Ni-P-Al2O3 composite coatings [55].
Abdel Hamid et al. [56] investigated the effect of WC content on the microhardness of
electroless Ni-P-WC composite coatings, as shown in Table 2.2. The microhardness of the asplated Ni-P deposit is 465 HV. The microhardness of Ni-P-WC coatings is strongly related to
the WC content in the composite coatings. It is shown that the microhardness of the as-plated
Ni-P-WC composite coating increases from 500 to 825 HV with increasing the particle
content from 10 vol.% to 53 vol.%. The increase of the microhardness is attributed to the
dispersion strengthening of the second-phase WC particles. These particles behaved a barrier
to block the plastic deformation and the movement of dislocations in the Ni-P matrix during
loading in the hardness test.
Table 2.2 Effect of WC content on the microhardness of steel coated with Ni-P [56].

13

2.2.2 Composite electroplating
The properties of electroplated coatings can be substantially modified by dispersing secondphase particles into the coating matrix [3], which is called electroplating composite coatings.
Typically the composite coatings are synthesized as below. Particles are suspended in the
electroplating electrolyte, and then the particles and metal ions co-deposit to form composite
coatings. Such particles may be inorganic (oxides, carbides, diamond, etc.), metallic
(chromium, aluminium, etc.) and organic (PTFE, etc.). It is widely believed that the amount
of the second-phase particles in the coating matrix is a function of the deposition conditions,
including pH value, temperature, viscosity of the electrolyte, particles’ concentration and
hydrodynamic conditions. The above parameters have a significant effect on the zeta
potential [3].
Composite coatings were early fabricated from suspensions of relatively large-sized
(typically micrometre scale) particles of carbides [33-34], oxides [34], diamond [35], and
Teflon [36-37], although there were some reports on the incorporation of nano-particles, such
as co-deposition of Al2O3 particles in gold [57] and copper [58] matrix. More recently there
has been an increasing emphasis on co-depositing metal ions and superfine or nano-sized
particles to synthesize a new structure – nano-composite coatings. The second-phase
superfine/nano-particles are dispersed into the matrix, providing significantly improved
properties, such as hardenability and wear resistance [4-6, 59-60].
2.2.2.1 Microstructure of electroplated composite coatings
Normally there are two types of composite coatings, i.e. micro- and nano-composite coatings,
that is, incorporating micro- and nano-particles into the coating matrix. It is believed that the
composition and microstructure of composite coatings are influenced by several interrelated
parameters, such as composition and particle concentration of the plating bath, particle
characteristics, solution temperature and pH, agitation, type of applied current and current
density [61-69]. A large amount of second-phase particles, including SiO2 [8, 70-72], SiC
[73-76], ZrO2 [7, 77-78], Al2O3 [61, 68-69], C [79-81], TiO2 [82-86], were incorporated in
metal matrix to form composite coatings. This section aims at a brief review of the effect of
parameters on the microstructure of electroplated composite coatings.
(1) Effect of electrolyte solutions
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Fig. 2.6 Surface morphologies of (a, c) Ni coating, and (b, d) Ni-TiO2 composite coating
prepared at 5 A/dm2 with the TiO2 concentration of 10 g/L. The electrolyte solution is (a, b)
acidic sulfamate bath, and (c, d) alkaline pyrophosphate bath [86].
Thiemig et al. [86] investigated the effect of TiO2 nano-particles on the surface and crosssectional morphologies of Ni-TiO2 composite coatings in an acidic and alkaline bath, as
shown in Figs. 2.6 and 2.7. It was found that the Ni coating exhibited a bimodal grain
structure made up of truncated pyramidal crystals in the acidic solution (Fig. 2.6a). The Ni
film from the alkaline bath was characterized by a smooth and fine grained surface structure
(Fig. 2.6c). In contrast, the addition of TiO2 nano-particles to the electrolyte bath introduced
different surface microstructures for Ni coatings from two different electrolyte solutions (Figs.
2.6b and d). The Ni-TiO2 composite coating from the alkaline solution has a much smoother
surface than the coating from the acidic solution.
The Ni coating from the acidic bath showed a well defined field-oriented structure (Fig. 2.7a).
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The addition of TiO2 nano-particles changed the coating microstructure from the columnar
shape to the granular shape (Fig. 2.7c). The Ni and its composite coatings from the alkaline
pyrophosphate bath exhibited a granular and unoriented structure (Figs. 2.7b and d). The codeposition of TiO2 nano-particles refined the nickel grains.

Fig. 2.7 Cross-sectional morphologies of (a, b) Ni coatings, and (c, d) Ni-TiO2 composite
coatings prepared at 5 A/dm2 with the TiO2 concentration of 10 g/L. The electrolyte solution
is (a, c) acidic sulfamate bath, and (b, d) alkaline pyrophosphate bath [86].
(2) Effect of particle sizes
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Fig. 2.8 SEM micrographs of (a) Ni coating, and Ni-SiC composite coatings with the SiC size
of (b) 10 nm, (c) 50 nm and (d) 5 μm [87].
Sohrabi et al. [87] investigated the surface morphologies of Ni-SiC micro- and nanocomposite coatings, as shown in Fig. 2.8. The Ni coating showed a bimodal structure of
truncated pyramidal type (Fig. 2.8a). In contrast, the incorporation of second-phase particles
significantly changed the surface of coatings. Figs. 2.8b and c show the surface morphologies
of Ni-SiC nano-composite coatings. It was found that the SiC nano-particles were
incorporated into the Ni matrix as aggregates, probably due to the poor suspension of the
nano-particles in the electrolyte bath. Fig. 2.8d shows the micrograph of the composite
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coating prepared with the particle size of 5 μm. It can be seen that the SiC particles were well
dispersed in the electrodeposited Ni matrix. Additionally the surface appeared compact.
(3) Effect of magnetic fields
Feng et al. [88] investigated the effect of applied magnetic fields on the surface morphologies
of the Ni coating and Ni-Al2O3 composite coatings (Fig. 2.9). The pure Ni deposit showed a
pyramidal shape, as observed in Fig. 2.9a, and the size of the Ni nodules was not uniform in
absence of magnetic fields. In contrast, the Ni nodules became spherical and uniformly
distributed on the surfaces of the composite coatings with the application of high magnetic
fields in the electroplating process (Figs. 2.9b and c), which is consistent with the previous
reports [89-90]. With further increasing the magnetic flux density, the Ni nodules became
smaller and more roundish (Figs. 2.9d, e and f). However, some agglomerated Ni nodules
were observed in the composite coatings. The mechanisms are briefly explained below.
In a parallel magnetic field, the ions moving with velocity in the electrolyte are subject to the
effect of the Lorentz force. While in a vertical magnetic field, the Lorentz force is not
generated. When the Al2O3 nano-particles were added into the electroplating solution, the
electrolytic current was distorted in the vicinity of a particle. In this case, the electrolytic
current had an orthogonal component to the magnetic field direction. Therefore, the Lorentz
force was induced by the interaction of an applied magnetic field and a distorted electrolytic
current. In the electroplating bath, the flow generated by the Lorentz force proceeded on the
electrode surface, and many minute vortices emerged above the surface. Correspondingly, the
motion of numerous eddy vortices near the cathode surface led to the convection of the
electroplating solution, influencing the surface morphologies of the deposits. Under the effect
of the convection, the electroplating solution was stirred and the dispersion power was
enhanced. Therefore, the thickness of the diffusion layer was reduced, resulting in an
increased concentration gradient. Correspondingly, the grain size and surface morphologies
of the composite coatings were influenced.
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Fig. 2.9 Surface morphologies of Ni and Ni-Al2O3 coatings under the effect of different
magnetic fields [88].
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(4) Effect of power sources

a

b

c

d

e

f

Fig. 2.10 Surface morphologies of Ni-ZrO2 composite coatings prepared using different
power sources: (a, b) Direct current, (c, d) pulse current, and (e, f) pulse reversed current [7].
Wang et al. [7] studied the surface morphologies of Ni-ZrO2 nano-composite coatings
prepared using different power sources of direct current (DC), pulse current (PC) and pulse
revered current (PRC), as shown in Fig. 2.10. The composite coatings produced with PC
source possessed the smoothest and the most compact surface. In contrast, the surface of the
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PRC composite coatings was the coarsest. Due to the small size of ZrO2 nano-particles, it was
difficult to distinguish them from the Ni matrix in the composite coatings.
Compared with the DC composite electrodeposition, the PC composite electrodeposition
offered a controllable and independent process, allowing a high instantaneous current density.
Therefore, the PC composite plating resulted in the increased nucleation rate and the
formation of finer grains. Accordingly a finer grain size and more homogenous surface
appearance were found in the PC composite coating compared with the DC composite. In the
PRC electrodeposition, numerous Ni nuclei were generated during the cathodic process. The
smaller and less stable crystallites with high formation energy were dissolved instantaneously
during the next anodic process while the larger crystallites continued to grow. Therefore, the
surface became coarse (Figs. 2.10e and f).
2.2.2.2 Phase structure and texture of electroplated composite coatings
The phase structure and texture of electroplated composite coatings are determined by
processing parameters, including particle sizes [84], surface properties of the dispersoids [91],
particle concentrations [92-94], and the electrolyte solution [95]. Obviously the adsorptiondesorption phenomena in the catholyte area are probably changed when particles with
modified surfaces arrive at the cathode, which are loosely adsorbed or even partially
submerged onto the growing Ni grains.
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Fig. 2.11 Stability diagrams of the preferred crystal orientations as a function of pH and
applied current density. (a) The Ni coating, and the Ni-TiO2 composite coatings prepared
with the particle concentration of (b) 20 g/L, (c) 50 g/L and (d) 100 g/L [96].
Spanou et al. [96] investigated the effect of pH and current density on the texture and phase
structure of the Ni coating and the Ni-TiO2 composite coatings, as shown in Fig. 2.11. Based
on the preferred crystal orientation estimated from the X-ray diffraction patterns, the stability
diagram of textures for Ni deposits can be drawn as shown in Fig. 2.11a. Four aspects can be
concluded: (i) at low current densities and an extended region of pH values, the (110)
preferred orientation of Ni crystallites is favored; (ii) at medium current densities and a
broaden region of pH values, the (100) texture is observed; (iii) at medium current densities
and less acidic baths, the (211) texture is stabilized; (iv) at high current densities and strong
acid media, the (210) texture is favored.
The incorporation of TiO2 nano-particles in the Ni matrix changes the structure of Ni coatings
with increasing the concentration of TiO2 nano-particles in the electrolyte (Figs. 2.11b-d). In
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detail, the region of (100) oriented deposits is expanded with increasing amounts of TiO2 in
the bath, accompanied by a confinement of the (211) and (110) domains. Additionally, it is
observed that the TiO2 nano-particles promote transformation of (210) preferred orientation –
stable at high current densities and low pH conditions for pure Ni deposits – to randomly
oriented crystallites. Obviously the addition of TiO2 nano-particles in the electrolyte bath
leads to the replacement of (110) preferred orientation to (100) texture (Fig. 2.11), reflecting
a less intense inhibition of the Ni crystal growth process. Moreover, the domain of (110)
texture is further confined at medium pH values and low current densities with increasing
concentration of the nano-particles in the bath. The textural modification is related to the
reduced concentration of inhibitors in the catholyte area under the specific electrodeposition
conditions induced by the presence of charged TiO2 nano-particles in catholyte area.
At high pH values and low to medium current densities, the region of deposits oriented
through (211) axis is reduced and replaced by composites exhibiting (100) texture when the
particle concentration is increased (Fig. 2.11). This observation indicates that the formation
of Ni(OH)2 is reduced due to the presence of TiO2 particles in the Ni/catholyte interface. In
contrast, at high current densities and low pH values, the TiO2 particles with the high content
in the metallic matrix significantly inhibit the Ni crystal growth through (210) axis, leading to
the formation of random oriented deposits (Fig. 2.11).
2.2.2.3 Properties of electroplated composite coatings
The properties of electrodeposits are important for a broad spectrum of applications. In the
1970s, Safranek firstly summarized the properties of electrodeposited metals and alloys [9798]. The incorporation of second-phase particles changes the microstructures of composite
coatings, accordingly influencing the properties of the composite coatings, including hardness
[7, 59, 86, 88, 99-100], wear resistance [7, 88, 99-103], corrosion resistance [16, 99-100, 104114], thermal stability [115], and high-temperature oxidation behaviours [116-120]. This
section briefly reviews the typical properties of electroplated composite coatings.
(1) Hardness
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Fig. 2.12 Correlation between the microhardness and the TiO2 content in the coatings: (■) 1
A/dm2; (●) 5 A/dm2; (▲) 10 A/dm2. (a) The acidic sulfamate electrolyte; (b) the alkaline
pyrophosphate electrolyte [86].
Thiemig et al. [86] investigated the effect of particle content on the microhardness in Ni-TiO2
composite coatings, as shown in Fig. 2.12. The microhardness of the Ni-TiO2 composite
coatings prepared in both acidic and alkaline solutions significantly increased due to the
incorporation of TiO2 nano-particles. The higher particle content led to higher microhardness.
However, it is not clear if a higher TiO2 content will further increase the microhardness of the
coatings.
(2) Wear resistance

Fig. 2.13 The wear rate of Ni-SiC composite coatings as a function of particle content [100].
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Vaezi et al. [100] studied the wear resistance of Ni-SiC nano-composite coatings, as shown in
Fig. 2.13. When the content of SiC nano-particles increased, the wear rate of the Ni-SiC
nano-composite coatings declined. The Ni-5wt.% SiC seems to have the best wear resistance.
Table 2.3 Wear weight loss of Ni coatings and Ni-ZrO2 composite coatings [7].

Fig. 2.14 Surface morphologies of the wear tracks on Ni-ZrO2 composite coatings under a
load of 7.5 N: (a, b) DC Ni coating, (c, d) DC composite coating, (e, f) PC composite coating,
and (g, h) PRC composite coatings [7].
Wang et al. [7] investigated the wear weight loss of Ni coating and Ni-ZrO2 composite
coatings electroplated the different power sources of direct current (DC), pulse current (PC)
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and pulse reverse current (PRC), as shown in Table 2.3. The Ni-ZrO2 composite coatings
exhibit lower wear weight loss than pure Ni coatings. The difference of wear weight loss
among the three pure nickel coatings in Table 2.3 is very small although they are prepared by
the different electrodeposition methods. However, the wear weight loss of DC composite
coating is twice larger than that of the PRC composite coatings.
Fig. 2.14 shows the morphologies of the wear tracks (under the load of 7.5 N) for different
coatings. The wear tracks of the Ni coating show many continuous and wide grooves,
spalling pits and severe plastic deformation (Figs. 2.14a and b). Obviously the wear
resistance of the Ni coating is poor. Figs. 2.14c and d show the wear tracks of the DC
composite coating. Abrasive grooves can be found alongside some cracks which are parallel
to the sliding direction. A considerable amount of debris can also be found in the wear track
probably due to the weak bonding between the agglomerated particles and the Ni matrix.
Under the DC electrodeposition condition, the deposited Ni probably does not bind to the
agglomerated particles tightly, increasing the brittleness of the coatings. As a result, the
wearing counter body can easily damage the surface of the coatings and hence, the wear
weight loss increases. The wear tracks of the PC composite coating are shown in Figs. 2.14e
and f. Abrasive grooves with less depth and debris can be found. Furthermore, a shallow
abrasive depth and non-continuous wear grooves can be seen in the wear tracks of the PRC
composite coating (Figs. 2.14g and h), probably due to the uniform dispersion of ZrO2
particles in PRC composite coating. It can be considered that the bonding strength between
the uniformly dispersed particles and the Ni matrix is stronger than that between the
agglomerated particles and the Ni matrix.
(3) Corrosion resistance
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Fig. 2.15 Potentiodynamic polarization behaviors of pure Ni and Ni-WC composites coatings
tested in the 0.1 mol/L H2SO4 solution with a scan rate of 1 mV/s [104].
Sunerder et al. [104] studied the potentiodynamic polarization behavior of pure Ni and NiWC composite coatings, as shown in Fig. 2.15. We can calculate the passivation parameters
from the plots, including zero current potential (Ezcp), potential for primary passivation (Epp),
potential for complete passivation (Ecp), breakdown potential (Eb), passivation range (Eb–
Ecp), critical current density for passivation (icrit) and passive current density (ipass). The NiWC composites exhibited no specific trend in Ezcp values. It is known that the corrosion
potential of Ni in acid media is largely governed by characteristics of hydrogen evolution.
Increasing proton activity in solution or at the electrode surface affects the hydrogen
evolution kinetics. This typically results in noble (positive) shifts in corrosion potential. No
specific trend was discerned between Ezcp and the amount of WC in the coating.
Based on the potentiodynamic polarization behavior in Fig. 2.15, the main influence of WC
on the electrochemical behavior of composite coatings is strongly related to the passivity. The
Ni-WC composite structure apparently decreased the stability of the passive film, which was
revealed by a positive shift in the passivation potential, reduction in the passive range, and
substantially higher passive current densities. The critical current and passive current
densities were quite similar for the composite coatings.
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Table 2.4 Corrosion data from potentiodynamic polarization for Ni-polyethylene (PE)
composite coatings [99].

Hamid et al. [99] investigated the corrosion resistance of Ni-polyethylene (PE) composite
coatings. The corrosion data is calculated in Table 2.4. The uncoated steel gives the highest
corrosion rate (9.0 m/year), compared to 0.62 m/year for Ni-coated steel. Ni has the ability to
protect itself against certain forms of attack by developing a corrosion resistant passive oxide
film. A further decrease in corrosion rate is obtained through the addition of PE to Ni deposit.
The results show that the corrosion rate of Ni-PE composites decreases up to 0.03 m/year
with increasing PE volume percentage to 30 vol.%. The increase in the corrosion resistance
can be attributed to the decreased porosity in the Ni-PE composite coatings.
(4) Thermal stability

(a)

(b)

Fig. 2.16 The effect of annealing on (a) microhardness and (b) grain size of Ni-TiO2
composite coatings [115].
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Lin et al. [115] investigated the annealing behaviour of electrodeposited Ni-TiO2 composite
coatings, as shown in Fig. 2.16. The microhardness of the as-deposited Ni-TiO2 coating was
~340 HV, indicating ~50% improvement compared with Ni coating (Fig. 2.16a). The
hardness of the Ni-TiO2 coating decreased continuously with increasing annealing
temperatures. In contrast, the hardness of the Ni coating showed little change up to 2 h of
annealing at 400oC, followed by a rapid decrease when the annealing temperature rose to
600oC. The Ni-TiO2 composite coating exhibited higher microhardness than the Ni
counterpart regardless of the annealing temperature, indicating that incorporation of TiO2
particles enhanced the strength of the composite coating. Fig. 2.16b shows the dependence of
the Ni grain size on the annealing temperatures for Ni and Ni-TiO2 coatings. The grain size of
Ni coating kept unchanged up to 400oC, followed by quickly growing up. In contrast, the
growth of Ni grains in the Ni-TiO2 composite coating was significantly slower than that of
the Ni coating, indicating that TiO2 particles apparently retarded the grain growth of Ni.
(5) High-temperature oxidation behaviours

Fig. 2.17 The oxidation kinetics of Ni metal, Ni film and Ni-Al nano-composite film exposed
at 1050oC for 20 h [116].
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Fig. 2.18 Surface (a, b, c) and cross-sectional (d, e, f) morphologies of specimens after
oxidation at 1050oC for 20 h. (a, d) Ni-Al nano-composite film, (b, e) Ni film, and (c, f) Ni
metal [116].
Zhou et al. [116] investigated the high-temperature oxidation behaviours of Ni-Al nanocomposite coatings. Fig. 2.17 shows the oxidation kinetics of Ni metal, Ni film and Ni-Al
nano-composite film exposed at 1050oC for 20 h. The corresponding oxidation parabolic
constant calculated for each curve is indicated in Fig. 2.17. The electroplated pure Ni film
was oxidized faster than the uncoated Ni substrate. Compared with the oxidation of the pure
Ni film, the scaling rate of the Ni-Al nano-composite film was reduced by two orders of
magnitude. The corresponding surface and cross-sectional morphologies of the oxide scale
are presented in Fig. 2.18.
For the Ni-Al nano-composite coating, NiO was observed only at some locations (bright
areas) and Al2O3 (possibly including NiAl2O4 spinel) appeared at most areas (dark contrast in
Fig. 2.18a). In contrast, only the NiO scales formed on the pure Ni film and the uncoated Ni
metal with the surface morphologies presented in Figs. 2.18b and c, respectively. The NiO
crystals on both samples were profoundly faceted and large-grained. A thin and continuous
Al2O3 layer formed on the nano-composite film (Fig. 2.18d), while the thicker and porous
NiO scales grew on the pure Ni film (Fig. 2.18e) and the uncoated Ni (Fig. 2.18f).
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2.3 Strengthening mechanisms in composite coatings
It is widely believed that the main strengthening mechanism in composite coatings originates
from grain refinement strengthening and/or dispersion strengthening [121-128]. In this
section we will discuss the principles of the above two strengthening methods in details.

2.3.1 Grain refinement strengthening
Since the grains in polycrystalline materials have random orientations, polycrystals are
usually treated to be isotropic, at least on a macroscopic scale. Grain boundaries form at the
locations of discontinuity of crystallographic orientations. Naturally the movement of
dislocations is hindered at grain boundaries. Experimental evidences indicate that
dislocations generated in the individual grains tend to pile-up against one another in front of
these barriers [11]. When the distance between dislocations gets very small as in a pile-up,
the stress fields of dislocations with the same Burgers vector tend to overlap and to repel one
another. Consequently, external stress is needed to hold the piling-up dislocations together
against the barriers. Meantime, the grain boundary experiences stress concentration due to the
dislocations. It can be shown that the stress acting on the barriers is proportional to the
number of piling-up dislocations and the magnitude of externally applied stress [11].
The motion of dislocations and the accompanying plastic deformation can be propagated
from one grain to another if the local stress concentration is high enough to activate the
dislocation sources in a neighbouring grain. The strength of crystals can thus be enhanced if
the dislocation movement is made more difficult [11]. As far as polycrystalline materials are
concerned, a logical way to enhanced strength is to implant more barriers, namely, grain
boundaries to dislocations. Hall [129] and Petch [130] first realised that the yield strength of
metals increases as the grain diameter is made smaller. The well-known Hall-Petch equation
can be described below:
(2.1)
(2.2)
where σy and σ0 are the yield stress and friction stress respectively, k is a constant and d is the
grain size.

31

[131]

Fig. 2.19 Hall–Petch plot of yield strength for pure Ni coatings [78].
Hou et al. [78] investigated the influence of grain refinement on properties in Ni-ZrO2
composite coatings. A Hall–Petch plot of 0.2% offset yield strength for electroplated pure Ni
coatings are displayed in Fig. 2.19 according to the reference source [131]. Linear fit with the
least squares method was computed for all the data in Fig. 2.19 and the line shown through
the data represents the best fit. Then the Hall–Petch equation for Ni-based coatings is
presented as below:
(2.3)
It can be seen that the electrodeposited pure Ni obeyed the Hall–Petch law. Based on Eq.
(2.3), if the grain size of the pure Ni decreased from 106 to 35 nm which is the grain size of
the composite coatings, the hardness of the pure Ni would be calculated as 277 HV.

2.3.2 Dispersion strengthening
Materials can also be strengthened by dispersing second-phase particles including oxides,
nitrides, carbides and borides. The properties of the dispersion-strengthened metals or alloys
depend on the control of volume fraction, size, separating spacing and uniformity of the
particles [9-11]. As to the strength of the alloys/metals so produced, the dispersed particles
behave as effective barriers to dislocation movement; the structures of the particles and the
matrix are quite different and the particles are not likely to be penetrated and cut by
dislocations.
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Several mechanisms have been suggested for the strengths of metals reinforced with
dispersed particles, including Mott-Nabarro theory and Orowan theory [9, 11]. These theories
are concerned with the initial yield strength of composites as well as the behaviour of work
hardening. In the theories of yield strength, criteria were developed upon the stresses
necessary to move a single dislocation over a dislocation comparable to the particle spacing.
The dislocation movement in alloys can be hindered. At low strains, the work-hardening rate
of alloys/metals is greatly enhanced by non-coherent particles. Some of the strengthening
theories are introduced as below.
(1) Theory of Mott and Nabarro
The theory of Mott and Nabarro is the earliest theory developed to explain the hardening of
alloys [9, 11, 132-133]. The basis of this theory is the difference in atomic volumes between
the dispersed phase and the matrix materials. Normally local stresses are induced around
spherical and misfit particles. The magnitude of the stresses is proportional to the amount of
misfit.
The average shear strain in the matrix can be described as:
(2.4)
Where γ is the average shear strain, ε is the misfit, r0 is the radius of a dispersed particle, and
N is the amount of particles per unit volume. The misfit between the particle and the matrix
may be resulted from various causes. These include the incoherency between the matrix and
component materials, and also phase changes in the particle and the matrix.
(2) Theory of Orowan
The theory of Orowan is concerned with the yield strength of alloys consisting of ductile
matrix reinforced with hard particles [9-11]. The dispersed particles are considered to be nondeformable. In Orowan’s theory, the critical condition for a dislocation to bypass the particles
in its glide plane is to bend the dislocation to a semicircular arc between the particles [9]. Fig.
2.20 schematically shows the movement of dislocations [9, 11]. The dislocation with its
dipoles annihilated can move forward while dislocation loops are left behind surrounding
each particle.
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Fig. 2.20 Illustration of the Orowan hardening mechanism [11].
The local stress necessary to bulge the dislocation between two particles is given by Orowan
as below [9, 11]:

(2.5)
Where T is the line tension of the curved dislocation line, and D is the mean planar
interparticle spacing in the slip plane. The Orowan’s criterion indicates that the critical shear
stress increases with increasing particle volume fraction and decreasing particle size.

2.4 Synthesis of nano-particles by sol-gel processes
Sol-gel processes have been widely applied to synthesize uniform nano-particles and nanocomposites [134-140]. They have shown considerable advantages, including excellent
chemical stoichiometry, compositional homogeneity and low crystallization temperature due
to the mixing of liquid precursors on a molecular level [141]. Typically the hydrolysis and
condensation reactions take place in the sol-gel process [142-143]. This section reviews the
synthesis of nano-particles by the sol-gel process, including preparation and reactions of sol
solutions, and microstructures of nano-particles.

2.4.1 Preparation and reactions of sol solutions
There are two main sol solutions, i.e. inorganic and organic. The organic sol solutions are
quite popular nowadays. In an organic system, the sol solution is mainly based on metalbased alkoxide, including Ti(IV)- and Zr- based alkoxide. The initial stage of the hydrolysis
of metal-based alkoxide can be described by the following reactions [144]:
(2.6)
where M denotes the metal atoms, such as Ti, Zr and Al.
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The mechanism of the reaction in Eq. (2.6) can be considered in terms of (a) nucleophilic
attack of metals by a water oxygen, (b) transfer of the water proton to the OR group of metal,
and (c) release of the resulting ROH molecule. In the next stage the coordination of metal is
increased through the reaction between partially hydrolyzed oligomers (olation reactions).
The formation of oxo-bridges can be described by the following oxolation reactions:
(2.7)
where X denotes H and R atoms.
The reactions in Eqs. (2.6) and (2.7) are sensitive to the type of metal-based alkoxide, solvent,
pH, concentration of the reactants, presence of “neutral” organic molecules, temperature,
mixing, etc [144]. The typical process for preparing sol solution, for example, TiO2 sol
solution, is presented as below [145]: 8.68 ml of tetrabutylorthotitanate [Ti(OBu)4] was
dissolved into the mixture solution of 35 ml ethanol and 2.82 ml diethanolamine (DEA).
After magnetic stirring for 2 h, it was hydrolyzed by adding a mixture of 0.45 ml deionized
water and 4.5 ml ethanol dropwise under magnetic stirring.

2.4.2 Microstructures of nano-particles
The microstructures of nano-particles are strongly related to their state. In this section, we
will review the microstructures of some typical nano-particles, including ceramic, metalceramic composites, and ceramic-ceramic composites.
(1) Ceramic nano-particles
In recent years, the preparation and characterization of titanium oxide (TiO2) nano-particles
have attracted much interest due to their unique properties and potential applications in
catalysis [146-148], photo-catalysis [148-154], sensors [155-156], solar cells [157-159],
energy storage [160], and gene therapy [161-162]. It is believed that the applications for TiO2
are strongly dependent on the crystalline structure, morphology and particle size [163]. Here
we will mainly introduce the microstructure of TiO2 nano-particles.
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Fig. 2.21 XRD patterns of TiO2 nano-particles annealed at different temperatures in air for 1
h [164].
Shao et al. [164] investigated the effect of annealing on the XRD patterns of TiO2 nanoparticles, as shown in Fig. 2.21. Below 250oC TiO2 exists in its amorphous state, for which
only the reflection plane (101)A could be seen. Upon heating, the characteristic peak
intensities of anatase increase significantly while the peak widths reduce. Below 600oC, only
the anatase phase exists. The average grain size is calculated to be 13 nm at 360oC, and 60
nm at 600oC when the rutile phase begins to appear. Above 600oC, anatase and rutile co-exist,
while the volumetric fraction of the former decreases. At 750oC, the grain size of the anatase
crystals is ~48 nm compare to ~70 nm of the rutile. When the temperature reaches 900oC,
anatase has totally transformed to rutile with a crystal size of less than 100 nm, that is, still
within the nano-scale range. When the specimen is sintered at 950oC, the crystal size
increases to around 115 nm, and the rutile particles coarsen rapidly above 1200oC. The asderived rutile sizes are close to those of the anatase at 600oC. The co-existence of both
crystalline phases has been known to lead to the significantly deformed structures, which
might be responsible for increasing the annealing temperature to exceed that for complete
transformation into the new phases.
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Fig. 2.22 XRD patterns of TiO2 nano-particles annealed at different temperatures in N2 for 4
h. A and R represent anatase and rutile phases, respectively [165].
Garćia-Serrano et al. [165] investigated the phase structures of TiO2 nano-particles annealed
at different temperatures in N2 atmosphere, as shown in Fig. 2.22. The as-prepared TiO2
powders were found to be amorphous. The XRD pattern of the TiO2 sample annealed at
450oC revealed 12 peaks in the range from 25.0o to 76.0o, assigned as (101), (103), (004),
(112), (200), (105), (211), (204), (116), (220), (215), and (301) reflections corresponding to
the anatase phase, along with 10 peaks assigned as (110), (101), (111), (210), (211), (220),
(002), (310), (301), and (112) reflections in the same range corresponding to the rutile phase.
This shows that the amorphous TiO2 nano-particles crystallized into the anatase and rutile
phases at a temperature below 450oC by annealing under N2 atmosphere. In the XRD pattern
of the TiO2 sample annealed at 700oC, the relative intensity of the anatase peaks with respect
to rutile peaks decreased significantly but never disappeared. The XRD pattern also revealed
three more peaks assigned as (002), (301), (202) reflections of the rutile phase, indicating an
incomplete phase transformation from anatase to rutile at this temperature.
(2) Metal-ceramic composites
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Fig. 2.23 XRD patterns of the Ag-TiO2 composites synthesized using (a) 0.1698 g, (b) 0.2831
g, and (c) 0.4247 g of AgNO3, before and after annealing at different temperatures in air for 4
h. A and R represent anatase and rutile phases, respectively [165].
Garćia-Serrano et al. [165] also investigated the effect of Ag content on phase structures of
Ag-TiO2 nano-composites, as shown in Fig. 2.23. It can be found that: (1) all as-prepared AgTiO2 nano-composites are amorphous; (2) Ag-TiO2 composites annealed at 450oC show
several diffraction peaks associated to the anatase TiO2 and crystalline silver oxide
compounds, along with some diffraction peaks corresponding to metallic Ag in face centered
cubic phase for high AgNO3 contents. Therefore, the amorphous TiO2 crystallizes in the
anatase phase at a temperature below 450oC, and the incorporated Ag in the TiO2 matrix
mainly remains in oxide forms; (3) with increasing the annealing temperature to 600oC, the
relative intensity of the anatase peaks decreases, and the peaks related to the rutile phase
emerges. The intensity of rutile peaks increases with increasing the Ag content in the
composites. The volume fraction of the rutile phase increases from 52.17% to 56.25% by
incorporating Ag in the TiO2 particles (0.4247 g of AgNO3) in the synthesis process. This
indicates that the presence of Ag species enhances the phase transformation (anatase to rutile)
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process in TiO2; (4) after annealing at 750oC, only the peaks corresponding to the rutile and
crystalline silver oxide species are observed. Absence of any peak characteristic of anatase
phase in the sample suggests that the transformation from anatase to rutile completes well
below 750oC while annealing in air atmosphere, due to the presence of the silver oxide
species.

Fig. 2.24 (a) TEM image of GSCS nano-particles without additional water by sol-gel method.
(b-f) TEM images of GSCS nano-particles with 1, 3, 5, 7, and 9 mL of additional water by
sol-gel method [140].
Chiu et al. [140] investigated the microstructure of Au nano-particles coated with SiO2 shells
using the addition of 0, 1, 3, 5, 7, and 9 mL of water by the sol-gel method, as shown in Fig.
2.24. The experimental results clearly indicate that the thickness of the SiO2 shell was
changed by altering the amount of water. Fig. 2.24a shows a TEM image of the gold-silica
core-shell (GSCS) nano-particles without water addition. The SiO2 showed the sol phase.
Almost all Au nano-particles were distributed in the interior of the SiO2 sols. These SiO2 sols
were not uniformly coated onto the surface of the Au nano-particles. No water as catalyst was
used in the reaction procedure. The SiO2 sol fromed due to the original alkoxysilanes (TEOS)
monomer or hydrolyzed TEOS monomer. However, the sol did not nucleate and grow to
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form SiO2 particles because the hydrolysis reaction of TEOS monomers was very slow. In the
other word, the production of hydrolyzed TEOS monomers was reduced without water
addition. The nucleation and growth of the SiO2 particles occured through the reaction of
several hydrolyzed TEOS monomers, as an aggregation process of small sub-particles.
However, the SiO2 was still unable to form a coating on the Au cores, as shown in Fig. 2.24a.
When 1 mL water was added, the SiO2 shell did not perfectly form, but practically the entire
surface of the Au nano-particles appeared to be coated, as shown in Fig. 2.24b. The thickness
of the SiO2 shell was ~10 nm. The surface of the SiO2 shell was very rough. As the amount of
water was increased from 3 to 7 mL, the thickness of the SiO2 shell increased, as shown in
Figs. 2.24c, d and e. The colloidal SiO2 shell was thicker, reducing the van der Waals
interactions between the Au cores. The coverage monolayer was insufficient to prevent Au
core coalescence, leading to the formation of multiple Au cores, as shown in Fig. 2.24e.
When the amount of water was 9 mL, the Au cores were almost covered with the uniform
SiO2 shells, and the thickness of the shell increased to ~120 nm, as shown in Fig. 2.24f.
Obviously the amount of water was a dominant factor to control the thickness of the SiO2
shell. The large amount of water promoted the hydrolysis and condensation reactions,
speeding the nucleation and growth of the SiO2, and increasing the thickness of the SiO2 shell.
(3) Ceramic-ceramic nano-composites
Kim et al. [166] investigated the microstructure of SiO2-ZrO2 core-shell particles, as shown
in Fig. 2.25. A uniform shell of ZrO2 with a nano-scale thickness was confirmed by TEM
images (Fig. 2.25a). According to the sol-gel process, ZrO2 was generated by the hydrolysis
and condensation of zirconium (IV) butoxide (TBOZ), and then deposed on SiO2 core
particles to form a shell layer. The smooth surface of the SiO2 core particles (Fig. 2.25b) was
roughened on a nano-scale level (Fig. 2.25c) due to the deposition of the ZrO2 nano-particles.
The production of a uniform shape of core-shell particles was directly dictated by generation
and deposition of the ZrO2 nano-particle. When the generation rate of ZrO2 nano-particles
was less than their deposition rate on the core particles, all the ZrO2 particles were consumed
to form the shell layer (Fig. 2.25c). However, when the ZrO2 particles’ generation rate
exceeded their consumption rate by shell deposition, their self-aggregation and stable homoaggregates were observed as shown in Fig. 2.25d.
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Fig. 2.25 Typical morphologies of SiO2-ZrO2 core-shell particles prepared under various
reactions of sol-gel processes: (a) TEM image of core-shell particles, (b) SEM image of SiO2
core particles, (c) SEM image of core-shell particles prepared at 0.02 mol/L TBOZ, and (d)
SEM image of core-shell particles prepared at 0.14 mol/L TBOZ. In the reaction process,
H2O and temperature were set as 0.56 mol/L and 40oC, respectively. [166].

Fig. 2.26 TEM (a) and HRTEM (b) images of SiO2-SnO2 nano-composites [167].
Li et al. [167] investigated the microstructure of SiO2-SnO2 nano-composites prepared by solgel processes, as shown in Fig. 2.26. It can be seen that the SnO2-SiO2 composite nano-
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particles had a narrow size distribution (Fig. 2.26a). The HRTEM image showed that the
SnO2 nano-particles were well crystallized with the size of ~4 nm (Fig. 2.26b).

2.5 Problems and challenges in composite plating
There is no doubt that the incorporation of second-phase particles can greatly improve the
mechanical performance of composite coatings, leading to a wide range of applications in
industries. The composite coatings are normally synthesized by adding solid powders into the
plating solution to form a suspension during the process, so that the powders can be
incorporated into the metal matrix.
In order to achieve a good dispersion of the second-phase particles in the coating matrix, the
powder suspension has to be maintained in the electrolyte solution by either vigorous
agitation, air injection, ultrasonic vibration, or adding surfactants. However, it is always very
difficult for the particles to achieve a good suspension because they have very large surface
area, especially when the particle size is in a nanometre level. The high surface energy leads
to the agglomeration of the nano-particles even though combinations of the above methods
are used to reduce the particle agglomeration.
Therefore, it has been a challenge to explore new techniques to produce highly dispersive
nano-particles reinforced composite coatings, which can take the advantage of the unique
properties of the nano-particles to develop nano-composite coatings with superior mechanical
and other properties.

2.6 Summary
The main challenge of the composite electrodeposition is to synthesize highly dispersive
nano-particles reinforced composite coatings. The sol-gel process has been widely applied to
prepare uniform nano-sized particles. Typically the hydrolysis and condensation reactions
take place in the sol-gel process to form metal oxides or their composite nano-particles. The
sol-gel process can be regarded as an in-situ liquid phase synthesis of uniform nano-particles
at room temperature, providing a precursor to introduce nano-particles into the composite
electrodeposition. In an electroplating process, the metal ions discharge on the surface of the
cathode through migration and diffusion in the electrolyte, which can provide an opportunity
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for the in-situ formed nano-particles to integrate immediately into the alloy deposit.
Therefore, combining the sol-gel process with the electrodeposition may be a good method to
synthesize highly dispersive nano-particles reinforced composite coatings.
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Chapter 3 Experimental Design and Procedures
3.1 Introduction
Electroless/electro- plating has been a commercially important and versatile surface
coating/finishing technique [168-169]. Metal/alloy-based coatings have been widely
deposited on the surface of working parts to improve their corrosion and wear resistance, or
to modify the magnetic and other physical properties [3, 169-170].
In order to achieve better properties, the deposited metals/alloys were modified by codepositing second phase particles in the matrix, which are called composite coatings. The
traditional composite coating method uses a solid particle mixing process: The second-phase
particles are mixed and suspended into the plating solution, and then the solid particles and
the metal ions co-deposit onto the specimens/parts to form composite coatings [3]. The
metal/alloy-based composite coatings were early fabricated from suspensions of relatively
large-sized (typically micrometre level) particles of carbides [33], oxides [34], diamond [35],
and Teflon [36-37]. More recently, there has been an increasing emphasis on co-depositing
Ni ions and superfine or nano-sized particles to synthesize a new structure – nano-composite
coatings. The superfine/nano-particles are dispersed into the Ni matrix, providing
significantly improved properties, such as hardness and wear resistance [4-8].
The strengthening mechanisms for nano-composite coatings can be interpreted based on the
dislocation model such as the Orowan theory [9]. In this theory, the critical condition for a
dislocation to bypass the particles in its glide plane is to bend the dislocation to a semicircular
between the particles. The dislocation with its dipoles annihilated can move forward while
dislocation loops are left behind surrounding each particle [9-11]. The Orowan’s criterion
indicates that the mechanical properties of composite coatings increase with decreasing mean
planar inter-particle spacing and particle size.
Based on the above theory, incorporation of second-phase superfine/nano-particles can be
much more effective than micro-sized particles in reinforcing the composite coatings.
Theoretically, if the second-phase nano-particles are highly dispersed in composite materials,
the strong interaction between dislocations and the nano-particles can block the movements
of dislocations, leading to a significant improvement of mechanical strength [171].
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In order to achieve good dispersion of the nano-particles, powder suspension has to be
physically maintained in a solution by either vigorous agitation, air injection, ultrasonic
vibration or adding surfactants. However, it is always difficult for nano-particles to achieve
good suspension because they have very large surface areas. The high surface energy tends to
cause agglomeration of nano-particles in composite coatings. Therefore, it has been a
challenge to prepare highly dispersive nano-particles reinforced composites or composite
coatings.
Sol-gel process has been widely applied to prepare uniform nano-sized particles [134-139].
Typically the hydrolysis and condensation reactions take place in the sol-gel process to form
metal oxides or their composite nano-particles [142-143]. The sol-gel process can be
regarded as an in-situ liquid phase synthesis of uniform nano-particles at room temperature,
providing a precursor to introduce nano-particles into the composite electrodeposition. In the
electroplating process, the metal ions discharge on the surface of the cathode through
migration and diffusion in the electrolyte [3], which can provide an opportunity for the in-situ
formed nano-particles to integrate immediately into the alloy deposit.
In the present study we presented a novel sol-enhanced composite plating technique by
adding a transparent TiO2 sol into the traditional electroless/electro- plating solution [18].
This method led to highly dispersive distribution of TiO2 nano-particles in the coating matrix,
avoiding the agglomeration of TiO2 nano-particles. The mechanical properties were therefore
significantly improved.

3.2 Experimental design
In the present experiment, two most common electrochemical methods in industry, i.e.
electroless plating and electroplating, were used to prepare sol-enhanced composite coatings.
In this section we will introduce the detailed experimental design based on the principle and
the experimental system.
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3.2.1 The principle of the design
Fig. 3.1 shows the typical formation process of the traditional nano-composite coatings using
solid-particle mixing method. In this process, typically an ionic cloud covers clusters of solid
particles due to the agglomeration of the nano-particles, as seen in Fig. 3.1(1). The particles
suspension therefore has to be physically maintained in the solution by vigorous agitation, air
injection, ultrasonic vibration or adding surfactants. However, the agglomeration of particles
is not completely avoided, although the above methods can probably reduce the tendency of
agglomeration. The ion-adsorbed clusters of the nano-particles transport to the cathode
surface by means of convection and diffusion as shown in Figs. 3.1(2) and (3). It is believed
that the co-deposition process is determined by the oxidation/reduction reactions on the
cathode surface. After the ionic cloud is reduced (Fig. 3.1(4)), the agglomerated nanoparticles are deposited in the metal matrix as metal ions are discharged, so “buried” in the
metals as shown in Fig. 3.1(5).

5
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3

2
1

Solid particle

Fig. 3.1 The typical formation process of the traditional nano-composite coatings: (1)
formation of an ion cloud around the clusters of particles; (2) transport by means of
convection; (3) transport by diffusion; (4) reduction reaction; and (5) adsorption.
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Fig. 3.2 The ideal process for metal-particle composite plating.
In order to prepare highly dispersive nano-particles reinforced metal matrix composite
coatings, the dominant step for the process is to prevent the agglomeration of the solid nanoparticles. Fig. 3.2 shows the ideal process for composite plating. Single solid particles rather
than agglomerated particles are covered by ionic clouds in the plating electrolyte, and then
move to the surface of working parts. It is obvious that the traditional composite plating is not
able to achieve the above requirement.
In the present research, we use a transparent sol solution rather than solid particles as the
source to introduce the second-phase particles into the metal matrix composite coatings. It is
proposed that the transparent sol solution can in situ transform to nano-particles when they
are added into the plating electrolyte. Once the nano-particles form, they are probably
surrounded by ionic clouds immediately, and then move to the surface of substrates to form
highly dispersive nano-particle reinforced composite coatings. It is also proposed that the
colloidal ions of the sol solution co-deposit with metal ions to form the composite coatings.

3.2.2 The system design
The present experimental system mainly includes three aspects, i.e. the plating electrolyte, the
transparent TiO2 sol and the substrates. Based on the experimental system, we prepared solenhanced electroless plated Ni-P-TiO2 composite coatings and electroplated Ni-TiO2
composite coatings in the present work.
(1) The plating electrolyte
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Two electrolytes for Ni-P electroless plating and Ni electroplating were used in the present
study, in order to synthesize Ni-P and Ni metal as a matrix in composite coatings,
respectively. The compositions in the electrolytes are different for Ni-P electroless plating
and Ni electroplating. Typically, a plating electrolyte contains metal sources, reducing agents,
complexing agents, and stabilizers. The details of the plating bath and compositions will be
introduced in the following chapters.
(2) The transparent TiO2 sol solution
In the present experiment the transparent TiO2 sol solution was used as the source of TiO2
nano-particles. It is proposed that the hydrolysis and condensation reactions take place when
the TiO2 sol is added into the plating electrolyte. This process may provide TiO2 nanoparticles for the following co-deposition in the composite plating.
The transparent TiO2 sol was prepared using the method described below [18, 145]: 8.68 ml
of tetrabutylorthotitanate (Ti(OBu)4) was dissolved into a mixture solution of 35 ml ethanol
and 2.82 ml diethanolamine (DEA). After magnetic stirring for 2 h, the obtained solution was
hydrolyzed by adding a mixture of 0.45 ml deionized water and 4.5 ml ethanol dropwise
under magnetic stirring.
(3) The substrates
Mild carbon steels, Cu plates and Mg alloys were used in the present study as the substrates
for potential industrial applications. Ni-TiO2 composite coatings were electroplated on carbon
steels and Cu plates; Ni-P-TiO2 composite coatings were electroless plated on Mg alloys.
Before plating, the substrates were mechanically polished using SiC paper to a grit of #1200,
then degreased ultrasonically in ethanol. The detailed pre-treatment processes for
electroplating and electroless plating will be presented in the following chapters.

3.3 Experimental procedures
In the present study the experimental procedures include the coating preparation,
microstructure characterization, tensile strength and other mechanical property tests, and
electrochemical property tests. The detailed procedures are discussed below.
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3.3.1 Preparation of composite coatings
In order to prepare highly dispersive TiO2 nano-particles reinforced Ni-P and Ni composite
coatings, the transparent TiO2 sol was added into the electroless or electroplated solution at a
controlled speed. Different experimental apparatuses were used for electroless and
electroplating processes. The details on the apparatuses and plating processes will be
explicitly presented in the following chapters.

3.3.2 Characterization of microstructures
The surface and cross-sectional morphologies of Ni-P-TiO2 and Ni-TiO2 composite coatings
were characterized by scanning electron microscopy (SEM, Philips XL 30s-FEG) with
energy dispersive spectroscopy (EDS). The EDS line scanning analysis was conducted to
investigate the distribution of elements across the coatings.
The microstructures of composite coatings were investigated by transmissions electron
microscopy (TEM, Philips Tecnai-12). The TEM was also used to observe the distribution
and microstructure of nano-sized TiO2 particles incorporated in Ni or Ni-P matrix.
The crystal structures of composite coatings were investigated using an X-ray Diffraction
(XRD) phase analysis (Philips PW 1710, U=40 kV, I=40 mA) with a monochromatic Cu-Kα
source. Diffraction patterns were recorded in the 2θ range from 20o to 90o at a scanning rate
of 0.02o s-1.

3.3.3 Mechanical properties test
The microhardness of coatings was measured using a microhardness tester (Leco M400) with
a Vickers diamond indenter. The applied load was from 50 to 200 g with a holding time of 15
s. At least 5 measurements under the same conditions were conducted, and the average value
was used as the nominal microhardness (HV). The standard deviation was also calculated.
The wear property of coatings was tested using a micro-tribometer, with a friction counterpart
of a ruby ball of 6 mm in diameter. A load of 7 N and a sliding speed of 50 mm/s were used
at room temperature and ambient atmosphere with relative humidity ~50%; and the total
elapsed time was 60-100 min.
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3.3.4 Tensile strength measurement
Flat Ni composite films with a bone-like shape were prepared for the tensile test with a gage
dimension of 4 mm in length and 5 mm in width. The test was conducted using an Instron
tensile machine at a strain rate of 1×10-4/s.

3.3.5 Characterization of the electrochemical behaviours
The electrochemical properties of the coatings were initially evaluated based on an open
circuit potential (OCP). The corrosion resistance of the coatings was assessed by potentiodynamic polarization curves. The polarization studies were carried out in 3.5 wt.% NaCl
electrolyte using an electrochemical workstation (CHI 650C). A standard three-electrode
system includes the coating samples with 1 cm2 exposed area as the working electrode, a Pt
plate as the counter electrode and a standard Ag/AgCl as the reference electrode. The
polarization curves were measured at a constant scan speed of 0.2 mV/s.
In order to characterize the long-term corrosion resistance of the coatings under aggressive
exposure conditions, the salt spray test was conducted using 5 wt.% NaCl solution at 35oC for
a period of 120 h (ASTM standard). Before the salt spray test, the coated samples were
washed in ethanol and dried. To avoid the edge effect, only 1 cm2 area at the centre of the
coated samples was exposed. The other areas were sealed by a cello tape and a silicon rubber.

3.4 Summary
A novel processing concept, i.e. sol-enhanced composite plating, has been proposed in the
present study to produce highly dispersive oxide nano-particles reinforced composite coatings.
This technique combined the sol-gel process and the traditional electroless or electro-plating.
A transparent TiO2 sol was added into the traditional electroless and electro- plating solution
to produce Ni-P-TiO2 and Ni-TiO2 nano-composite coatings, respectively.
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Chapter 4 Sol-enhanced Electroless Plating of Ni-P-TiO2
Composite Coatings
4.1 Introduction
Electroless plating (EP) of Ni-P has recently been developed to prepare metal-ceramic
composite coatings with improved microhardness and wear resistance. The dispersed second
phase particles provide inherent uniformity, hardenability and wear resistance [42-44, 172]. It
is understandable that the type of composite components and the particle size dispersed into
the composite matrix determine the mechanical properties of Ni-P composite coatings [45].
The Ni-P composite coatings containing ceramic particles as the reinforcing phase find wide
applications, especially as anti-wear and anti-frictional materials [173]. Composite coatings
including Ni-P-TiO2 [45], Ni-P-ZrO2 [12, 174-175], Ni-P-SiC [176], and Ni-P-Al2O3 [14],
are synthesized by adding solid ceramic powders into the plating solution as a suspension
during the plating process, so that the powders can be incorporated into the coating matrix
[30].
As discussed before, in order to achieve a good dispersion for ceramic particles, the powder
suspension has to be maintained in the electrolyte by either vigorous agitation, air injection or
ultrasonic vibration. Surfactants are often used to help powder separation [30]. However, it is
always difficult for nano- or micro-particles to achieve a good suspension because they have
very large surface areas. The high surface energy leads to the agglomeration of nano- or
micro-particles in composite coatings although combinations of the above methods may
reduce the tendency of agglomeration.
We have recently developed a novel technique, i.e. sol-enhanced composite plating, to
prepare highly dispersive oxide nano-particles reinforced composite coatings [18, 21-22]. The
present chapter reports our work on the novel sol-enhanced electroless plating of Ni-P-TiO2
composite coatings on Mg alloys. The transparent TiO2 sol solution containing the desirable
ceramic components was directly added into the electroless plating solution at a controlled
speed. Systematic comparisons were conducted between the sol-enhanced and traditional
solid-mixing Ni-P-TiO2 composite coatings, in order to understand the mechanism of the
dispersion strengthening. The formation process of the sol-enhanced Ni-P-TiO2 composite
coatings was also investigated in details.
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4.2 Experimental
Commercial AZ31 Mg alloy samples (15×10×3 mm3) were used as the coating substrate,
with the composition (wt.%) of 2.33% Al, 1.27% Zn, 0.68% Mn, 0.68% Fe and balance with
Mg. The specimens were mechanically polished using SiC paper to a grit of #1200, then
degreased ultrasonically in ethanol. The pre-treatments for the electroless plating include
washing in an alkaline solution containing 50 g/L NaOH and 10 g/L Na3PO4•12H2O at 60oC
for 15 min, pickling in a solution containing 125 g/L CrO3 and 110 ml/L HNO3 at room
temperature for 50 s, and activating in a solution containing 385 ml/L 40% HF at room
temperature for 10 min, finally washing thoroughly with distilled water before conducting the
EP Ni-P-TiO2 composite coatings.
The bath composition and plating parameters used in the present work are listed in Table 4.1.
After the pre-treated AZ31 specimens were put into the bath, the transparent TiO2 sol
solution was dripped into the bath at a controlled speed of ~ 0.007 ml/s. At the same time the
solution was continuously stirred at a rate of 200 r/min by a magnetic stirring apparatus. Fig.
4.1 shows the schematic diagram of the experimental apparatus.
Traditional EP Ni-P coating and Ni-P-TiO2 nano-composite coating were also prepared for
comparison purpose with identical bath composition and plating parameters. The traditional
Ni-P-TiO2 nano-composite coatings were produced using the solid particle mixing method
with the concentration of TiO2 nano-particles of 5 g/L (the same mol concentration as the
TiO2 sol solution). According to the data provided by the manufacturer (Sigma Company
Ltd.), the TiO2 nano-particles have a crystalline anatase structure with the average diameter <
25 nm.
Table 4.1 The bath composition and electroless plating parameters.
Bath composition

Quantity

Bath composition

and parameters

Quantity

And parameters

NiSO4•6H2O

15 g/L

Thiourea

1 mg/L

NaH2PO2•H2O

14 g/L

TiO2 sol

120 ml/L

NaCH3COO

13 g/L

Temperature

80 ± 2℃

HF(40%)

12 ml/L

PH value

6.4 ± 0.2

NH4HF2

8 g/L

Time

90 min

52

1

12

2
11

5

3
4

7

6

8

9
10

1:
2:
3:
4:
5:
6:

Separatory funnel
TiO 2 sol outlet
Lids
Erlenmeyer
Beaker
W ater

7: Electroless plating solution
8: Samples
9: Bracket
10: M agnetic stirrer
11: Siderocradle
12: Funnel stand

Fig. 4.1 The schematic diagram of the experimental apparatus.
The sol solution contains organic components of ethanol, DEA and butanol (hydrolysed from
Ti(OBu)4). In order to investigate the effects of the organic components on the structure and
mechanical properties of coatings, these compounds including ethanol, DEA and Ti(OBu)4,
were added into the EP solution with the equivalent concentration of 89.8 ml/L, 6.6 ml/L and
20.2 ml/L, respectively.
The content of TiO2 particles in the composite coatings was calculated by the equation:
(4.1)
The weight of TiO2 particles in the composite coatings was precisely measured by an
analytical chemistry method described below. The traditional and sol-enhanced Ni-P-TiO2
composite coatings were immersed into HNO3 solution separately. They reacted till the
coatings fully dissolved into the HNO3 solution. TiO2 did not react with HNO3, so they
precipitated out in the solution. The whole solution was placed for two weeks in order to
make TiO2 nano-particles fully precipitate. Then the TiO2 particles were separated using a
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centrifugar and dried at 90°C for 20 hours. Finally the dried TiO2 particles were weighed
using an electronic balance with an accuracy of 0.01 mg.
The coating morphologies and composition were analyzed using a field emission scanning
electron microscope (FESEM) with an energy-dispersive spectroscopy (EDS) system. The
phase structure of the coatings was determined using X-ray diffraction (XRD). Morphologies
and distributions of TiO2 nano-particles in the composite coatings were identified by a
transmission electron microscope (TEM). Microhardness of coatings was measured using a
load of 200 g with a holding time of 15 s. The wear property of coatings was tested using a
load of 7 N with the total elapsed time of 100 min. The processing details have been
described in Chapter 3.

4.3 Results
4.3.1 Surface and cross-sectional morphologies of coatings
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Fig. 4.2 Surface morphologies of electroless plated coatings: (a) the ordinary Ni-P coating, (b)
the traditional Ni-P-TiO2 composite coating, and (c) the sol-enhanced Ni-P-TiO2 composite
coating.
Fig. 4.2 shows the surface morphologies of the ordinary Ni-P coating, the traditional and solenhanced Ni-P-TiO2 composite coatings. The coatings showed a spherically nodular structure.
Some pores were seen on the surface of the ordinary Ni-P coating probably due to the
formation of H2 (Fig. 4.2a). The agglomeration of TiO2 nano-particles can be clearly seen on
the traditional Ni-P-TiO2 coating produced by the solid particle mixing method, as shown by
the arrows in the inset of Fig. 4.2b. In contrast, the sol-enhanced Ni-P-TiO2 coating had a
“clean” surface, and no clusters could be seen (Fig. 4.2c).
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Fig. 4.3 Cross-sectional morphologies, and EDS elemental distribution of electroless plated
coatings: (a1, a2) the ordinary Ni-P electroless coating, (b1, b2) the traditional Ni-P-TiO2
composite coating, and (c1, c2) the sol-enhanced Ni-P-TiO2 composite coating.
Fig. 4.3 shows the cross-sectional morphologies and qualitative elemental distribution of the
ordinary Ni-P coating, the traditional and sol-enhanced Ni-P-TiO2 composite coatings. The
cross-sections appeared compact with the thickness of ~25 μm and ~20 μm for the traditional
and sol-enhanced composite coatings respectively (Figs. 4.3b1 and c1). A coarse interface
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existed between the coatings and Mg substrate due to the pre-treatment. Many clusters of
TiO2 particles were observed in the traditional composite coating with a content of 8.3 ± 0.2
wt.% TiO2 (as pointed in the inset of Fig. 4.3 b1). In contrast, the cross-section of the solenhanced composite coating was clear (Fig. 4.3c1); no obvious TiO2 particles were seen,
probably due to their extremely small size and relatively low content of 3.7 ± 0.4 wt.%.
EDS line scan in Figs. 4.3b2 and c2 shows the relatively homogeneous distributions of Ni
and P along the composite coatings. A fluctuant distribution of Ti was seen along the
traditional composite coating (Fig. 4.3b2), while a relatively homogeneous distribution of Ti
element existed in the sol-enhanced composite coating (Fig. 4.3c2), evidence of the uniform
dispersion of TiO2 particles in the sol-enhanced composite coatings.

4.3.2 Morphologies and distributions of TiO2 nano-particles in the composite coatings
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Fig. 4.4 TEM images of electroless plated coatings: (a) the ordinary Ni-P electroless coating,
(b) the traditional Ni-P-TiO2 composite coating, and (c) the sol-enhanced Ni-P-TiO2
composite coating. The arrows indicate TiO2 particles.
Fig. 4.4 demonstrates the TEM images and electron diffraction patterns of the ordinary Ni-P
coating, the traditional and sol-enhanced Ni-P-TiO2 composite coatings. The ordinary Ni-P
coating showed a mixed crystal structure (Fig. 4.4a), confirmed by the inserted electron
diffraction pattern. For the solid particle mixing composite coating, the TEM image showed
large clusters of TiO2 nano-particles of ~500 nm (Fig. 4.4b). In contrast, highly dispersive
TiO2 nano-particles with the size of ~15 nm were uniformly distributed in the sol-enhanced
composite coating as shown in Fig. 4.4c.
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Fig. 4.5 Morphologies and electron diffraction patterns of TiO2 particles extracted from the
composite coatings: (a) from the traditional Ni-P-TiO2 composite coating, (b) from the solenhanced Ni-P-TiO2 composite coating.
Fig. 4.5 shows the morphologies and electron diffraction patterns of TiO2 nano-particles
separated from traditional and sol-enhanced Ni-P-TiO2 composite coatings. In the solid
particle mixing composite coating, the TiO2 particles possessed a typical anatase crystalline
structure with fine grain sizes of ~10 nm (Fig. 4.5a), which is consistent with the data
provided by the powder manufacturer. For TiO2 nano-particles separated from sol-enhanced
composite coatings, the particles were much finer in the level of several nanometres (Fig.
4.5b). The insert electron diffraction pattern in Fig. 4.5b confirmed the mixed amorphous and
anatase-type structure of TiO2 nano-particles.
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4.3.3 Phase structures of coatings
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Fig. 4.6 XRD patterns of electroless plated coatings: (a) the ordinary Ni-P coating, (b) the
traditional Ni-P-TiO2 composite coating, and (c) the sol-enhanced Ni-P-TiO2 composite
coating.
An interesting observation is that the phase structure of the sol-enhanced Ni-P-TiO2
composite coatings is different from those of the traditional coatings as evidenced by the
XRD patterns in Fig. 4.6. The ordinary Ni-P coating and traditional Ni-P-TiO2 composite
coating (Figs. 4.6a and b) had a typically semi-crystalline structure, i.e. a mixture of
amorphous and crystalline phases, while a much stronger crystallization was observed for the
sol-enhanced Ni-P-TiO2 composite coating (Fig. 4.6c), which is also consistent with the
electron diffraction patterns in Fig. 4.4. A very weak TiO2 peak was detected in the
traditional Ni-P-TiO2 composite coating (Fig. 4.6b), while no TiO2 peaks could be seen from
the XRD pattern of the sol-enhanced composite coating (Fig. 4.6c), again probably due to the
low quantity and highly dispersive distribution of the nano-sized TiO2 particles.
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4.3.4 Mechanical properties of coatings
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Fig. 4.7 Microhardness of coatings: (a) the ordinary Ni-P coating, (b) the traditional Ni-PTiO2 composite coating, and (c) the sol-enhanced Ni-P-TiO2 composite coating.
The sol-enhanced plating process resulted in significantly improved microhardness and wear
resistance. The microhardness of the sol-enhanced Ni-P-TiO2 composite coating reached
1025 ± 15 HV200 (Fig. 4.7), compared to 590 ± 10 HV200 and 710 ± 12 HV200 of the ordinary
Ni-P coating and the traditional Ni-P-TiO2 composite coating, respectively.
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Fig. 4.8 Wear track images on (a) the ordinary Ni-P coating, (b) the traditional Ni-P-TiO2
composite coating, and (c) the sol-enhanced Ni-P-TiO2 composite coating.
Fig. 4.8 compares wear tracks of the ordinary Ni-P coating, the traditional and sol-enhanced
Ni-P-TiO2 composite coatings. Obviously the ordinary Ni-P coating had the worst wear
resistance. The wear tracks of the traditional and sol-enhanced composite coatings were ~500
μm and ~160 μm wide, respectively. Many plough lines were observed on the surface of the
traditional Ni-P-TiO2 composite coating (Fig. 4.8b). In contrast, the wear track on the solenhanced composite coating was narrower with some shallower plough lines (Fig. 4.8c),
indicating that the sol-enhanced Ni-P-TiO2 composite coating had a much improved wear
resistance.
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4.4 Discussion
Based on the above experimental results, adding the TiO2 sol solution led to forming highly
dispersive TiO2 nano-particles reinforced Ni-P-TiO2 composite coatings. The mechanical
properties were significantly improved. In the present section we will discuss the formation
and reinforcement mechanisms for the sol-enhanced Ni-P-TiO2 composite coatings.

4.4.1 Formation mechanisms for the sol-enhanced Ni-P-TiO2 composite coatings
It is known that the stereo-hindrance effect and solvation effect are the main factors to make
the sol solution stable [177]. The hydrolysis reaction and condensation process of the TiO2
sol have been widely investigated [144, 178-182]. In our experiment, when the sol solution
was added into the traditional EP solution at a controlled speed, the ions in the EP solution
did not destabilise the sol immediately, thus the entire solution was transparent at the
beginning. When more sol solution was added into the EP solution, relatively high
concentration of sol caused the mutual collision of titanium macromolecule ions, leading to a
slow polymerization process of the ions under the effect of ethanol and DEA. According to
Gopal et al [183] and Tang et al [184], in neutral and basic conditions, condensation process
of titanium macromolecule ions started before the completion of hydrolysis; and the
formation of ordered structure was hindered, thus resulting in the in-situ formation of
amorphous anatase TiO2 nano-particles. Once the nano-particles formed, some of them were
immediately adsorbed onto the freshly deposited surface. Finally the Ni-P metal matrix grew
up with the very fine TiO2 particles, to form highly dispersive nano-particles reinforced Ni-PTiO2 composite coatings (Figs. 4.4c and 4.5b).
According to the previous report [185], the Ni-P electroless plating process can be divided
into two stages: formations of the thin film and the bulk coating. Our experimental results
confirmed that the formation of the sol-enhanced Ni-P-TiO2 composite coating also followed
the above two stages. Therefore, the nucleation and growth processes were explicitly
investigated based on the formations of the thin film and the bulk coating. Correspondingly,
the deposition rate was also discussed.
4.4.1.1 Formations of the thin film and the bulk coating
(1) Formation of the thin film
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Fig. 4.9 Surface morphologies of the sol-enhanced Ni-P-TiO2 composite coatings prepared at
different time: (a) 0 min, (b) 2 min, (c) 5 min, (d) 7 min, (e) 10 min, (f) 15 min, and (g) 20
min.
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Fig. 4.9 shows the stepwise formation process of the sol-enhanced Ni-P-TiO2 thin film. After
the AZ31 Mg alloy was pre-treated, many etching pits were clearly observed on the surface
(Fig. 4.9a). In addition, we can see the grain boundaries, as the arrows pointed in Fig. 4.9a.
When the pre-treated Mg alloy was electroless plated for 2 min, a few Ni crystals formed at
the grain boundaries (Fig. 4.9b). We also found there were some three-dimensional (3D)
crystallites. It is believed that the electroless Ni crystals often nucleate preferentially on the
grain boundaries or the eutectic β phase areas [186], which is consistent with our
experimental observations (Fig. 4.9b). A possible explanation is that the initial nucleation
process is determined by a galvanic coupling between α and β phases of the Mg alloys due to
their different potentials. In the electrochemical process, α phase is the anode, losing
electrons with the reaction as below:
Mg – 2e- = Mg2+

(4.2)

At the same time, at the cathodic β phase, the electrons produced from Eq. 4.2 are consumed
for the reduction of Ni. The reaction is listed as below:
Ni2+ + 2e- = Ni

(4.3)

Because the electroless plating is an autocatalytic process, Ni crystals themselves are the
position for nucleation, triggering some small Ni crystals, as shown by “A” in Fig. 4.9c. At
the same time, the Ni crystals rapidly grew up, locally forming continuous crystals, as shown
by “B” in Fig. 4.9c. It can be seen that a locally continuous film formed due to the growth of
Ni crystals after 7 min (Fig. 4.9d). During the electroless plating, the nucleation and growth
of Ni crystals took place simultaneously (Fig. 4.9f), leading to different formation rates at
different positions. Finally a continuous Ni film formed with different thickness at different
positions, as evidenced by the areas “A” and “B” in Fig. 4.9g.
The ordinary Ni-P coating without sol addition showed a fast growth, forming a thin film
after ~7 min [187], compared to 20 min of the sol-enhanced composite coatings (Fig. 4.9g). It
is obvious that the sol addition slowed down the formation rate of the thin film probably due
to the slower nucleation and/or growth rates in the sol-addition electrolyte solution. Given
that the TiO2 sol was dropwise added into the electroless solution, the concentration of the sol
was quite low at the beginning, probably revealing a small effect on the nucleation of Ni-P
crystals at the cathodic β phase. Therefore, it is reasonably believed that the TiO2 sol mainly
influenced the autocatalytic nucleation of Ni-P crystals and their growth.
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Fig. 4.10 XRD patterns of (a) the Mg substrate without pre-treatment, and the sol-enhanced
Ni-P-TiO2 composite coatings prepared at different time: (b) 0 min, (c) 2 min, (d) 5 min, (e) 7
min, (f) 10 min, (g) 15 min, and (h) 20 min.
Fig. 4.10 shows XRD patterns of the sol-enhanced Ni-P-TiO2 composite coatings prepared at
different time from 0 min to 20 min, exhibiting the phase evolution of the composite coatings.
After electroless plating for 7 min, the Ni(111) peak began to be clearly seen (Fig. 4.10e).
When the Ni crystals grew up, the Ni peaks became clearer. Three Ni peaks, i.e. (111), (200)
and (220), were clearly detected after the electroless plating was conducted for 20 min (Fig.
4.10h), due to the formation of a continuous thin film as seen in Fig. 4.9g.
(2) Formation of the bulk coating
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Fig. 4.11 Surface morphologies of the sol-enhanced Ni-P-TiO2 composite coatings prepared
at different time: (a) 20 min, (b) 25 min, (c) 30 min, (d) 35 min, (e) 40 min, (f) 50 min, (g) 70
min, and (h) 90 min.
The formation of the bulk coating for the sol-enhanced Ni-P-TiO2 composite coatings can be
observed from Fig. 4.11. As described before, a thin film was formed after electroless plating
for 20 min (Figs. 4.9g and 4.11a). Some thin areas (marked “A” in Fig. 4.11a) then rapidly
grew, much faster than the thick areas (marked “B” in Fig. 4.11a), finally leading to the
formation of a relatively uniform Ni-P-TiO2 composite film at the beginning of forming bulk
coatings (Fig. 4.11b). Because the electroless plating is an autocatalytic process, the
preferential autocatalytic nucleation and growth always took place, leading to alternating fast
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growth of the film at local positions during the electroless plating process (Figs. 4.11c, d, e, f,
g and h).
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Fig. 4.12 XRD patterns of the sol-enhanced Ni-P-TiO2 composite coatings prepared at
different time: (a) 20 min, (b) 25 min, (c) 30 min, (d) 35 min, (e) 40 min, (f) 50 min, (g) 70
min, and (h) 90 min.
The phase structure changes of the sol-enhanced composite coatings can be analysed from the
XRD patterns in Fig. 4.12. Three Ni peaks, i.e. (111), (200) and (220), are clearly observed.
The relative intensity and position of the peaks were nearly unchanged during the formation
of the bulk coating. Therefore, it is rationally believed that the orientation and texture of the
bulk coating were stable in the sol-enhanced composite electroless plating.
4.4.1.2 The deposition rate of the sol-enhanced Ni-P-TiO2 composite coatings
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Fig. 4.13 (a) The mass gain of the sol-enhanced Ni-P-TiO2 composite coatings as a function
of plating time, and (b) the deposition rate calculated from (a).
The deposition status of the sol-enhanced Ni-P-TiO2 composite coatings can be analysed in
Fig. 4.13. As discussed before, the sol-enhanced electroless plating can be divided into two
stages, i.e. the formations of the thin film and the bulk coating. For the first stage, the mass
gain of the film increased to ~ 4.7 mg/cm2 up to 20 min (Fig. 4.13a). The second stage began
from 20 min to 90 min with the mass gain increasing from ~ 4.7 mg/cm2 to ~ 10 mg/cm2 (Fig.
4.13a). It is interesting to see that the deposition became faster during the formation of the
thin film, peaking at ~ 0.39 mg/cm2/min when the electroless plating was conducted at 15
min (Fig. 4.13b). Based on the observation of the morphologies in Fig. 4.9b, the beginning
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deposition (1-2 min) can be regarded as the nucleation process. Therefore, it is reasonable to
conclude that the nucleation rate is low for the sol-enhanced Ni-P-TiO2 electroless plating.
However, once the Ni crystals nucleated, they grew up relatively fast (Fig. 4.13b). Meanwhile,
it is clearly seen that the bulk coating deposited at an almost unchanged rate (Fig. 4.13b),
which is consistent with the alternating fast growth at local positions (Figs. 4.11 c, d, e, f, g
and h). The deposition rate of the thin film is much faster than that of the bulk coating (Fig.
4.13b). Therefore, at the inflexion, i.e. electroless plating at 20 min, the thin areas (marked
“A” in Fig. 4.11a) rapidly grew, much faster than the thick areas (marked “B” in Fig. 4.11a),
finally leading to the formation of a relatively uniform Ni-P-TiO2 composite film at the
beginning of forming bulk coatings (Fig. 4.11b).

4.4.2 Reinforcement mechanisms for the sol-enhanced Ni-P-TiO2 composite coatings
The TiO2 sol is an organic-based solution in the present study. Both organic components in
the sol and dispersed TiO2 nano-particles may affect the mechanical properties of the
coatings. Therefore, the reinforcement mechanisms for the sol-ehanced Ni-P-TiO2 composite
coatings will be discussed in this section based on the above two factors.
4.4.2.1 Effects of organic components in the sol solution
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Fig. 4.14 XRD patterns of the electroless plated Ni-P coatings by adding different
components: (a) ethanol, (b) DEA and (c) Ti(OBu)4.
Table 4.2 Effects of adding different components on the microhardness of coatings.
Components added into the electroless solution

Microhardness of coatings
(HV200)

(none)

590 ± 10

Ethanol

585 ± 5

DEA

632 ± 18

Ti(OBu)4

705 ± 10
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Fig. 4.14 and Table 4.2 show the effect of adding organic components on the phase structures
and microhardness of coatings. The result shows that adding ethanol did not change the
microhardness of coatings. It only caused slightly improved crystalinity (Figs. 4.6a and
4.14a). Adding DEA or Ti(OBu)4 significantly changed the phase structures of coatings. Two
additional Ni peaks, i.e. (200) and (220), were clearly detected (Figs. 4.6a, 4.14b and 4.14c).
However, after DEA and Ti(OBu)4 were added into the traditional EP solution, the
microhardness of coatings was increased moderately from ~590 HV200 to ~630 HV200 and
~705 HV200, respectively. It was found that Ti(OBu)4 immediately hydrolysed to form largescale white TiO2 precipitates when it was added into the EP solution, while no hydrolysis of
polymerization happened when the TiO2 sol was initially added into the EP solution. From
the above analysis, it can be concluded that although the organic components influenced the
physical and chemical properties of sol, they did not significantly influence the mechanical
properties of coatings.
4.4.2.2 The dispersion strengthening from the TiO2 nano-particles
The dispersion strengthening of nano-particles by Orowan mechanism can be expressed as
[10, 188]:
(4.4)
Where G and b are the shear modulus of the matrix and Burger’s vector of the dislocation,
and λ is the distance of dispersed particles. Eq. (4.4) suggests that closely spaced TiO2 nanoparticles dispersed in the Ni-P matrix can result in the efficient dispersion strengthening. Fig.
4.4c provides the evidence that TiO2 nano-particles are highly dispersed in the coating matrix
with high density and fine size (~15 nm), leading to the significant contribution of dispersion
strengthening. Therefore a low content (~3.7 wt.%) of TiO2 nano-particles resulted in the
significant improvement of mechanical properties (Figs. 4.7 and 4.8).
In contrast, the traditional Ni-P-TiO2 composite coating possessed a lower microhardness due
to the agglomeration of TiO2 nano-particles (Figs. 4.3b1, 4.4b and 4.7), although the content
of TiO2 in the Ni-P matrix was much higher (~8.3 wt.%). This indicates the significance of
highly dispersive nano-particles in composite coatings.
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4.5 Summary
A novel sol-enhanced Ni-P-TiO2 composite coating was synthesized by adding a transparent
TiO2 sol into the traditional EP solution. In the novel method the nano-particles were
introduced by adding a sol solution, effectively avoiding the particle agglomeration – an
intrinsic problem of nano-particle dispersion strengthening. The experimental results showed
that the TiO2 nano-particles with the size of ~15 nm were highly dispersed in the coating
matrix. The phase structure of the sol-enhanced composite coatings changed from the
amorphous to crystalline state. The microhardness of the sol-enhanced composite coating was
significantly increased to ~1025 HV200, compared to ~710 HV200 of the traditional Ni-P-TiO2
coating. Correspondingly, the wear resistance of the sol-enhanced composite coating was
significantly improved. The formation and reinforcement mechanisms were also explicitly
discussed. It was found that the sol addition had a significant influence on the autocatalytic
nucleation of Ni-P crystals and their growth. The highly dispersive TiO2 nano-particles
played a main role in strengthening the composite coatings.
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Chapter 5 Sol-enhanced Electroplating of Ni-TiO2 Composite
Coatings: Effects of the Sol Concentration
5.1 Introduction
Electroplated metal coatings have been widely used in industries to improve mechanical
properties and corrosion resistance of working parts. In order to extend applications of the
coatings, nano-composite coatings have recently been developed to improve the mechanical
properties [4-7, 35-36, 58]. Typically the nano-composite coatings are synthesized by
incorporating second-phase nano-particles into the metal matrix. The enhancement in the
mechanical properties for nano-composite coatings can be explained by the Orowan
dispersion strengthening mechanism [9-10]. However, it is debatable to the corrosion
resistance of nano-composite coatings, although a number of researchers have conducted
investigations in this area [106-109].
The corrosion resistance of composite coatings is determined by the nature of matrix and
second-phase particles, and the galvanic coupling of the two phases [110-111]. It is also
suggested that the electrochemical properties of composite coatings may be influenced by the
particle flux proportional to the thickness of diffusion layer at the electrode surface [3, 112113]. Meanwhile, it is experimentally demonstrated that the corrosion resistance of coatings
is influenced by their crystallization processes [189-190] and microstructures, including the
grain size [191] and the surface structure [192-193]. The external magnetic field [194] and
heat treatment process [195] may affect the corrosion potentials, corrosion current densities
and electrochemical impedance spectroscopy (EIS) of coatings.
In many industrial applications, often both mechanical properties and corrosion resistance are
required at the same time for the same coating. Based on the physical metallurgy and
electrochemical principles, however, the methods to improve mechanical properties and
corrosion resistance are quite different. In order to improve the mechanical properties, the
second-phase nano-particles are required to be highly dispersed in the coating matrix [196198]. Meanwhile, it is known that the smooth surface, compact and pore-free structure favour
good corrosion resistance. The work reported in this chapter is our effort to use the nanostructured composite to achieve these two goals.
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The novel sol-enhanced Ni-P-TiO2 electroless plating has been described in the previous
chapter. This novel technique combines sol-gel method and traditional electroless plating to
prepare highly dispersive TiO2 nano-particles reinforced Ni-P-TiO2 composite coatings [18,
21]. In the present chapter the sol-enhanced concept was extended to the electroplating
process, where a small amount of TiO2 sol was added into the traditional Ni electroplating
electrolyte. The present work aims to synthesize sol-enhanced Ni-TiO2 nano-composite
coatings. We systematically investigated the effect of sol concentration on the microstructure,
the mechanical properties and corrosion resistance of the sol-enhanced Ni-TiO2 nanocomposite coatings. Additionally the formation mechanism of the sol-enhanced composite
coatings was discussed in details.

5.2 Experimental
5.2.1 Preparation of coatings
Cylindrical carbon steel (0.50 wt.% C) rods with the diameter of 15 mm and the thickness of
3 mm were used as the substrate. The specimens were mechanically polished using SiC paper
up to a grit of #1200, and then degreased ultrasonically in ethanol. Before electroplating, the
specimens were pre-treated in 1 mol/L HCl solution for 2 min at room temperature.
Table 5.1 The composition of electroplating bath and processing parameters.
Bath composition and processing parameters

Quantity

NiSO4•6H2O

300 g/L

NiCl2•6H2O

45 g/L

H3BO3

40 g/L

TiO2 sol

0, 1.25, 2.5, 7.5, 12.5 and 50 ml/L

Temperature

Room temperature

Current density

50 mA/cm2

Time

10 min

The bath composition and plating parameters used in the present work are listed in Table 5.1.
After the transparent TiO2 sol was added into the bath, the electroplating was conducted
immediately. At the same time the solution was continuously magnetically stirred at a rate of
100 r/min. Fig. 5.1 shows the schematic diagram of the experimental apparatus. The
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traditional Ni electroplating was also prepared for comparison purpose with identical bath
composition and plating parameters.

5

1

1
4

1 Anode
2 Cathode
3 Electroplating solution
4 Container
5 Lid

2
3

Fig. 5.1 The schematic diagram of the electroplating apparatus.
The TiO2 sol contains organic components of ethanol, DEA and butanol (hydrolysed from
Ti(OBu)4). In order to investigate the effect of these organic components on the structure and
mechanical properties of electroplated coatings, systematic tests were performed with the
electroplating solution containing equivalent ethanol, DEA and Ti(OBu)4. The content of
TiO2 particles in the sol-enhanced Ni-TiO2 composite coating was calculated using the same
method described in Chapter 4.

5.2.2 Characterization of coatings
The surface morphologies of coatings were investigated using a field emission scanning
electron microscopy (FESEM) and a high-revolution optical microscopy. The phase
structures of coatings were characterized using an X-ray diffractometry (XRD). The meanroot-square micro-strain of the coatings was measured by the XRD line broadening analysis
based on background subtraction and Ni lattice planes (220). The microhardness of the
coatings was measured using a load of 100 g with a holding time of 15 s. The wear property
of coatings was tested at a load of 7 N for 60 min with the sliding speed of 50 mm/s.
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5.2.3 Electrochemical analysis
The galvanic performance of the coatings was initially evaluated based on an open circuit
potential (OCP). The corrosion resistance of the coatings was assessed by potentio-dynamic
polarization curves. The salt spray test was also used to characterize the long-term corrosion
resistance of the coated samples under aggressive conditions. The thickness of these coatings
used for corrosion evaluation was ~15 μm. The detailed experimental operation process has
been introduced in Chapter 3.

5.3 Results
5.3.1 Surface and cross-sectional morphologies
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Fig. 5.2 Surface morphologies of coatings: (a) the traditional Ni coating, and (b)-(f) the solenhanced Ni-TiO2 composite coatings with different concentrations of TiO2 sol; (b) 1.25
ml/L, (c) 2.5 ml/L, (d) 7.5 ml/L, (e) 12.5 ml/L, and (f) 50 ml/L.
The effects of TiO2 sol on the surface morphologies of coatings can be analysed from Fig. 5.2.
Typically pyramid-like Ni nodules formed on the surface of the traditional Ni coating without
adding the sol (Fig. 5.2a). Some large protrusions with the size of ~1 μm can be clearly seen
from the inset of Fig. 5.2a. The surface was relatively rough and uneven.
When a small amount of TiO2 sol (1.25 ml/L) was added into the electrolyte, the Ni nodules
was changed from the pyramid-like shape to the spherical shape (Fig. 5.2b). Clusters of Ni
nodules can be clearly observed. More superfine Ni nodules appeared with increasing sol
concentration (Figs. 5.2c, d and e). Additionally the amount and size of the clusters of
spherical nodules decreased. The surface became much smoother and more even when the sol
concentration reached 12.5 ml/L, with relatively homogeneous Ni nodules of ~400 nm in size
on the surface (Fig. 5.2e). Large clusters or protrusions almost disappeared. However, a
further increased concentration of TiO2 sol led to the significant change of surface
microstructures. Needle-like Ni nodules were observed when 50 ml/L TiO2 sol was added
into the electroplating solution (Fig. 5.2f). In addition, we found that many macro-cracks
formed on the surface.
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Fig. 5.3 Cross-sectional morphologies of coatings: (a) the Ni coating, and (b) the solenhanced Ni-TiO2 composite coating prepared with the sol concentration of 12.5 ml/L. Both
coatings were electroplated at 50 mA/cm2.
Fig. 5.3 shows the cross-sectional morphologies of the Ni coating and the sol-enhanced NiTiO2 composite coating prepared with the sol concentration of 12.5 ml/L. Both coatings have
a similar thickness of ~15 μm. There is no spallation, pores or gaps at the interface, indicating
a good adhesion between the coating and the substrate. In the sol-enhanced Ni-TiO2
composite coating, we cannot see the TiO2 nano-particles, probably due to their small size
and uniform distribution.

5.3.2 Microstructure characterization by TEM
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Fig. 5.4 TEM image and electron diffraction pattern of TiO2 nano-particles extracted from the
sol-enhanced Ni-TiO2 composite coating. This coating was prepared with the sol
concentration of 12.5 ml/L.
Fig. 5.4 shows the TEM image and electron diffraction pattern of TiO2 particles extracted
from the sol-enhanced Ni-TiO2 composite coating. The particles show the very fine size of
several nanometres. In the inserted electron diffraction pattern in Fig. 5.4, it is confirmed that
the extracted TiO2 nano-particles have an amorphous structure.
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Fig. 5.5 TEM images and electron diffraction patterns of coatings: (a) the traditional Ni
coating, (b) the sol-enhanced Ni-TiO2 composite coating at a lower magnification, (c, d, e)
higher magnification images of the sol-enhanced Ni-TiO2 composite coating. The solenhanced coating was prepared with the sol concentration of 12.5 ml/L.
Fig. 5.5 shows TEM images of the Ni coating and sol-enhanced Ni-TiO2 composite coating.
The traditional Ni coating possessed a typically polycrystalline structure (Fig. 5.5a). A large
amount of nano-twins existed in the Ni grains. The average grain size of the Ni crystals was
150 nm. In contrast, the sol-enhanced Ni-TiO2 composite coating had much finer grains with
an average size of 50 nm (Fig. 5.5b). The highly magnified TEM images show the detailed
structure of Ni matrix in the Ni-TiO2 composite coating (Figs. 5.5c, d and e). The amorphous
TiO2 nano-particles with the size of ~10 nm were clearly seen to be incorporated at the grain
boundaries in the nanocrystalline Ni matrix, as marked in the TEM micrographes.
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5.3.3 The content of TiO2 particles in composite coatings
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Fig. 5.6 The content of TiO2 nano-particles in the sol-enhanced composite coatings
electroplated at the different concentrations of TiO2 sol.
Fig. 5.6 shows the influence of the sol concentration on the content of TiO2 nano-particles in
coatings. It can be seen that the content of TiO2 nano-particles in the Ni-TiO2 composite
coatings increased when more TiO2 sol was added into the electroplating electrolyte. The
addition of low-concentration TiO2 sol led to a rapid increase of particle contents, reaching
~3 wt.% when the concentration of sol was 12.5 ml/L. A large amount of sol, however,
resulted in a slow increase in the TiO2 content, up to ~4 wt.% when 50 ml/L TiO2 sol was
added.
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5.3.4 Phase structures
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Fig. 5.7 XRD patterns of coatings: (a) the traditional Ni coating, and (b)-(f) the sol-enhanced
Ni-TiO2 composite coatings with different concentrations of TiO2 sol; (b) 1.25 ml/L, (c) 2.5
ml/L, (d) 7.5 ml/L, (e) 12.5 ml/L, and (f) 50 ml/L.
The influence of the sol concentration on the crystal structures of coatings can be analyzed
from the XRD patterns in Fig. 5.7. The traditional Ni coating possessed a strong preferential
crystal orientation along (220) as shown in Fig. 5.7a. The sol addition did not change the
main orientation preference of the Ni-TiO2 composite coatings, still along (220). However,
the relative intensity of the (220) peak steadily decreased when the sol concentration
increased from 1.25 ml/L to 12.5 ml/L (Figs. 5.7b, c, d and e). This means that the sol
addition restricted the growth of Ni grains along (220), quite similar to the traditional NiTiO2 composite coatings prepared by the solid powder mixing method [23]. Adding more
TiO2 sol (50 ml/L) conversely increased the relative intensity of the (220) peak (Fig. 5.7f).
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Fig. 5.8 The micro-strain of the Ni coating and the sol-enhanced Ni-TiO2 composite coatings
prepared with different concentrations of TiO2 sol. The micro-strain was calculated from the
XRD line broadening of the (220) peak.
Fig. 5.8 shows the micro-strain of coatings calculated from the XRD line broadening as a
function of the sol concentration. The traditional Ni coating has a micro-strain of ~0.22%.
The micro-strain of the sol-enhanced coatings increased to ~0.25% when a small amount of
sol (1.25 ml/L) was added. It can be clearly seen that adding more TiO2 sol led to a larger
micro-strain in the composite coatings. At the highest sol concentration of 50 ml/L, the
micro-strain peaked at ~0.29%.
Based on the analysis in Figs. 5.6 and 5.8, it can be seen that a higher content of particles led
to higher micro-strain. When the Ni atoms were locally deviated from the equilibrium
position by various defects such as grain boundaries, dislocations, point defects and
reinforcing phases/particles, the lattice distortion occurs [199]. Therefore, the electroplated
Ni-TiO2 composite coating was heavily strained when the high-content TiO2 nano-particles
were incorporated in the coatings.
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5.3.5 Mechanical properties
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Fig. 5.9 Effects of the sol concentration on: (A) microhardness, and (B) wear volume loss of
coatings. All coatings were prepared at 50 mA/cm2.
Fig. 5.9 shows effects of the sol concentration on the microhardness and wear resistance of
coatings. The microhardness of the pure Ni coating was ~320 HV100 (Fig. 5.9A) with the
wear volume loss of ~8×10-3 mm3 (Fig. 5.9B). In contrast, the sol-enhanced Ni-TiO2
composite coatings have a much higher microhardness, reaching ~390 HV100 when only a
small amount of TiO2 sol (1.25 ml/L) was added. The wear resistance was also significantly
improved, evidenced by the less wear volume loss of ~5.5×10-3 mm3. When the sol
concentration increased, the microhardness of the composite coatings increased, peaking at
~430 HV100 with the sol concentration of 12.5 ml/L. The wear resistance of the composite
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coatings was also further improved (Fig. 5.9B). Higher contents of second-phase particles
tend to have better mechanical properties of composite coatings, which is consistent with
other literatures [55, 86, 200].
In our case, however, a very high concentration of TiO2 sol (50 ml/L) led to a decrease of
microhardness (~360 HV100) and wear resistance of the composite coatings, although the
TiO2 content reached the highest ~4 wt.% (Fig. 5.6). We explain this as the mechanical
properties of the sol-enhanced composite coatings were determined by both microstructure
and incorporation of TiO2 particles. At the relatively low sol concentrations from 1.25 ml/L
to 12.5ml/L, the microstructures of the composite coatings were compact. Therefore, when
the sol concentration increased, the mechanical properties of the coatings were improved (Fig.
5.9), due to the increased content of the TiO2 nano-particles in the coatings (Fig. 5.6). In
contrast, with the high sol concentration of 50 ml/L, the microstructure became porous.
Consequently, the microhardness and wear resistance decreased.
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5.3.6 Electrochemical characterization
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Fig. 5.10 The open circuit potential of coatings as a function of immersion time in 3.5 wt.%
NaCl solution: (1) the traditional Ni coating, and (2)-(6) the sol-enhanced Ni-TiO2 composite
coatings with different concentrations of TiO2 sol; (2) 1.25 ml/L, (3) 2.5 ml/L, (4) 7.5 ml/L,
(5) 12.5 ml/L, and (6) 50 ml/L.

86

The electrochemical method is used to evaluate the corrosion resistance of coatings. In the
present study, the open circuit potential (OCP) of the coatings was measured under the
corrosive environment. The OCP is actually the equilibrium potential of the electrode when
there is no net current flow in the circuit. Fig. 5.10 shows the OCP of the Ni coating and the
sol-enhanced Ni-TiO2 composite coatings recorded in 3.5 wt.% NaCl solution.
When the coated specimens were initially immersed into the NaCl solution, the
electrochemical system was not stable, evidenced by the continuously positive shift of the
OCP. After immersion for about 150 s, the OCP of the traditional Ni coating became
relatively stable at about -0.40 V. The OCP of the composite coatings increased from -0.34 V
to -0.28 V when the concentration of TiO2 sol increased from 1.25 ml/L to 12.5 ml/L.
However, adding excessive sol (50 ml/L) deceased the OCP to about -0.47 V.
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Fig. 5.11 Potentiodynamic polarization curves of coatings in 3.5 wt.% NaCl solution: (1) the
traditional Ni coating, and (2)-(6) the sol-enhanced Ni-TiO2 composite coatings with different
concentrations of TiO2 sol; (2) 1.25 ml/L, (3) 2.5 ml/L, (4) 7.5 ml/L, (5) 12.5 ml/L, and (6) 50
ml/L.
The typical potentiodynamic polarization curves of the Ni coating and the sol-enhanced NiTiO2 composite coatings are shown in Fig. 5.11. When a small amount of TiO2 sol (1.25 ml/L)
was added to the electroplating solution, the corrosion potential (Ecorr) of the Ni-TiO2 coating
significantly increased to -0.340 V, compared to -0.405 V of the traditional Ni coating,
reflecting a good improvement for the corrosion resistance. The Ecorr of the sol-enhanced Ni-
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TiO2 composite coatings steadily increased up to -0.302 V when the concentration of sol in
the electrolyte reached 12.5 ml/L. Meanwhile, the corrosion current (Icorr) of the sol-enhanced
Ni-TiO2 composite coatings slightly decreased compared with the traditional Ni coating.
When excessive TiO2 sol (50 ml/L) was added into the electrolyte, however, the corrosion
resistance of the sol-enhanced composite coating decreased, evidenced by the Ecorr of -0.471
V and significantly increased Icorr.
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Fig. 5.12 Surface morphologies of coatings before removing the corrosion products during
salt spay test in 5 wt.% NaCl solution for 120 hours. (a) The traditional Ni coating; and the
sol-enhanced Ni-TiO2 composite coatings with different concentrations of TiO2 sol: (b) 1.25
ml/L, (c) 2.5 ml/L, (d) 7.5 ml/L, (e) 12.5 ml/L, and (f) 50 ml/L. The arrows indicate the
corrosion pits.
Fig. 5.12 shows the surface morphologies of coated samples after salt spray test for 120 hours.
The traditional Ni coating showed a seriously corroded surface (Fig. 5.12a). Many large
corrosion pits were clearly observed as shown by the arrows, indicating a poor corrosion
resistance. In contrast, the sol-enhanced Ni-TiO2 composite coatings showed steadily
improved corrosion resistance evidenced by the fewer corrosion pits (Figs. 5.12b-e), which is
consistent with the improvement of corrosion potentials as shown in Figs. 5.11(2)-(5).
Almost no corrosion pits can be seen for the sol-enhanced Ni-TiO2 composite coating
prepared at the sol concentration of 12.5 ml/L. However, adding the TiO2 sol with the high
concentration of 50 ml/L resulted in the significantly degraded corrosion resistance,
evidenced by the heavily corroded surface in Fig. 5.12f. It was also found that a large amount
of rusts formed on the surface of the composite coating, probably due to the cracking of the
coating.
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5.4 Discussion
5.4.1 Studies on the mechanism of the sol-enhanced composite plating
The above experimental results clearly indicated that the addition of a small amount of TiO2
sol led to the formation of nano-crystalline Ni-TiO2 composite coatings. The nano-composite
coating had a smooth surface. The Ni grains were significantly refined with an average size
of 50 nm. The amorphous TiO2 nano-particles (~10 nm) were highly dispersed in the coating
matrix. Therefore, the mechanical properties of the sol-enhanced Ni-TiO2 nano-composite
coatings were significantly improved. In the present section we will discuss the mechanism in
the sol-enhanced composite plating based on three aspects: the effect of the organic
components in the sol, the formation process of the composite coatings, and the strengthening
mechanism.
5.4.1.1 The effect of the organic components in the TiO2 sol
In the present work, the TiO2 sol is a polymer-based organic solution. It contains the organic
components of ethanol, DEA and butanol (hydrolysed from Ti(OBu)4). They may influence
the structures and properties of the Ni-TiO2 nano-composite coatings. Additionally the effect
of the components on the formation of highly dispersive TiO2 nano-particles should not be
neglected. It was shown that the best properties of the sol-enhanced Ni-TiO2 composite
coating were achieved at the sol concentration of 12.5 ml/L, where the equivalent
concentrations of ethanol, DEA and Ti(OBu)4 are 9.6 ml/L, 0.69 ml/L and 2.1 ml/L,
respectively. Based on the above optimized sol concentration, in the section we explicitly
investigated the effect of the above three organic components on the microstructures and
mechanical properies of coatings.
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Fig. 5.13 Effects of adding organic components on the surface morphologies of coatings: (a)
DEA, (b) ethanol, (c) ethanol + DEA, and (d) Ti(OBu)4.
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Fig. 5.14 Effects of adding organic components on the cross-sectional morphologies of
coatings: (a) DEA, (b) ethanol, (c) ethanol + DEA, and (d) Ti(OBu)4.
Figs. 5.13 and 5.14 show the effect of organic components in the TiO2 sol on the surface and
cross-sectional morphologies of Ni coatings. After adding DEA into the electroplating
solution, the Ni nodules on the surface changed from the traditionally pyramid-like shape to
the narrowly ridge-like shape (Figs. 5.2a and 5.13a). The surface became much smoother.
However, the addition of DEA caused the cracking of the Ni coating as pointed by the arrow
in Fig. 5.14a. The addition of ethanol did not significantly change the surface and crosssectional morphologies of Ni coating except it slightly decreased the size of the pyramid-like
Ni nodules (Figs. 5.2a, 5.13b and 5.14b). Therefore, adding the mixture of DEA and ethanol
showed the similar effect as that of adding DEA (Figs. 5.13a, c and 5.14a, c). The spherical
Ni nodules were produced when Ti(OBu)4 was added (Fig. 5.13d), but the surface was very
rough. It was found that Ti(OBu)4 immediately hydrolysed to form large-scale white TiO2
particles when it was added into the electroplating solution. In contrast, the slow
polymerization happened when the TiO2 sol was added into the electroplating solution.
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Fig. 5.15 XRD patterns of coatings: (a) the traditional Ni coating; and the Ni coating prepared
with the addition of (b) DEA, (c) ethanol, (d) ethanol + DEA, (e) Ti(OBu)4 and (f) TiO2 sol.
Table 5.2 The effect of the components in TiO2 sol on the grain size and microharness of Ni
coatings.
Grain size calculated

Grain size measured

from XRD patterns

from TEM

(nm)

Microhardness
(HV100)

(nm)

Traditional Ni coating

100

150

321 ± 6

Adding DEA

56

_

354 ± 6

Adding ethanol

83

_

316 ± 2

Adding ethanol + DEA

40

_

349 ± 5

Adding Ti(OBu)4

82

_

340 ± 8

Adding TiO2 sol

55

50

428 ± 7

Fig. 5.15 and Table 5.2 show the effect of organic components on the phase structure, grain
size and microhardness of Ni coatings. Each component in the TiO2 sol similarly lowered the
preferential orientation of Ni along (220) as seen in Fig. 5.15. Table 5.2 indicates that the
addition of DEA significantly hindered the growth of Ni grains, leading to the grain
refinement in Ni coatings. The effect of ethanol or Ti(OBu)4 on reducing the grain size of Ni
coatings is low.
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Based on the above analysis, the organic components in the TiO2 sol slowed down the
polymerization process of sol when the sol was added into the electroplating solution.
Meanwhile the DEA in the TiO2 sol played an important role in smoothening the surface and
refining the Ni matrix.
5.4.1.2 The formation process of the sol-enhanced Ni-TiO2 composite coatings
The hydrolysis reaction and condensation process of TiO2 sol have been widely investigated
[144, 178-182]. Generally the stereo-hindrance and solvation effects are the main factors to
make the sol solution stable [177]. In the present study, when a small amount of TiO2 sol was
added into the traditional electroplating solution, the concentrated hydrate nickel ions in the
solution destabilised the sol, leading to the polymerization of the sol.
According to Gopal et al [183] and Tang et al [184], in neutral and basic conditions, the
condensation process of Ti macromolecule ions started before the completion of hydrolysis;
and the formation of an ordered structure was hindered. Thus the amorphous TiO2 nanoparticles formed in situ (Fig. 5.4). Once the nano-particles formed, they were dispersed under
the effect of ethanol and DEA. At the same time some of them were immediately physically
adsorbed onto the freshly deposited surface. Finally the Ni matrix grew up around the
adsorbed nano-sized TiO2 particles to form the highly dispersive Ni-TiO2 composite coatings
(Fig. 5.5).
5.4.1.3 The strengthening mechanism
The strengthening mechanism for the sol-enhanced Ni-TiO2 nano-composite coating can be
described as two parts: (a) the grain refinement strengthening from the nanocrystalline Ni
matrix, and (b) the dispersion strengthening from the TiO2 nano-particles.
The grain refinement strengthening from Hall-Petch relationship can be described as below
[78, 129-130].
(5.2)
(5.3)
Where σy and σ0 are the yield stress and friction stress respectively, k is a constant and d is the
grain size. Eqs. (5.2) and (5.3) suggest that the microhardness of the Ni coating increases
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when the grains are refined. In the present experiment, the DEA in TiO2 sol significantly
refined the grains of Ni matrix, leading to the increase of the microhardness from ~320 HV100
to ~350 HV100 as shown in Table 5.2.
The dispersion strengthening of nano-particles by Orowan mechanism can be expressed as
below [10, 78, 188, 201]:
(5.4)
Where G is the shear modulus of the matrix, b is the Burger’s vector of dislocations, and λ is
the distance between dispersed particles. Eq. (5.4) suggests that the closely spaced TiO2
nano-particles dispersed in the Ni matrix can result in efficient dispersion strengthening. Figs.
5.5c, d and e provide the evidence that TiO2 nano-particles are highly dispersed in the coating
matrix with the size of ~10 nm, contributing to a large dispersion strengthening effect.
Therefore a relatively low content of TiO2 nano-particles (~3 wt.%) resulted in a significant
improvement of mechanical properties from ~320 HV100 to ~430 HV100 (Fig. 5.9A).
In summary, the dispersion strengthening from the highly dispersive TiO2 nano-particles
plays a main role in improving the mechanical properties of the nano-composite coating.

5.4.2 Effect of the sol concentration
The experimental results in the present study revealed that the microstructures and properties
of the sol-enhanced Ni-TiO2 composite coatings were strongly determined by the sol
concentration. Therefore, in this section we systematically discussed the effect of the sol
concentration on the surface morphologies, the particle content, and the corrosion resistance
of the composite coatings.
5.4.2.1 Effect of the sol concentration on the surface morphologies
The investigation in Section 5.4.1 indicated that the organic components in the TiO2 sol
influenced the surface microstructures of the coatings. The coating surface was smoothened
after DEA was added. In addition, the cracks and needle-like Ni nodules were observed on
the coating surface. In contrast, spherical Ni nodules formed after Ti(OBu)4 was added due to
the formation of TiO2 nano-particles by hydrolysis. Given that there mainly existed two
different surface morphologies, i.e. spherical (Figs. 5.2b-e) and needle-like (Fig. 5.2f), for the
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sol-enhanced coatings, therefore, it is proposed that the formation process of the coatings in
the present case was mainly controlled by the co-effects of DEA and TiO2 nano-particles
(hydrolyzed by sol). At the low concentration of TiO2 sol, the TiO2 nano-particles dominated,
leading to the formation of spherical Ni nodules (Figs. 5.2b-e). The DEA in the sol also
smoothened the surface. However, the DEA controlled the formation process when excessive
TiO2 sol was added, leading to the formation of needle-like Ni nodules and cracks on the
surface (Fig. 5.2f).
5.4.2.2 Effect of the sol concentration on the particle content in the composite coatings
The effect of sol concentration on the content of TiO2 nano-particles is clearly shown in Fig.
5.6. The effect may be qualitatively explained based on the Whithers’ theory [202] and the
two-step adsorption model of Guglielmi [203]. In the present work, TiO2 nano-particles
formed once the TiO2 sol was added into the electrolyte due to the hydrolytic reactions of the
sol. According to the Whithers’ theory, the nano-particles could immediately adsorb the
hydrate Ni ions in the electrolyte, followed by a powerful transportation to the cathode
surface under the effect of the electrical field.
On the electrode surface, the ion-adsorbed TiO2 nano-particles were mainly controlled by
two-step adsorption processes. In the first step the ion-adsorbed particles were loosely
adsorbed onto the cathode surface; in the second step, the shells of the adsorbed ions were
broken under the effect of the electrical field, followed by a strong adsorption of the particles
onto the cathode. At the low concentration of TiO2 sol, the particle concentration in the
electrolyte increased with increasing sol concentration, leading to an increase of the particle
adsorption rate. In this case, more particles were incorporated into the matrix, causing an
increase of the particle content in the coatings (Fig. 5.6). However, at the very high sol
concentration, instead of particle adsorption due to the high particle concentration, more
loosely adsorbed TiO2 nano-particles probably departed from the cathode surface under the
effect of stirring. Consequently, the particle content did not increase much (Fig. 5.6).
5.4.4.3 Effect of the sol concentration on the corrosion resistance
The experimental results in Figs. 5.10, 5.11 and 5.12 showed that the corrosion resistance of
the sol-enhanced nano-composite coatings was influenced by the sol concentration. It is
suggested that the corrosion resistance of the nano-composite coatings may be related to two
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factors, i.e. the surface microstructures of the coatings, and the incorporation of the TiO2
nano-particles.
In the present work, the sol addition changed the Ni nodules from the pyramid-like shape to
the spherical shape (Figs. 5.2a-e). The charge/discharge processes during corrosion
preferentially occurred at the tips of the protrusions based on the electrochemical theory. The
pyramid-like microstructure on the surface of the traditional Ni coating was more reactive
than the spherical shape of the sol-enhanced composite coatings as the protruded tips on the
coatings were easily charged, leading to the fast dissolution and the low OCP (Fig. 5.10). On
the other hand, the smooth and compact surfaces could better insulate the possible galvanic
cell between the coatings and the substrate [204], reducing the localised corrosion tendency.
However, when the nano-composite coating was electroplated at the high sol concentration of
50 ml/L, a large amount of cracks formed on the surface. Therefore, the galvanic cells formed
when the coating was exposed to the corrosive media, leading to the poor corrosion
performance (Figs. 5.11 and 5.12f).
The incorporation of TiO2 nano-particles may also play a role in influencing the corrosion
resistance of the coatings. Stojak et al [111] reports that during the co-deposition of nonconductive second-phase particles, the cathode surface area decreases due to the coverage of
non-conductive particles, and thus the potential shifts to the negative region; whereas during
the incorporation of conductive or semi-conductive particles the cathode surface area
increases, correspondingly the potential shifts to more positive value. Given that the surface
microstructures of the sol-enhanced coatings were slightly changed with increasing sol
concentration (Figs. 5.2b-e), we propose that the present experimental data in part confirms
the above finding. Fig. 5.5 indicated that the amorphous TiO2 nano-particles (~10 nm) were
highly dispersed in the nanostructured coating matrix. It was found that higher sol
concentration led to higher contents of TiO2 nano-particles (Fig. 5.6). Correspondingly, the
cathode surface area increased, resulting in the improvement of the corrosion resistance (Figs.
5.12b-e) with Ecorr increasing from -0.340 V to -0.302 V (Fig. 5.11).
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5.5 Summary
The novel sol-enhanced Ni-TiO2 nano-composite coatings were electroplated by adding a
small amount of transparent TiO2 sol into the traditional Ni electroplating electrolyte. The
TiO2 nano-particles with the size of ~10 nm were highly dispersed in the Ni matrix. The
microstructures, mechanical properties and corrosion resistance of the composite coatings
were systematically investigated as a function of the sol concentration. The Ni nodules on the
surface of the composite coatings changed from the traditionally pyramid-like shape to the
spherical shape. The coating surface became much smoother and more compact when they
were prepared with increasing concentrations of TiO2 sol. Simultaneously, the mechanical
properties and the corrosion resistance of the composite coatings were improved steadily.
However, the excessive TiO2 sol (50 ml/L) led to the cracking of the composite coatings,
worsening their mechanical properties and corrosion resistance. The surface microstructures
and the incorporation of TiO2 particles influenced the corrosion resistance of the composite
coatings. The optimal concentration of the TiO2 sol was found to be 12.5 ml/L.
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Chapter 6 Sol-enhanced Electroplating of Ni-TiO2 Composite
Coatings: Studies on the Electrochemical Process
6.1 Introduction
We have developed a novel sol-enhanced nanostructured Ni-TiO2 composite coating by
adding a small amount of transparent TiO2 sol into the traditional electroplating electrolyte
[18, 20, 24]. The detailed electroplating process, the formation mechanism and the effect of
the sol concentration have been presented in Chapter 5. It was found that this novel method
led to highly dispersive distribution of TiO2 nano-particles (~10 nm) in the coatings, avoiding
the agglomeration of the nano-particles. Meanwhile, a smooth and even surface formed for
the sol-enhanced composite coatings. The mechanical properties and corrosion resistance
were also significantly improved.
This Chapter aims at a systematic investigation on the electrochemical process of the solenhanced Ni-TiO2 composite coatings. In order to achieve the above aim, the microstructures
and mechanical properties of the sol-enhanced and traditional (solid-particle mixing) Ni-TiO2
composite coatings were systematically compared. The electrochemical process involving the
composite formation was explicitly discussed based on a physical model. We hope that the
present comparatively experimental and theoretical study will give us a good understanding
of the sol-enhanced composite electrochemical deposition process, and open a door to use
this nanotechnology in real industrial applications.

6.2 Experimental
6.2.1 Electrodeposition of coatings
Cylindrical carbon steel (0.50 wt.%C) rods with the diameter of 15 mm and the thickness of 3
mm were used as the substrate. The pre-treatment for the substrate has been explicitly
described in Chapter 5.
The sol-enhanced Ni-TiO2 composite coatings were prepared with the sol concentration of
12.5 ml/L based on the optimal parameter presented in Chapter 5. The bath composition and
plating parameters used in the present work are listed in Table 6.1. After 12.5 ml/L TiO2 sol
was added into the bath, the electroplating was immediately conducted. At the same time the
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electrolyte was continuously magnetically stirred at a rate of 100 r/min. The traditional Ni
and Ni-TiO2 coatings were prepared with the identical bath composition and plating
parameters for comparison purpose. The traditional Ni-TiO2 composite coatings were
prepared using the solid particle mixing method with the concentration of TiO2 nano-particles
of 10 g/L. The TiO2 powder (Sigma Company Ltd.) has the anatase crystalline phase with the
average diameter < 25 nm.
Table 6.1 The composition of electroplating bath and processing parameters.
Bath composition and processing parameters

Quantity

NiSO4•6H2O

300 g/L

NiCl2•6H2O

45 g/L

H3BO3

40 g/L

TiO2 sol

12.5 ml/L

Temperature

Room temperature

Current

10, 50, 100 mA/cm2

6.2.2 Characterization of coatings
The content of TiO2 particles in the composite coatings was calculated by a chemical method
described in Chapter 4. The coating morphologies were analyzed using a field emission
scanning electron microscope (FESEM). The phase structure of the coatings was determined
using an X-ray diffraction (XRD). The mean-root-square micro-strain of the coatings was
measured by the XRD line broadening analysis based on background subtraction and Ni
lattice planes (111), (200) and (220). The properties of the coatings were measured with a
microhardness tester and a wear tester. The detailed measurement processing and parameters
were presented in Chapter 5.
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6.3 Results
6.3.1 Microstructure characterization of coatings
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Fig. 6.1 Surface morphologies of coatings: (a1, a2, a3) the traditional Ni coatings, (b1, b2, b3)
the traditional Ni-TiO2 nano-composite coatings (with solid powder mixing method), and (c1,
c2, c3) the sol-enhanced Ni-TiO2 nano-composite coatings. Each group of coatings was
prepared at 10, 50 and 100 mA/cm2.

Fig. 6.1 shows surface morphologies of the Ni coatings, the traditional and sol-enhanced NiTiO2 nano-composite coatings prepared at 10, 50 and 100 mA/cm2. The morphologies are
quite different for the traditional and sol-enhanced composite coatings. The pyramid-like Ni
nodules formed on the surface of the traditional Ni coatings prepared with different currents
(Figs. 6.1a1, a2 and a3). The size of the Ni nodules became larger when the plating current
density increased from 10 to 100 mA/cm2. A dendritic surface formed when the Ni coating
was prepared at 100 mA/cm2 (Fig. 6.1a3). The incorporation of TiO2 particles significantly
changed the surface morphologies of the coatings. Interestingly, at the low current density of
10 mA/cm2, the spherical Ni nodules similarly existed on the surfaces of both traditional and
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sol-enhanced composite coatings but with different sizes (~500 nm in Fig. 6.1b1 and ~100
nm in Fig. 6.1c1). Obviously the sol-enhanced Ni-TiO2 composite coating has a much
smoother surface than the traditional counterpart.
However, for the traditional Ni-TiO2 nanocomposite coating prepared at 50 mA/cm2, due to
the fast growth of spherical Ni nodules, a cauliflower-like surface formed with the nodules
size of ~5 μm, on which many small nodules of ~500 nm size can be seen (Fig. 6.1b2). In
contrast, the fast growth of Ni nodules was largely inhibited for the sol-enhanced Ni-TiO2
coatings, leading to the formation of a compact structure with fewer porosity and smoother
surface (Fig. 6.1c2). The fine Ni nodules (~400 nm) were distributed rather homogeneously
on the surface, and the cauliflower-like structure disappeared (Fig. 6.1c2). Interestingly, the
surface microstructure of the sol-enhanced composite coating did not change a lot even at the
high current density of 100 mA/cm2 (Figs. 6.1c2 and c3). For the solid-particle mixing
composite coating, it was found that at 100 mA/cm2 the pillar-shape nodules formed on the
loose, dendritic surface (Fig. 6.1b3), similar with the traditional Ni coating (Fig. 6.1a3).
Large-scale clusters of nano-sized TiO2 particles are clearly seen on the surfaces of
traditional Ni-TiO2 composite coatings, as shown by the arrows in Figs. 6.1b1, b2 and b3. In
contrast, it is difficult to identify TiO2 nano-particles from the surface of the sol-enhanced
composite coatings by the SEM images, probably due to their small size and uniform
distribution (Figs. 6.1c1, c2 and c3).
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Fig. 6.2 Cross-sectional morphologies of the coatings prepared at 100 mA/cm2: (a) the
traditional Ni-TiO2 composite coating showing a two-layered structure; (b) the magnified
image of the layer I in (a); (c) the sol-enhanced Ni-TiO2 composite coating.

Fig. 6.2 shows cross-sectional morphologies of the traditional and sol-enhanced Ni-TiO2
composite coatings electroplated at 100 mA/cm2. The traditional Ni-TiO2 composite coating
was divided into two layers with an outer loose layer (layer I) and inner compact layer (layer
II), as seen in Fig. 6.2a. The layer I showed a relatively dendritic structure (Fig. 6.2b),
identical with the surface morphology in Fig. 6.1b3. In contrast, the sol-enhanced composite
coating possessed a compact structure (Fig. 6.2c).
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Fig. 6.3 The content of TiO2 nano-particles in composite coatings prepared at 10, 50 and 100
mA/cm2. (■ The traditional Ni-TiO2 composite coating, ● the sol-enhanced Ni-TiO2
composite coating.)

Fig. 6.3 shows the content of TiO2 nano-particles in the traditional and sol-enhanced Ni-TiO2
composite coatings. At 10 mA/cm2, the traditional composite coating contains a high TiO2
content of ~4.3 wt.%. The content of TiO2 particles declined when the traditional composite
coatings were electroplated at higher currents. The sol-enhanced Ni-TiO2 composite coating
however contains a lower content of TiO2 (~3 wt.% at 50 mA/cm2) than the traditional
coatings. Similar contents (~1 wt.%) existed in both composite coatings when they were
electroplated at 100 mA/cm2.
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6.3.2 Phase structures
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Fig. 6.4 XRD patterns of the coatings prepared at (1) 10 mA/cm2, (2) 50 mA/cm2 and (3) 100
mA/cm2. (a) The traditional Ni coating, (b) the traditional Ni-TiO2 composite coating, and (c)
the sol-enhanced Ni-TiO2 composite coating.

Phase structures of the traditional Ni coating, the traditional and sol-enhanced Ni-TiO2
composite coatings were analysed by the XRD patterns as shown in Fig. 6.4. At 10 mA/cm2,
the three coatings showed similar phase structures with a preferential orientation along (111),
indicating that the incorporation of TiO2 particles had no significant effect on the phase
structures.
The coatings electroplated at 50 and 100 mA/cm2 had different phase structures. The phase
structure was influenced by two factors, i.e. current and incorporation of TiO2 nano-particles.
It can be seen from the XRD patterns of the traditional Ni coatings that the orientation
gradually changed from (111) to (220) when the current increased from 10 mA/cm2 to 100
mA/cm2, indicating that the high current density induced a preferential growth of Ni grains
along (220). However, with the incorporation of TiO2 nano-particles in the traditional
composite coating, the growth of Ni grains along (220) was significantly reduced, and finally
the orientation shifted to (111) at 50 and 100 mA/cm2. Similarly, the growth of Ni grains
along (220) slowed down in the sol-enhanced Ni-TiO2 composite coating, but the orientation
of the coating did not change, still along (220), in part reflecting the different influence
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mechanisms for the sol-enhanced and particle-mixing methods. Meanwhile a weak peak of
TiO2 was detected for the traditional Ni-TiO2 composite coating prepared at 50 mA/cm2.
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Fig. 6.5 The mean-root-square micro-strain of different electroplated coatings prepared at 10,
50 and 100 mA/cm2. (■ The traditional Ni coating, ● the traditional Ni-TiO2 composite
coating, ▲ the sol-enhanced Ni-TiO2 composite coating.)

Fig. 6.5 shows the mean-root-square micro-strain of the traditional Ni coating, the traditional
and sol-enhanced Ni-TiO2 composite coatings. The micro-strain of composite coatings is
mainly resulted from the lattice distortion due to the incorporation of second-phase particles.
The same trend existed in both traditional and sol-enhanced Ni-TiO2 composite coatings, i.e.
the micro-strain increased when the current density increased, peaking at 50 mA/cm2, and
then declined. Both composite coatings had almost the same micro-strain of ~0.22% when
the coatings were electroplated at 50 mA/cm2. In this case, as we have described previously,
the TiO2 nano-particles (~4 wt.%) agglomerated to form large clusters in the traditional NiTiO2 composite coatings (Fig. 6.1b2 ), compared to the highly dispersive distribution of TiO2
nano-particles in the sol-enhanced composite coating as shown in Chapter 5. It is proposed
that the strong lattice distortion occurred when the TiO2 nano-particles were highly dispersed
in the Ni matrix, leading to a large micro-strain, although there was a smaller amount of
nano-particles (~3 wt.%). At 100 mA/cm2, the traditional composite coating possessed a
higher micro-strain than the sol-enhanced composite coating, although both coatings had a
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similar content of TiO2 particles (Fig. 6.3). The higher micro-strain is probably related to the
dendritic structure in the traditional composite coating (Figs. 6.2a and b).

6.3.3 Mechanical properties
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Fig. 6.6 Microhardness of the coatings prepared at 10, 50 and 100 mA/cm2. (■ The traditional
Ni coating, ● the traditional Ni-TiO2 composite coating, ▲ the sol-enhanced Ni-TiO2
composite coating.)

Fig. 6.6 shows the microhardness of the traditional Ni coating, the traditional and solenhanced Ni-TiO2 composite coatings prepared at 10, 50 and 100 mA/cm2. The traditional
and sol-enhanced Ni-TiO2 composite coatings possessed the similar trend when the current
density increased from 10 mA/cm2 to 100 mA/cm2. The highest micro-hardness: 430 HV100
of the sol-enhanced coating formed at 50 mA/cm2 was observed, corresponding to 20-34%
improvement against the traditional Ni-TiO2 composite (~360 HV100) and Ni plating (~320
HV100).
An unusual result is that the traditional Ni-TiO2 composite coating possessed a lower
microhardness (~330 HV100) than the Ni coating (~360 HV100) when the coatings were
prepared at 100 mA/cm2. In contrast, the sol-enhanced Ni-TiO2 composite coating had a
higher microhardness of ~380 HV100. It can be clearly seen from Fig. 6.6 that the
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microhardness of coatings was determined by both incorporation of TiO2 particles and
processing parameters (current density), which affected the microstructure of coatings. As
mentioned before, at 100 mA/cm2, although the contents of TiO2 particles were similar in
both composite coatings (Fig. 6.3), the traditional Ni-TiO2 composite coating showed a
porous and dendritic surface (Figs. 6.1b3, 6.2a and b). This probably led to the decrease of
the microhardness. In contrast, the compact structure in the sol-enhanced composite coating
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kept a higher microhardness of ~380 HV100 (Figs. 6.1c3 and 6.2c).
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Fig. 6.7 Wear volume loss of the coatings prepared at 50 mA/cm2: (a) the traditional Ni
coating, (b) the traditional Ni-TiO2 composite coating, and (c) the sol-enhanced Ni-TiO2
composite coating.
Fig. 6.7 shows the wear volume loss of the Ni coating, the traditional and sol-enhanced NiTiO2 nano-composite coatings. The wear resistance of the sol-enhanced Ni-TiO2 coating was
significantly improved, with the wear volume loss decreased by a factor of 2, from ~8×10-3
mm3 of the Ni coatings and ~7.5×10-3 mm3 of Ni-TiO2 mixing coatings to ~ 4×10-3 mm3 of
the sol-enhanced Ni-TiO2 composite coating as shown in Fig. 6.7, which is consistent with
the increase of the microhardness in Fig. 6.6.

6.4 Discussion
The above experimental results indicate that the electrochemical processes were quite
different for the traditional and sol-enhanced Ni-TiO2 composite coatings. The orientation of
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coatings is mainly determined by the grain growth process [205]. In the electrochemical
deposition, the microstructure of coatings is mainly controlled by the overpotential [205]. The
detailed mechanisms are discussed below.

6.4.1 Grain growth during the sol-enhanced electroplating process
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Fig. 6.8 XRD patterns of the traditional Ni coating (the red line) and the sol-enhanced NiTiO2 composite coating (the black line) prepared at 50 mA/cm2 for (a) 30 s, (b) 2 min, (c) 5
min, and (d) 10 min.

The effect of sol addition on the Ni electroplating can be analysed from the XRD patterns in
Fig. 6.8. It can be clearly seen that the grain orientation of the traditional Ni coating was
along (220) at the beginning of deposition (Fig. 6.8a). However, after the sol was added into
the electrolyte, the relative intensity of the peak (220) decreased, indicating that the growth of
Ni grains along (220) slowed down. With the deposition processing, the effect of TiO2 sol on
the Ni plating became larger, evidenced by the decreasing intensity of the (220) peak as
shown in Figs. 6.8b, c and d. Meanwhile the peaks of (111) and (200) were almost unchanged.
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It appears that the sol addition only affected the Ni grains growing along (220). As the
surface energy determines the preferential growth direction [205], the addition of sol
probably changes the surface energy of different planes.

6.4.2 The electrochemical process in the sol-enhanced composite plating
The experimental results in Chapter 5 indicated that the mechanical properties of the solenhanced Ni-TiO2 composite coatings were strongly affected by the highly dispersive TiO2
nano-particles. The organic components in the TiO2 sol mainly influenced the physical and
chemical behaviour of the sol. Therefore, the electrochemical process in the sol-enhanced
electrodeposition will be discussed based on the effect of the TiO2 nano-particles.
The mechanism of the composite electrodeposition has been investigated since the 1960s [39,
202, 206-208], and three main mechanisms were proposed [3, 208]: (1) Electrophoretic
movement of the positively charged particles to the cathode; (2) Adsorption of the particles at
the electrode surface by van der Waals forces; (3) Mechanical inclusion of the particles into
the matrix. According to the above mechanisms, it is proposed that two key factors in our
present experiment, i.e. formation and movement of TiO2 nano-particles, should be
emphasized in order to explain the sol-enhanced electrochemical process.
6.4.2.1 Formation of TiO2 nano-particles
The formation process of TiO2 nano-particles has been discussed in Chapter 5. As a summary,
when a small amount of transparent TiO2 sol was added into the traditional electroplating
solution, the concentrated hydrate Ni ions in the solution destabilised the sol, leading to
polymerization of TiO2 sol. It was reported that the condensation process of Ti
macromolecule ions started before the completion of hydrolysis in neutral and basic
conditions; and the formation of ordered structure was hindered [183-184]. Thus the
amorphous TiO2 nano-particles formed in the electrolyte.
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Fig. 6.9 A schematic drawing to show the hydrate Ni ions and adsorbed TiO2 particles: (a) the
sol-enhanced and (b) the traditional particle-mixing electrodeposition process.

Once the TiO2 nano-particles formed in the electrolyte, some of them were immediately
physically adsorbed onto the freshly deposited surface based on Martin-Williams model
[206]. Some of them were immediately adsorbed by hydrate Ni ions due to their large surface
areas based on Whithers model [202]. Correspondingly, they were highly dispersed in the
electrolyte as schematically shown in Fig. 6.9a. The ethanol and DEA probably also
contribute to the dispersion of the ions-adsorbed TiO2 nano-particles. In contrast, for the
solid-powder mixing Ni-TiO2 composite coatings, the TiO2 nano-particles may also be
adsorbed by the hydrate Ni ions. But the nano-particles were agglomerated up to several
hundred nanometres size when they were added into the electroplating solution. So the actual
situation is that the Ni ions surrounded the large clusters of TiO2 nano-particles, as
schematically shown in Fig. 6.9b.
6.4.2.2 Movement of TiO2 nano-particles
It was proposed that the TiO2 nano-particles existed in two forms during the electroplating,
i.e. physical adsorption onto the freshly deposited surface, and hydrate Ni ions-adsorbed TiO2
nano-particles. We have previously described the formation of the sol-enhanced composite
coatings partially under the control of physical adsorption of TiO2 nano-particles in Chapter 5.
Here we will mainly analyze the influence of hydrate Ni ions-adsorbed TiO2 nano-particles.
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Fig. 6.10 (a) Process steps in co-deposition and incorporation of a solid particle into the
deposit: (1) Formation of an ion cloud around the particle; (2) transport by means of
convection; (3) transport by diffusion; (4) reduction reaction; and (5) adsorption. (b) The
schematic diagram of concentration-depth profile during the sol-enhanced electroplating.

The overall composite deposition process can be typically shown in the five steps (Fig. 6.10a)
[3]. These steps describe the process of particles from the solution to their incorporation in
the metal matrix. The first stage postulates formation of an electro-active ionic cloud
surrounding the particles, as soon as the particles are introduced into the electrolyte. Under
the action of convection, these ionically enveloped particles are transported to the
hydrodynamic boundary layer, migrate across the layer and then are conveyed by diffusion to
the cathode. After the ionic cloud is entirely or partly reduced, the particles are deposited and
incorporated into the metal matrix as the metal ions are discharged, so ‘buried’ the inert
particles.
There are three main mechanisms involved in the delivery of ions to the cathode surface, i.e.
migration (under a potential gradient), diffusion (under a concentration gradient), and
convection (movement of the electrolyte solution itself). It is believed that the overall
contribution to the supply of ions from the migration process is very small, and can be
neglected [3]. The convection resulted from the movement of bulk solution is determined by
stirring. Such movement of solution ceases to be significant in the diffusion layer, and the
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movement of ions across the diffusion layer takes place by diffusion. The driving force for
diffusion is the concentration gradient, more suitably expressed as the concentration
polarization. According to the electrochemical theory, there are two important polarizations
in the electroplating process: electrochemical (activation) polarization and concentration
polarization. The concentration polarization can be increased by reducing the thickness of the
diffusion layer. There exists a limited current density, iL, which is determined by
concentration polarization, expressed as:
(6.1)
Where z is the number of electrons per ion being transferred, F is the Faraday constant, c∞ is
the ion concentration in bulk solution, and δN is the thickness of the diffusion layer. When the
current is below iL, the electroplating process is controlled by the electrochemical polarization,
otherwise the process is controlled by the concentration polarization. In the latter case, metal
ions tend to discharge preferentially at the tips of the protrusions, and the nucleus is difficult
to grow, which tends to result in the formation of a loose and dentritic surface.
Fig. 6.10b shows a schematic diagram of the concentration-depth profile during the solenhanced electroplating. During the deposition process, a large amount of hydrate Ni ions
were adsorbed onto the surface of the newly formed TiO2 nano-particles, due to the large
surface areas of the nano-sized particles. The ions-adsorbed nano-particles were conveyed to
the diffusion layer under the effect of stirring. An ion-rich area formed at the edge of the
diffusion layer (Fig. 6.10b), where the ion concentration was so large that it reached the
concentration (c∞) of the bulk electrolyte. In this case the thickness of the diffusion layer
decreased from δN to δN-sol, leading to the increase in the limited current density (iL).
Therefore, the critical current density to form the dendrite surface increased during the solenhanced deposition process.
In contrast, during the traditional composite coating process, because of poor adsorption of
hydrous Ni2+ onto the surface of the agglomerated TiO2 particles, the thickness of the
diffusion layer and the limited current density iL did not change significantly. Therefore, at
100 mA/cm2, the concentration polarization controlled the electrochemical process, leading to
the formation of a loose and dendritic structure (Figs. 6.1b3, 6.2a and b). The process of the
sol-enhanced electroplating was controlled by electrochemical polarization, resulting in a
compact structure as seen in Figs. 6.1c3 and 6.2c.
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6.5 Summary
This chapter studies the electrochemical process in the sol-enhanced Ni-TiO2 composite
electroplating. A small amount of transparent TiO2 sol was added into the traditional
electroplating solution, forming highly dispersive TiO2 nano-particles, which co-deposited
with Ni to form a nano-composite coating. The sol-enhanced Ni-TiO2 composite coating
possessed a smooth surface and a compact microstructure, and showed higher mechanical
properties (430 HV100) compared with the traditional coatings (360 HV100). The sol-enhanced
coatings also showed slower growth of Ni grains along [220] direction, but did not change the
orientation. It is suggested that the in-situ formation of fine TiO2 nano-particles originating
from sol declined the thickness of the diffusion layer and increased the limited current density.
Therefore, the polarization control in the sol-enhanced process changed from the traditional
concentration polarization to electrochemical polarization, avoiding the formation of a loose
and dendritic surface structure at high current deposition. The sol-enhanced composite
electroplating will have extensive applications in various industries.
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Chapter 7 Sol-enhanced Electroplating of Ni-TiO2 Composite
Coatings: Thermal Stability and Tensile Properties
7.1 Introduction
Electroplating has been widely applied to synthesize metal matrix nano-composites and
composite coatings [4-8, 194, 209]. The second phase nano-particles are dispersed into the
metal matrix, changing the mechanical and other properties of the nano-composites, such as
hardness, wear resistance, tensile properties, corrosion resistance and thermal stability. The
strengthening mechanisms from the second phase nano-particles have been widely
investigated [210-213]. It is suggested that the properties are strongly linked to the
distribution of second-phase particles, and homogeneous distribution of particles is desirable
for optimal properties [11, 171].
In the previous chapters, we described a novel technique: sol-enhanced composite
electroplating, to achieve high dispersion of oxide nano-particles in metal matrix [18]. The
sol-enhanced nanostructured Ni-TiO2 composite coatings have been successfully synthesized
on carbon steels [20]. The high dispersion of the nano-particle led to a strong strengthening
effect. Correspondingly, the microhardness and wear resistance were significantly improved
[20, 23]. The corrosion resistance of the sol-enhanced Ni-TiO2 composite coatings was also
significantly improved [24]. However, the mechanisms of property improvement are not well
understood.
It is known that the properties of metal matrix composites are sensitive to temperature
changes due to the thermal stresses/strains and the temperature-dependent loading response
[214]. The thermal stresses mainly result from the different thermal expansion coefficients of
the metal matrix and second-phase particles. It is understood that the thermal expansion of a
composite material is affected by the nature, size and distribution of second-phase particles.
The grains of the metal matrix grow up at elevated temperatures, probably decreasing the
mechanical strength of the composites [215-216]. The second-phase particles play a
significant role in pinning grain boundaries in a composite material [217-218]; and the
Orowan strengthening is caused by the resistance of closely spaced hard particles to the
passing of dislocations. However, the strengthening effect is not significant during the
deformation if the particles are coarse and the inter-particle spacing is large [214, 219]. Based
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on the above analysis, given that the nano-sized particles are highly dispersed in the solenhanced composite coatings [20], we propose that the thermalability and deformation of the
composite microstructure are important, and should have significant influence on the
mechanical and other properties of the composites.
This chapter reports our investigations on the thermal stability and tensile deformation of the
sol-enhanced nanostructured Ni-TiO2 composites. The aim of the investigations is to
understand effects of the nano-dispersion on the grain growth and fracture behaviour in the
sol-enhanced composites. The traditional Ni-TiO2 nano-composites were also prepared for
comparison purpose. We believe that this investigation and understanding will provide a
theoretical basis for promoting the applications of the sol-enhanced electrodeposition
technique.

7.2 Experimental
Commercial pure Cu plates with the dimension of 40×20×0.5 mm3 were used as the substrate,
which were mechanically polished with SiC papers to a grit of #1200. Before electroplating,
the specimens were cleaned at 60°C for 10 min in a solution containing NaOH 50 g/L and
Na3CO3·10H2O 10 g/L, then anodized at 2.5 mA/cm2 for 20 s at room temperature in a
solution containing citric acid 20 g/L and ammonium citrate 60 g/L.
The process of the sol-enhanced Ni-TiO2 composite electroplating was explicitly described in
Chapter 5. The electroplating was conducted at 50 mA/cm2 for 20 min at room temperature
(~25°C) with the sol concentration of 12.5 ml/L. The traditional Ni-TiO2 composite coatings
were also prepared with the identical bath composition and plating parameters for comparison
purpose. These coatings were prepared with the concentration of TiO2 nano-particles of 10
g/L with the processing details presented in Chapter 6.
In order to characterize the thermal stability of the sol-enhanced and traditional Ni-TiO2
composite coatings, annealing at 100, 150, 200, 250, 300, 350 and 400°C was conducted for
90 min in air, respectively. After annealing, the samples were quickly pulled out from the
furnace and fast cooled in air.
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The tensile samples were prepared from the Ni-coated Cu plates, which were wire-cut to a
bone-like shape with a gage dimension of 4 mm in length and 5 mm in width. Then the edges
of the samples were carefully polished. Finally, the coated samples were immersed in an
aqueous solution containing 250 g/L CrO3 and 15 ml/L H2SO4 in order to dissolve and
remove the Cu substrate. Tensile tests were then conducted for both sol-enhanced and
traditional composites using an Instron machine at room temperature with a strain rate of
1×10-4 /s.
The content of TiO2 nano-particles in coatings was measured using the method described in
Chapter 4. The microstructures of coatings were characterized using a high-revolution optical
microscope, a field emission scanning electron microscope (FESEM), and a transmission
electron microscope (TEM). The phase structures of coatings were characterized using X-ray
diffractometry (XRD). The mean-root-square micro-strain of the coatings was measured by
the XRD line broadening analysis based on background subtraction and Ni lattice planes
(111), (200) and (220). The microhardness of the coatings was measured using a load of 50 g
with a holding time of 15 s.

7.3 Results
7.3.1 Surface and cross-sectional morphologies
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Fig. 7.1 Surface morphologies of composites: (a) the traditional Ni-TiO2 composite, and (b)
the sol-enhanced Ni-TiO2 composite. The insets in (a) and (b) are magnified backscattered
electron images. The arrows in the inset in (a) indicate agglomerative TiO2 particles.
Fig. 7.1 shows the surface morphologies of the traditional and sol-enhanced Ni-TiO2 nanocomposites. The traditional Ni-TiO2 composite exhibited a relatively rough and uneven
surface (Fig. 7.1a). Large spherical Ni nodules with the size of ~4 μm were clearly seen, on
which there were many fine Ni nodules (~300 nm) as shown in the inset in Fig. 7.1a. Large
clusters of TiO2 nano-particles (~400 nm) were incorporated in the Ni nodules, as pointed by
the arrows in the inset. In contrast, the sol-enhanced Ni-TiO2 composite had a much smoother
surface (Fig. 7.1b). Two shapes of Ni nodules, i.e. spherical and pyramid-like, were observed
on the surface. The pyramid-like Ni nodules with ~1.5 μm size were relatively uniformly
distributed in the spherical Ni nodules. It can be clearly seen from the inset in Fig. 7.1b that
the size of the spherical Ni nodules was quite small with the size of ~200 nm.
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Fig. 7.2 Cross-sectional optical micrographs of the composites: (a) the traditional Ni-TiO2
composite, and (b) the sol-enhanced Ni-TiO2 composite. The arrows indicate a rough surface.
The cross-sectional morphologies of the traditional and sol-enhanced Ni-TiO2 composites are
shown in Fig. 7.2. Both coatings have the thickness of ~15 μm. There were no pores,
spallation or gaps at both interfaces, indicating a good adhesion between the coatings and the
substrate. Large clusters of TiO2 nano-particles with the content of ~1.8 wt.% were relatively
non-uniformly distributed in the Ni matrix for the traditional composite, as the black spots
pointed in Fig. 7.2a. The traditional Ni-TiO2 composite had a rough edge (as shown by the
arrows), reflecting a rough surface, which is consistent with the surface morphology in Fig.
7.1a. In contrast, the sol-enhanced composite had a relatively even edge (Fig. 7.2b). The
content of TiO2 nano-particles in the sol-enhanced composite was calculated to be ~0.7 wt.%.
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We were unable to observe the TiO2 nano-particles using the optical microscopy due to their
small size and uniform distribution.

7.3.2 Microstructures of the composites

Fig. 7.3 TEM bright-field images of the composites: (a,c) the traditional Ni-TiO2 composite,
(b,d) the sol-enhanced Ni-TiO2 composite. (c) and (d) show the distribution of TiO2 nanoparticles in the traditional and sol-enhanced composites, respectively.
Fig. 7.3 shows the microstructures of traditional and sol-enhanced Ni-TiO2 composites
observed by TEM. The traditional composite possessed equiaxed Ni grains with the size of
~40 nm (Fig. 7.3a), compared to ~30 nm in the sol-enhanced composite (Fig. 7.3b). Many
sub-grains were clearly observed in both nano-composites. Typically the TiO2 nano-particles
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agglomerated to large clusters with ~400 nm size in the traditional Ni-TiO2 (Fig. 7.3c), which
is consistent with the SEM observation in Fig. 7.1a. In contrast, nano-sized TiO2 particles
(~15 nm) were distributed at the grain boundaries in the sol-enhanced Ni-TiO2, as shown in
Fig. 7.3d, which is the same structure as our previous observation in Chapter 5.

7.3.3 Phase structure
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Fig. 7.4 XRD patterns of the composites after annealing at different temperatures: (a) the
traditional Ni-TiO2 composites, and (b) the sol-enhanced Ni-TiO2 composites.
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The effect of annealing on the phase structure of composites can be analyzed from the XRD
patterns in Fig. 7.4. The as-deposited sol-enhanced Ni-TiO2 composite possessed a strong
orientation along (220) (Fig. 7.4b), while there was no apparent orientation for the traditional
composite evidenced by the similar relative intensities for (111) and (200) as seen in Fig. 7.4a.
The phase structure of the sol-enhanced composite changed a lot after the sample was
annealed at 100°C for 90 min, i.e. the relative intensity of the peak (200) significantly
increased. Obviously the annealing promoted the fast growth of Ni grains along (200) for the
sol-enhanced composite. For the traditional Ni-TiO2 composite, in contrast, the relative
intensity of the peak (111) only slightly increased, reflecting quite different grain growth
kinetics from the sol-enhanced composite at the beginning of annealing.
For the traditional Ni-TiO2 composite (Fig. 7.4a), annealing below 150°C led to the slightly
preferential growth of Ni grains along (111), evidenced by the slightly increased intensity of
the peak (111). Similarly, the grain growth and grain orientation were almost unchanged in
the sol-enhanced composite annealed below 250°C, evidenced by the similar relative
intensity of the three peaks (111), (200) and (220). Obviously annealing at medium
temperatures, i.e. 200-250°C for traditional composite and 300-350°C for the sol-enhanced
composite, resulted in the significant growth of Ni grains along (200) for both coatings.
Therefore, the driving force for grain growth was probably the same for both coatings during
these temperatures, despite the transition temperature is ~100°C higher in the sol-enhanced
composite (250°C) than in the traditional composite (150°C). The traditional composite
showed similar grain growth and orientation at high temperatures (300-400oC) as that at low
temperatures (Fig. 7.4a), similar to the sol-enhanced composite (Fig. 7.4b).
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Fig. 7.5 Dependence of the lattice strain on the annealing temperature: ■ the traditional NiTiO2 composite; ● the sol-enhanced Ni-TiO2 composite.
Fig. 7.5 shows the mean-root-square lattice strain of the traditional and sol-enhanced Ni-TiO2
composites annealed at different temperatures. The as-deposited sol-enhanced composite
possessed a large lattice strain of 0.31% compared to 0.26% for the traditional composite. It
is believed that the lattice strain is caused by a local deviation of atoms from the equilibrium
position [199]. We propose that the high nano-dispersion in sol-enhanced composites led to
the strong deviation, causing a large lattice strain (Fig. 7.5). It is clearly observed that the solenhanced composite kept the lattice strain up to 250°C compared to 150°C for the traditional
composite.
After the sol-enhanced composite was annealed above 250°C, the lattice strain significantly
decreased, reaching ~0.17% when annealing at 400°C, the same value as the traditional
composite. The medium-temperature (200-250°C) annealing led to the significant decrease of
the strain for the traditional composite. It can be seen that the lattice strain was stablized at
~0.17% for the traditional composite, even after annealing at high temperatures (300-400°C)
for 90 min, which is quite different from the behaviour of the sol-enhanced composite.
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7.3.4 Grain size
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Fig. 7.6 Dependence of the grain size on the annealing temperature: ■ the traditional Ni-TiO2
composite; ● the sol-enhanced Ni-TiO2 composite.
Fig. 7.6 shows the evolution of grain size for the traditional and sol-enhanced Ni-TiO2
composites during annealing. The grain size of traditional and sol-enhanced Ni-TiO2
composites was calculated as ~36 nm and ~25 nm respectively, which is quite similar to the
TEM observations in Fig. 7.3. The grain size of the sol-enhanced composites was almost
stable when they were annealed below 250°C. Therefore, given that the melting point (Tm) of
Ni metal is 1453°C (1726K), the transition temperature can be calculated as ~0.3Tm for the
sol-enhanced composite. In contrast, the transition temperature of 150oC/~0.25Tm was lower
for the traditional composite. For both coatings, the Ni grains significantly grew up when the
annealing was conducted above the transition temperature. However, such growth stopped
when the traditional composite was annealed at the high temperature (300-400°C), compared
to a steadily increased growth for the sol-enhanced composite. Obviously the sol-enhanced
composite was unstable at high temperatures.
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7.3.5 Microhardness
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Fig. 7.7 The variation of microhardness as a function of the annealing temperature: ■ the
traditional Ni-TiO2 composite; ● the sol-enhanced Ni-TiO2 composite.
Fig. 7.7 exhibits the effect of annealing on the microhardness of the traditional and solenhanced Ni-TiO2 composites. The as-deposited sol-enhanced composite possessed a higher
microhardness of ~407 HV50 compared to ~280 HV50 of the traditional composite. The
microhardness of both composites was stablized up to the transition temperatures. Then a
relatively steady decline was observed for the traditional composite, reaching ~180 HV50
after annealing at 400°C for 90 min. For the sol-enhanced composite, however, annealing
above 300oC led to a sharp decline of the microhardness, reducing to ~260 HV50 after
annealing at 400°C, although it was still much higher than that of the traditional composite.
Obviously the change of the microhardenss in the sol-enhanced composite is consistent with
that of lattice strain (Fig. 7.5) and grain size (Fig. 7.6).
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7.3.6 Tensile test
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Fig. 7.8 Typical Engineering stress-strain curves recorded by tensile tests using a strain rate
of 1×10-4 /s, for: (A) traditional and (B) sol-enhanced Ni-TiO2 composites.
Fig. 7.8 shows the typical engineering stress-strain curves for the traditional and sol-enhanced
Ni-TiO2 composites tested at a strain rate of 1×10-4/s. The sol-enhanced composite showed a
significantly increased tensile strength of ~1050 MPa with the strain of ~1.4% (Fig. 7.8B),
compared to ~600 MPa and ~0.8% for the traditional composite (Fig. 7.8A). Both composites
basically showed the brittle fracture due to the small strain.
Deformation mechanisms in nanostructured materials include slip of full dislocations and
partial dislocations, twinning, wide stacking faults, grain-boundary sliding, and grain rotation
[220]. It is suggested that partial dislocation emission from grain boundaries is a dominant
mechanism in grains with diameters in the range of several tens of nanometers [221-222].
Given that the traditional and sol-enhanced composites similarly had the nanosized grains
(Fig. 7.3), we propose that both composites exhibited the same deformation process, i.e. slip
of partial dislocations. Based on this mechanism, when partial dislocations emitted from grain
boundaries, the TiO2 nano-particles at the grain boundaries behaved as effective barriers to
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the dislocation movement in the sol-enhanced Ni-TiO2 composite. Correspondingly, the
strength was increased as shown in Fig. 7.8B.

Fig. 7.9 SEM images of the fractured samples: (a) the fracture morphology of traditional NiTiO2 composite; (b)-(e) the fracture morphologies of the sol-enhanced Ni-TiO2 composite. (b)
shows the microcracks near the fracture surface in the sol-enhanced Ni-TiO2 composite,
indicating joining of the microcracks.
Fig. 7.9 shows the fracture morphologies of the traditional and sol-enhanced Ni-TiO2
composites. From the typical fracture surface of the traditional Ni-TiO2 composite, we can
see a large amount of micro-voided fracture patterns, as marked by “A” in Fig. 7.9a. They
were detected as TiO2-rich areas by EDS. Meanwhile some typical cleavage facets are shown
with brittle patterns, as marked by “B” in Fig. 7.9a. We also notice that there are typical
micro-cracks in the TiO2-rich area (as the arrows pointed in Fig. 7.9a). The micro-crack ends
at the edge of the voided pattern. Nearly no dimpled patterns can be seen, indicating a brittle
fracture as well as proved by the low strain (Fig. 7.8A).
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The sol-enhanced Ni-TiO2 composite showed a quite different fracture feature. A typical
micro-crack can be seen within the region close to the fracture surface as shown in Fig. 7.9b.
The main crack propagates by forming multiple stable micro-cracks and the joining of them
(pointed by the black arrow in Fig. 7.9b). A large amount of dimple-like patterns can be
found on the fracture surface (Fig. 7.9c). The dimple size varies from 70 to 300 nm (Fig.
7.9d), larger than the mean grain size. These dimples are indicative of local plasticity during
the deformation and the microvoid coalescence mechanism [223]. We also notice that voidlike fracture patterns exist (marked by an arrow in Fig. 7.9e), surrounded by the shallow
dimples. These patterns are quite similar with that in the traditional Ni-TiO2 composite in Fig.
7.9a.

7.4 Discussion
Based on the above experimental results, it is clear that the traditional and sol-enhanced NiTiO2 composites demonstrated different thermal stability and tensile behaviours. The nanoparticle dispersion significantly influenced the grain growth behaviour and the fracture
mechanism. The detailed mechanisms will be discussed below.

7.4.1 Grain growth
The activation energy of a thermally activated process is an important parameter that can
provide insight into the mechanism of the process [224]. Grain growth is a thermally
activated process. In order to determine the average value of activation energy for grain
growth, an Arrhenius equation is used as below [225]:
(7.1)
Where D is the average grain size, D0 is the initial (pre-growth) average grain size, n is the
grain growth exponent, K0 is a frequency term, t is time, Q is the activation energy, R is the
gas constant, and T is the absolute temperature. Ideally, the grain growth exponent n equals to
2 [199]. However, recent researches have shown that the exponent for nanocrystalline Ni
annealed at a temperature ranged of 300-400°C ranges between 6 and 7 [199, 226]. The DnD0n is plotted against the reciprocal of absolute temperature, 1/T, on a semi-logarithmic scale
for n = 2 and n = 7, as shown in Fig. 7.10.
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Fig. 7.10 The Arrhenius plots for the grain growth of the traditional and sol-enhanced NiTiO2 composite coatings at different exponents: (a) n = 2, and (b) n = 7.
The data plotted in Fig. 7.10 shows that the Arrhenius plot can be fitted with two straight
lines for the traditional and sol-enhanced Ni-TiO2 composites, which is consistent with other
reports [227-228]. Accordingly the value of the activation energy Q was calculated from the
slope k of straight lines (k = -Q/R) as marked in Fig. 7.10. As described before, the transition
temperatures for traditional and sol-enhanced coatings are ~0.25Tm and ~0.3Tm, respectively.
With n = 2, the activation energy Q was calculated to be 2.6 and 33.7 kJ/mol for the solenhanced composite below and above ~0.3Tm, respectively (Fig. 7.10a). In contrast, the
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corresponding values for the traditional composite were 38.5 kJ/mol and 2.1 kJ/mol. A
similar trend of the plot for n = 7 was also observed in Fig. 7.10b.
The changes of activation energies can reveal the grain growth mechanisms below and above
transition temperatures [199]. For the traditional Ni-TiO2 composite, the grain growth
exponent n has insignificant influence on the average activation energies Q either below or
above the transition temperature (~0.25Tm), as evidenced by the small changes of Q in Figs.
7.10 a and b. Therefore, it is suggested that the movement of atoms within the grain
boundaries led to the grain growth during the temperature range of 25-400°C for the
traditional composite [199]. A similar situation was observed for the sol-enhanced composite
below the transition temperature (~0.3Tm). However, the much higher Q above ~0.3Tm
suggested that the contribution of the lattice diffusion became more significant for the solenhanced composite. The degree by which the lattice diffusion assists the grain growth
process depends on the choice of the exponent n, i.e. the larger n reflects more participation
of the lattice diffusion in the process [199].
The second-phase particles in composites play a significant role in pinning the grain
boundaries and stabilizing the microstructure [229-231]. In the present study, the very low
values of activation energy below ~0.3Tm for the sol-enhanced composite (Figs. 7.10 a and b)
indicate the presence of highly unstable grain boundaries, implying that only a small amount
of energy is needed for the re-ordering of the microstructure. However, such thermally
unstable microstructure was found to be dynamically stable, evidenced by the almost
unchanged values of grain size (Fig. 7.6) and microhardness (Fig. 7.7). This stability during
annealing can probably be explained by Zener drag mechanism [229], where a particle
interacts with the grain boundary to reduce the energy of the boundary-particle system and
restrains the boundary movement. Fig. 7.3d shows the evidence that TiO2 nano-particles were
located at the grain boundaries, effectively preventing the grain growth.

7.4.2 Fracture mechanisms
The fracture mechanisms of metal-matrix composites have been widely investigated since
1960s [214, 232-241]. The fracture processes are thought to occur largely by the formation
and coalescence of voids/cracks within the matrix. It is recognized that the fracture behaviour
of metal-matrix composites are sensitive to the microstructure, including second-phase
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particles’ shape, size, distribution and bonding strength [214]. It was observed that the largescaled second-phase ceramic particles were easily cracked roughly perpendicular to the
loading direction [242]. It is also suggested that the fracture behaviour is mainly determined
by debonding at the particle-matrix interface at high strain levels [243]. Once the interfacial
debonding takes place, nano-particles no longer play the role of reinforcement; instead, they
become defects in the matrix, reducing the load-carrying capability and weakening the
composites.
In the present study, the brittle TiO2 nano-particles agglomerated to large clusters (~400 nm)
in the nanocrystalline Ni matrix for the traditional composite (Figs. 7.1a, 7.2a and 7.3c)
compared to the high nano-dispersion for the sol-enhanced composite (Fig. 7.3d). The
traditional and sol-enhanced composites possessed different deformation behaviours,
evidenced by the rather different fracture morphologies (Fig. 7.9). Based on the above
analysises, the proposed fracture processes of both composites are schematically shown in
Fig. 7.11.
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Fig. 7.11 Schematic diagrams showing the fracture behaviours of composites. (a) The
traditional Ni-TiO2 composite: (1) Beginning of the tensile test, (2) formation of microcracks,
(3) propagation of micorcracks, and (4) final failure. (b) The sol-enhanced Ni-TiO2 composite:
(1) Beginning of the tensile, (2) formation of voids, and (3) void coalescence.
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The agglomeration of TiO2 nano-particles (in submicron size) took place in the traditional NiTiO2 composite, as schematically shown in Fig. 7.11 a(1). The TiO2 clusters were much
larger than the nano-sized Ni grains (Fig. 7.3c). The microcracks frequently occurred from
the clusters of agglomerated particles at the early stage of the tensile process, probably due to
a sufficiently large flaw in the agglomerated particles [214, 232]. This is consistent with the
observation as the microcrack shown in Fig. 7.9a. Meanwhile, the particle clustering and poor
adhesion tend to favour the formation of voids [244]. In the present work, it is proposed that
the formation of microcracks came from two aspects: particle cracking and interfacial
debonding as schematically shown in Fig. 7.11a (2). Once the microcracks formed, they
tended to propagate between the neighbouring particles as shown in Fig. 7.11a (3), resulting
in a brittle-type deformation areas marked as “B” in Fig. 7.9a. The propagation of the
microcracks caused the final failure as shown in Fig. 7.11a (4), forming many TiO2-rich areas
marked as “A” in Fig. 7.9a.
In contrast, the sol-enhanced Ni-TiO2 composite exhibited different fracture mechanism.
Given that both composites have similar grain size (Fig. 7.3), we propose that the differences
in fracture processes mainly came from the distribution of TiO2 nano-particles. The fracture
process in nanocrystalline metals normally includes dislocation movement, void formation
and growth at grain boundaries/triple junctions, and the formation of partially unconstrained
ligaments that deform plastically [245]. It is suggested that the dislocation movements are
preferentially activated around the particles due to stress concentration [243]. Therefore, the
nucleation of voids can be facilitated around the particles in the early stages of deformation,
as shown in Fig. 7.11b (2). Given that the TiO2 nano-particles are located at the grain
boundaries (Fig. 7.3d), we propose that the grain boundaries are the sites for formation of the
voids. Then these voids grew and linked together, leading to the final failure, as shown in Fig.
7.11b (3). Normally the grain boundaries can act as the places to nucleate dimples, and these
dimples are larger than the average grain size [245]. Therefore, the considerable plasticity
was observed at local positions in the sol-enhanced composite, as evidenced in Fig. 7.9c.

7.5 Summary
The thermal stability and tensile deformation of the sol-enhanced Ni-TiO2 composite coatings
on the Cu substrate were systematically investigated. The traditional Ni-TiO2 composite
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coating was prepared by solid powder mixing method for comparison purpose. The grain
growth behaviours and fracture mechanisms of the above two types of composites were
explicitly discussed. It was found that TiO2 nano-particles agglomerated to large clusters of
~400 nm in the traditional Ni-TiO2 composite. In contrast, nano-sized TiO2 particles (~15 nm)
were distributed at grain boundaries in the sol-enhanced composite. The finer grain size,
higher micro-strain (~0.31%) and higher microhardness (~407 HV50) of the sol-enhanced NiTiO2 composite were stabilized up to 250°C compared to 150°C of the traditional composite,
indicating that the transition temperatures were ~0.3Tm and ~0.25Tm (Tm = melting point of Ni)
for the sol-enhanced and traditional coatings, respectively. Tensile tests were performed with
the coatings removed from the substrates, showing a much higher tensile strength of ~1050
MPa for the sol-enhanced Ni-TiO2 composite compared to ~600 MPa of the traditional
composite. It was suggested that the lattice diffusion dominated above ~0.3Tm in the grain
growth process for the sol-enhanced composite. The distribution and location of TiO2 nanoparticles played a significant role in determining the formation and coalescence of
voids/cracks during the fracture process.
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Chapter 8 Conclusions and Future Work
This chapter summarizes all important findings from this thesis research and
recommendations for the future work.

8.1 Conclusions
This thesis studied the highly dispersive oxide nano-particles reinforced metal matrix
composite coatings. A transparent TiO2 sol solution was added into the electroplating or
electroless plating electrolyte, providing nano-particle dispersion in the coating matrix,
effectively avoiding the agglomeration of nano-particles and significantly improving the
properties of coatings. Below is a brief summary of this technique used in different coating
and substrate systems.
(1) A transparent TiO2 sol was added into the traditional electroless plated Ni-P solution at a
controlled rate to produce Ni-P-TiO2 nano-composite coatings on Mg substrates. The coating
was found to have a crystalline structure. The nano-sized TiO2 particles (~15 nm) were well
dispersed into the Ni-P coating matrix during the co-deposition process. As a result, the
microhardness of the sol-enhanced Ni-P-TiO2 composite coatings was significantly increased
to ~1025 HV200 compared to ~710 HV200 of the traditional composite coatings produced with
solid particle mixing methods. Correspondingly, the wear resistance of the sol-enhanced
composite coatings was significantly improved. The formation and reinforcement
mechanisms were also explicitly discussed. It was found that the sol addition had a
significant influence on the autocatalytic nucleation of Ni-P crystals and their growth. The
highly dispersive TiO2 nano-particles played a main role in strengthening the composite
coatings.
(2) Sol-enhanced Ni-TiO2 nano-composite coatings were electroplated on carbon steels by
adding the transparent TiO2 sol into the traditional Ni electroplating solution. The grain size
of the Ni coating was significantly reduced to the level of 50 nm. It was found that the
amorphous TiO2 nano-particles (~10 nm) were highly dispersed in the Ni matrix. The effect
of sol concentration on the microstructure, mechanical properties and corrosion resistance of
the composite coatings were systematically investigated. The Ni nodules on the surface of
composite coatings changed from the pyramid-like shape to the spherical shape. The coating
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surface became much smoother and more compact when they were prepared with higher
concentrations of TiO2 sol. Increasing sol concentrations also led to higher contents of TiO2
nano-particles in the coating matrix, resulting in steadily improved mechanical and corrosion
properties of the composite coatings. However, excessive addition of TiO2 sol over 12.5 ml/L
led to the formation of cracks on the surface of composite coatings, adversely affecting their
mechanical properties and corrosion resistance. Two factors, i.e. surface microstructure and
incorporation of TiO2 particles, influence the corrosion resistance of the composite coatings.
(3) The electrochemical process, microstructures and properties of the sol-enhanced and
traditional electroplated Ni-TiO2 composite coatings on carbon steels were studied and
compared. The sol-enhanced Ni-TiO2 composite coating possessed a smooth surface and a
compact microstructure, and showed better mechanical properties (430 HV100) compared
with the traditional coatings (360 HV100). It is believed that the strengthening effects are
attributed to the high dispersion of TiO2 nano-particles. The sol-enhanced composite coatings
also showed slower growth of Ni grains along [220] direction, but did not change the
orientation. It is suggested that the sol addition reduced the thickness of the diffusion layer
and increased the limited current density. Therefore, the polarization control in the solenhanced process changed from the traditional concentration polarization to electrochemical
polarization, avoiding the formation of loose and dendritic structures.
(4) The thermal stability and tensile deformation of the sol-enhanced Ni-TiO2 composite
coatings on the Cu substrate were systematically investigated. The traditional Ni-TiO2
composite coating was prepared by solid powder mixing method for comparison purpose.
The grain growth behaviours and fracture mechanisms of the above two types of composites
were explicitly discussed. It was found that TiO2 nano-particles agglomerated to large
clusters of ~400 nm in the traditional Ni-TiO2 composite. In contrast, nano-sized TiO2
particles (~15 nm) were distributed at grain boundaries in the sol-enhanced composite. The
finer grain size, higher micro-strain (~0.31%) and higher microhardness (~407 HV50) of the
sol-enhanced Ni-TiO2 composite were stabilized up to 250°C compared to 150°C of the
traditional composite, indicating that the transition temperatures were ~0.3Tm and ~0.25Tm
(Tm = melting point of Ni) for the sol-enhanced and traditional coatings, respectively. Tensile
tests were performed with the coatings removed from the substrates, showing a much higher
tensile strength of ~1050 MPa for the sol-enhanced Ni-TiO2 composite compared to ~600
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MPa of the traditional composite. It was suggested that the lattice diffusion dominated above
~0.3Tm in the grain growth process for the sol-enhanced composite. The distribution and
location of TiO2 nano-particles played a significant role in determining the formation and
coalescence of voids/cracks during the fracture process.

8.2 Future work
The following work is recommended for future investigations in order to gain better
understandings of the sol-enhanced electrochemical process and to develop the industrial
applications of the sol-enhanced composite plating technology.
(1) A detailed study is required to reveal the electro-crystallization process at the initial stage
of the sol-enhanced composite plating. This study can help us gain a better understanding of
the effect of sol addition on the nucleation and grain growth of the composite coatings. The
electrochemical tests and transmission electron microscopy (TEM) will be conducted.
(2) Other sol-enhanced coating systems will be synthesized, including Ni-ZrO2, Ni-Al2O3,
Cu-Al2O3, and Ni-P-ZrO2. Application of the sol-enhanced coating technique to Cu-based
composite coatings can improve the hardness and wear resistance of the coatings, developing
a new way to meet the requirements for applications as electrical contacts. For this purpose,
the effects of nano-particle dispersion on the electrical resistance need to be investigated. The
coefficient of friction of these composite coatings will also be systematically investigated.
(3) The electroplated Cr coatings have been widely used in industries due to their high
microhardness and good wear resistance. However, the Cr electroplating processes need to
use Cr6+ which is harmful to the environment and human body. We are exploring the superhard sol-enhanced electroplated Ni-based composite coatings with similar or even better
hardness and corrosion resistance, in an effort to replace the harmful Cr electroplating
coatings.
(4) The rare earth-based oxide or reactive metal oxides dispersion strengthened (ODS)
coatings have been applied in the high-temperature fields, such as turbine blades and engine
parts. The sol-enhanced composite plating may be able to be applied in preparation of highly
dispersed ODS coatings, for example Ni-Cr-Y2O3 composite coatings. This type of coatings
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may also have better microstructure and oxidation resistance than the solid particle mixed
ODS coatings, suitable for applications at high temperatures and in corrosive environments.
(5) In order to develop the industrial applications of the sol-enhanced composite plating
technology, we will establish an automatic and semi-industry-scaled assembly line in our lab.
The plating processing and coating properties in the sol-enhanced composite plating will be
systematically investigated and optimized based on the scaled-up assembly line, which will
provide a reliable and applicable basis for industries.

140

References
1.

G.Z. Cao, C.J. Brinker (Eds.), Annual review of nano research, World Scientific
Publishing, Hackensack, NJ, 2008.

2.

C.C. Koch, “Nanostructured Materials: An Overview”, in Bulk Nanostructured
Materials, M.J. Zehetbauer, Y.T. Zhu (Eds.), WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim (2009), p. 3.

3.

N. Kanani, Electroplating – Basic Principles, Processes and Practice, Elsevier
Advanced Technology, Oxford (2004).

4.

R.R. Oberle, M.R. Scanlon, R. C. Cammarata, et al. Processing and hardness of
electrodeposited Ni/Al2O3 nanocomposites. Applied Physics Letters, 1995, 66(1):
19-21.

5.

I. Shao, P.M. Vereecken, R.C. Cammarata, et al. Kinetics of particle codeposition
of nanocomposites. Journal of the Electrochemical Society, 2002, 149(11): C610C614.

6.

K.C. Chan, C.L. Wang, K.F. Zhang, et al. Superplastic deformation behavior of
the electrocodeposited Ni/SiC composite. Scripta Materialia, 2004, 51(6): 605609.

7.

W. Wang, F.Y. Hou, H. Wang, et al. Fabrication and characterization of Ni-ZrO2
composite nano-coatings by pulse electrodeposition. Scripta Materialia, 2005,
53(5): 613-618.

8.

B.S. Xu, H.D. Wang, S.Y. Dong, et al. Electrodepositing nickel silica nanocomposite coatings. Electrochemistry Communications, 2005, 7(6): 572-575.

9.

R.W. Cahn, P. Haasen. Physical Metallurgy. 4th Edition. Elsevier Science BV,
1996.

10.

M.F. Ashby. “On the Orowan stress”, in Physics of strength and plasticity, A.S.
Argon, ed., The MIT Press, Cambridge, Mass, 1969, p 113.

11.

J.R. Vinson, T.W. Chou, Composite Materials and Their Use in Structures,
Applied science publishers Ltd., London (1975), p. 124.

12.

B. Szczygiel, A. Turkiewicz and J. Serafińczuk. Surface morphology and
structure of Ni-P, Ni-P-ZrO2, Ni-W-P, Ni-W-P-ZrO2 coatings deposited by
electroless method. Surface and Coatings Technology, 2008, 202(9): 1904-1910.

13.

J.Q. Gao, Y.T. Wu, L. Liu, et al. Crystallization behavior of nanometer-sized

141

Al2O3 composite coatings prepared by electroless deposition. Materials Letters,
2005, 59(2-3): 391-394.
14.

G.H. Zhou, H.Y. Ding, F. Zhou, et al. Structure and Mechanical Properties of NiP-Nano Al2O3 Composite Coatings Synthesized by Electroless Plating. Journal of
Iron and Steel Research, International, 2008, 15(1): 65-69.

15.

J.Q. Gao, L. Liu, Y.T. Wu, et al. Electroless Ni-P-SiC composite coatings with
superfine particles. Surface and Coatings Technology, 2006, 200(20-21): 58365842.

16.

H. Xu, Z. Yang, M.K. Li, et al. Synthesis and properties of electroless Ni-PNanometer Diamond composite coatings. Surface and Coatings Technology.
2005, 191(2-3): 161-165.

17.

J.H. Adair, T. Li, T. Kido, et al. Recent developments in the preparation and
properties of nanometer-size spherical and platelet-shaped particles and
composite particles. Materials Science and Engineering: R: Reports, 1998, 23(45): 139-242.

18.

W.W. Chen and W. Gao. Plating or coating method for producing metal-ceramic
coating on a substrate. Patent NZ578038, New Zealand, 2009.

19.

W.W. Chen, Y.D. He and W. Gao, “Sol-gel enhanced Ni-P composite coatings”,
in “High Performance Coatings for Automotive and Aerospace Industries",
A.S.H. Makhlouf (Editor), Nova Science Publishers, Inc. New York, 2009.

20.

W.W. Chen, Y.D. He and W. Gao. Electrodeposition of sol-enhanced
nanostructured Ni-TiO2 composite coatings. Surface and Coatings Technology,
2010, 204(15): 2487-2492.

21.

W.W. Chen, W. Gao and Y.D. He. A novel electroless plating of Ni-P-TiO2 nanocomposite coatings. Surface and Coatings Technology, 2010, 204(15): 2493-2498.

22.

W.W. Chen, W. Gao and Y.D. He. Sol-enhanced triple-layered Ni-P-TiO2
composite coatings. Journal of Sol-Gel Science and Technology, 2010, 55(2):
187-190.

23.

W.W. Chen, Y.D. He and W. Gao. Synthesis of nanostructured Ni-TiO2 composite
coatings by sol-enhanced electroplating. Journal of the Electrochemical Society,
2010, 157(8): E122-E128.

24.

W.W. Chen and W. Gao. Sol-enhanced electroplating of nanostructured Ni-TiO2
composite coatings – The effects of sol concentration on the mechanical and

142

corrosion properties. Electrochimica Acta, 2010, 55(22): 6865-6871.
25.

W.W. Chen and W. Gao. Thermal stability and tensile properties of sol-enhanced
nanostructured Ni-TiO2 composites. Composites Part A: Applied Science and
Manufacturing, under review.

26.

W.W. Chen and W. Gao. Surface modification. Spark Idea Challenge Award, The
University of Auckland, 2009.

27.

W.W. Chen, Y.D. He and W. Gao. In situ electroless plated Ni-P-TiO2 nanocomposite coatings. SMNZI Materials Conference, December 2009, Hamilton,
New Zealand.

28.

W.W. Chen, Y.D. He and W. Gao. Thermal stability and strength in sol-enhanced
nanostructured Ni-TiO2 composites. International Conference on Structural
Integrity and Failure (SIF). July 2010, Auckland, New Zealand.

29.

W. Gao, W.W. Chen and Y.D. He. A novel method to produce nano-dispersive
metal matrix composite coatings (invited lecture). The 5th International
Conference on Technological Advances of Thin films and Surface Coating (Thin
Films 2010). July 2010, Harbin, China.

30.

W. Riedel. Electroless Nickel Plating. ASM international & Finishing Publication
Ltd. 1991.

31.

G.G. Gawrilov. Chemical (Electroless) Nickel Plating. Protcullis Press, Redhill,
UK, 1979.

32.

Glenn O. Mallory, Juan B. Hajdu. Electroless Plating: Fundamentals and
Applications. Reprint Edition. AESF, 2004.

33.

J. Sadowski-Mazur, M. E. Warwick and R. Walker. Electrodeposition and
properties of tin-nickel/silicon carbide composite coatings. Transactions of the
Institute of Metal Finishing, 1976, 64(4): 142-148.

34.

V. Sova and H. Bollhalder. Wear reduction of silver-plated sliding contacts.
Plating and Surface Finishing, 1988, 75(1): 53-55.

35.

J. Zahavi and J. Hazan. Electrodeposited nickel composites containing diamond
particles. Plating and Surface Finishing, 1983, 70(2): 57-61.

36.

S. S. Tulsi. Electroless nickel-PTFE composite coatigns. Transactions of the
Institute of Metal Finishing, 1983, 61(4):142-149.

37.

P. R. Ebdon. The performance of electroless nickel-PTFE composites. Plating and
Surface Finishing, 1988, 75(9): 65-68.

143

38.

J.P. Celis and J.R. Roos. Kinetics of the deposition of alumina particles from
copper sulphate plating baths. Journal of the Electrochemical Society, 1977,
124(10): 1508-1511.

39.

J. P. Celis, J. Roos, C. Buelens, et al. Mechanism of electrolytic composite
plating: survey and trends. Transactions of the Institute of Metal Finishing. 1991,
69(4): 133-139.

40.

Odekerken, British Patent 1041753 (1966), US Patent 3644183, Germany Patent
41406.

41.

W. Metzger, Th. Florian. Deposition of dispersion hardened coatings by means of
electroless nickel. Transactions of the Institution of Metal Finishing, 1976, 54(4):
174-177.

42.

Y.W. Song, D.Y. Shan and E.H. Han. High corrosion resistance of electroless
composite plating on AZ91D magnesium alloys. Electrochimica Acta, 2008,
53(5): 2135-2143.

43.

S. Alirezaei, S.M. Monirvaghefi, M. Salehi, et al. Wear behavior of Ni-P and NiP-Al2O3 electroless coatings. Wear, 2007, 262(7-8): 978-985.

44.

Y.T. Wu, H.Z. Liu, B. Shen, et al. The friction and wear of electroless Ni-P
matrix with PTFE and/or SiC particles composite. Tribology International, 2006,
39(6): 553-559.

45.

J. Novakovic, P. Vassiliou, KI. Samara, et al. Electroless NiP-TiO2 composite
coatings: their production and properties. Surface and Coatings Technology,
2006, 201(3-4): 895-901.

46.

P.A. Gay, J.M. Limat, P.A. Steinmann, et al. Characterisation and mechanical
properties of electroless NiP-ZrO2 coatings. Surface and Coatings Technology,
2007, 202(4-7): 1167-1171.

47.

J. Novakovic and P. Vassiliou. Vacuum thermal treated electroless NiP-TiO2
composite coatings. Electrochimica Acta, 2009, 54(9): 2499-2503.

48.

Q. Zhao and Y. Liu. Electroless Ni-Cu-P-PTFE composite coatings and their
anticorrosion properties. Surface and Coatings Technology, 2005, 200(7): 25102514.

49.

R.D. Xu, J.L. Wang, L.F. He, et al. Study on the characteristics of Ni-W-P
composite coatings containing nano-SiO2 and nano-CeO2 particles. Surface and
Coatings Technology, 2008, 202(8): 1574-1579.

144

50.

Q. Zhao, Y. Liu and E.W. Abel. Surface free energies of electroless Ni-P based
composite coatings. Applied Surface Science, 2005, 240(1-4): 441-451.

51.

S.M.A. Shibli, B. Jabeera and R.I. Anupama. Development of ZnO incorporated
composite Ni-ZnO-P alloy coating. Surface and Coatings Technology, 2006,
200(12-13): 3903-3906.

52.

Z. Yang, H. Xu, M.K. Li, et al. Preparation and properties of Ni/P/single-walled
carbon nanotubes composite coatings by means of electroless plating. Thin Solid
Films, 2004, 466(1-2): 86-91.

53.

A. Ramalho and J.C. Miranda. Friction and wear of electroless NiP and NiP +
PTFE coatings. Wear, 2005, 259(7-12): 828-834.

54.

S.S. Zhang, K.J. Han and L. Cheng. The effect of SiC particles added in
electroless Ni-P plating solution on the properties of composite coatings. Surface
and Coatings Technology, 2008, 202(12): 2807-2812.

55.

Sh. Alirezaei, S.M. Monirvaghefi, M. Salehi, et al. Effect of aliminia content on
surface morphology and hardness of Ni-P-Al2O3(α) electroless composite
coatings. Surface and Coatings Technology, 2004, 184(2-3): 170-175.

56.

Z. Abdel Hamid, S.A. El Badry and A. Abdel Aal. Electroless deposition and
characterization of Ni-P-WC composite alloys. Surface and Coatings Technology,
2007, 201(12): 5948-5953.

57.

C. Buelens, J.P. Celis and J.R. Roos. Electrochemical aspects of the plating of
gold and composite gold-alumina. Transactions of the Institute of Metal Finishing,
1985, 63(1): 6-10.

58.

C.C. Lee and C.C. Wan. A study of the composite electrodeposition of copper with
alumina powder. Journal of the Electrochemical Society, 1988, 135(8): 19301933.

59.

A. Möller and H. Hahn. Synthesis and characterization of nanocrystalline Ni/ZrO2
composite coatings. NanoStructrued Materials, 1990, 12(1-4): 259-262.

60.

M. Surender, R. Balasubramaniam and B. Basu. Electrochemical behavior of
electrodeposited Ni-WC composite coatings. Surface and Coating Technology,
2004, 187(1): 93-97.

61.

J.L. Stojak, J. Fransaer and J.B. Talbot. Review of Electrocodeposition, in: R.C.
Alkire, D.M. Kolb (Eds.), Advances in Electrochemical Science and Enginering,
Wiley-VCH Verlag, Weinheim, 2002.

145

62.

E.J. Podlaha and D. Landolt. Pulse-reverse plating of nanocomposite thin films.
Journal of The Electrochemical Society, 1997, 144(7): L200-L202.

63.

E.J. Podlaha. Selective electrodeposition of nanoparticulates into metal matrics.
Nano Letters, 2001, 1(8): 413-416.

64.

I. Garcia, J. Fransaer and J.P. Celis. Electrodeposition and sliding wear resistance
of nickel composite coatigs containing micron and submicron SiC particles.
Surface and Coatings Technology, 2001, 148(2-3): 171-178.

65.

S.C. Wang and W.C.J. Wei. Kinetics of electroplating process of nano-sized
ceramic particle/Ni composite. Materials Chemistry and Physics, 2003, 78(3):
574-580.

66.

M. Kaisheva and J. Fransaer. Influence of the surface properties of SiC particles
on their codeposition with nickel. Journal of The Electrochemical Society, 2004,
151(1): C89-C96.

67.

E.A. Pavlatou, M. Stroumbouli, P.Gyftou, et al. Hardening effect induced by
incorporation of SiC particles in nickel electrodeposits. Journal of Applied
Electrochemistry, 2006, 36(4): 385-394.

68.

A. Bund and D. Thiemig. Influence of bath composition and pH on the
electrodeposition of alumina nano-particles and copper. Journal of Applied
Electrochemistry, 2007, 37(3): 345-351.

69.

A. Bund and D. Thiemig. Influence of bath composition and pH on the
electrodeposition of alumina nano-particles and nickel. Surface and Coatings
Technology, 2007, 201(16-17): 7092-7099.

70.

W.Y. Tu, B.S. Xu, S.Y. Dong, et al. Effect of n-SiO2 on electrodeposition of nickel
and chemical bonding interaction between nano-particles and matrix metal in the
composite coating. Acta Chimica Sinica, 2004, 62(20): 2010-2014.

71.

G. Vidrich, J.F. Castagnet and H. Ferkel. Dispersion behavior of Al2O3 and SiO2
nano-particles in nickel sulfamate plating baths of different composites. Journal of
The Electrochemical Society, 2005, 152(5): C294-C297.

72.

V. Terzieva, J. Fransaer and J.P. Celis. Codeposition of hydrophilic and
hydrophobic silica with copper from acid copper sulphate baths. Journal of The
Electrochemical Society, 2000, 147(1): 198-202.

73.

P. Nowak, R.P. Socha, M. Kaisheva, et al. Electrochemical investigation of the
codeposition of SiC and SiO2 particles with nickel. Journal of Applied

146

Electrochemistry, 2000, 30(4): 429-437.
74.

F. Hu and K.C. Chan. Electrodeposition behavior of Ni-SiC composite under
different shaped waveforms. Applied Surface Science, 2004, 233(1-4): 163-171.

75.

S.W. Watson. Electrochemical study of SiC particle occlusion during nickel
eelctrodeposition. Journal of The Electrochemical Society, 1993, 140(8): 22352238.

76.

A.F. Zimmerman, D.G. Clark, K.T. Aust, et al. Pulse electrodeposition of Ni-SiC
nanocomposite. Materials Letters, 2002, 52(1-2): 85-90.

77.

P.A. Gay, P. Berçot and J. Pagetti. Electrodeposition and characterization of AgZrO2 electrodeposited coatings. Surface and Coatings Technology, 2001, 140(2):
147-154.

78.

F.Y. Hou, W. Wang and H.T. Guo. Effect of the dispersibility of ZrO2 nanoparticles in Ni-ZrO2 electroplated nanocomposite coatings on the mechanical
properties of nanocomposite coatings. Applied Surface Science, 2006, 252(10) :
3812-3817.

79.

L.P. Wang, Y. Gao, Q.J. Xue, et al. Effects of nano-diamond particles on the
structure and tribological property of Ni-matrix nanocomposite coatings.
Materials Science and Engineering A, 2005, 390(1-2): 313-318.

80.

P. Cojocaru, A. Vicenzo and P.L. Cavallotti. Electrodeposition of Au/nanosized
diamond coatings. Journal of Solid State Electrochemistry, 2005, 9(12): 850-858.

81.

B. Bozzini, G. Giovannelli and P.L. Cavallotti. An investigation into
microstructure and particle distribution of Ni-P/diamond composite thin films.
Journal of Microscopy, 1997, 185(2): 283-291.

82.

N.R. de Tacconi, C.A. Boyles and K. Rajeshwar. Surface morphology/
composition and photoelectrochemical behaviors of metal-semiconductor
composite films. Langmuir, 2000, 16(13): 5665-5672.

83.

M. Zhou, N.R. de Tacconi and K. Rajeshwar. Preparation and characterization of
nanocrystalline composite (nanocomposite) films of titanium dioxide and nickel by
occlusion electrodeposition. Journal of Electroanalytic Chemistry, 1997, 421(1-2):
111-120.

84.

C.S. Lin, C.Y. Lee, C.F. Chang, et al. Annealing behavior of electrodeposited NiTiO2 composite coatings. Surface and Coatings Technology, 2006, 200(12-13):
3690-3697.

147

85.

F. Erler, C. Jakob, H. Romanus, et al. Interface behaviour in nickel composite
coatings with nano-particles of oxidic ceramic. Electrochimica Acta, 2003, 48(2022): 3063-3070.

86.

D. Thiemig and A. Bund. Characterization of electrodeposited Ni-TiO2 nanocomposite coatings. Surface and Coatings Technology, 2008, 202(13): 2976-2984.

87.

A. Sohrabi, A. Dolati, M. Ghorbani, et al. Nanomechanical properties of
functionally graded composite coatings: Electrodeposited nickel dispersions
containing silicon micro- and nano-particles. Materials Chemistry and Physics,
2010, 121(3): 497-505.

88.

Q.Y. Feng, T.J. Li, Z.T. Zhang, et al. Preparation of nanostructured Ni/Al2O3
composite coatings in high magnetic field. Surface and Coatings Technology,
2007, 201(14): 6247-6252.

89.

E. Brillas, J. Rambla and J. Casado. Effect of chloride and sulfate ions and a
magnetic field. Journal of Applied Electrochemistry, 1999, 29(12): 1367-1376.

90.

J. Rambla, E. Brillas and J. Casado. Nickel electrowinning using a Pt catalysed
hydrogen-diffusion anode. Part II: Batch tank with a sulphate bath. Journal of
Applied Electrochemistry. 1999, 29(10): 1211-1216.

91.

D. Aslanidis, J. Fransaer and J.P. Celis. The electrolytic codeposition of silica and
titania modified silica with zinc. Journal of The Electrochemical Society, 1997,
144(7): 2352-2357.

92.

S.C. Wang and C.H. Tseng. Effect of Al2O3 nanoparticle on the microstructure
and magnetic properties of Co/Al2O3 coatings prepared by composite plating.
Advanced Materials Research, 2008, 51: 131-139.

93.

A.G. McCormack, M.J. Pomeroy and V.J. Cunnane. Microstructural development
and surface characterization of electrodeposited nickel/yttria composite coatings.
Journal of The Electrochemical Society, 2003, 150(5): C356-C361.

94.

S.W. Banovic, K. Barmak and A.R. Marder. Characterization of single and
discretely-stepped electro-composite coatings of nickel-alumina. Journal of
Material Science, 1999, 34(13): 3203-3211.

95.

S. Abel, H. Freimuth, H. Lehr, et al. Defined crystal orientation of nickel by
controlling

microelectroplating.

Journal

of

Micromechanics

and

Microengineering, 1994, 4(2): 47-54.
96.

S. Spanou, E.A. Pavlatou and N. Spyrellis.

148

Ni/nano-TiO2 compsoite

electrodeposits: textural and structural modifications. Electrochimica Acta, 2009,
54(9): 2547-2555.
97.

W.H. Safranek. The Properties of Electrodeposited Metals and Alloys. American
Elsevier Publishing Co., 1974.

98.

W.H. Safranek. The Properties of Electrodeposited Metals and Alloys. 2nd Edition.
American Electroplates and Surface Finishers Society, 1986.

99.

Z. Abdel Hamid and I.M. Ghayad. Characteristics of electrodeposition of Nipolyethylene composite coatings. Materials Letters, 2002, 53(4-5): 238-243.

100.

M.R. Vaezi, S.K. sadrnezhaad and L. Nikzad. Electrodeposition of Ni-SiC nanocomposite coatings an evaluation of wear and corrosion resistance and
electroplating characteristics. Colloids and Surface A: Physicochemical and
Engineering Aspects, 2008, 315(1-3): 176-182.

101.

K.H. Hou, W.H. Hwu, S.T. Ke, et al. Ni-P-SiC composite produced by pulse and
direct current plating. Materials Chemistry and Physics, 2006, 100(1): 54-59.

102.

G.G. Zhao, Y.B. Zhou and H.J. Zhang. Sliding wear behaviors of electrodeposited
Ni composite coatings containing micrometer and nanometer Cr particles.
Transactions of Nonferrous Metals Society of China, 2009, 19(2): 319-323.

103.

L. Benea, P.L. Bonora, A. Borello, et al. Wear corrosion properties of nanostructured SiC-nickel composite coatings obtained by electroplating. Wear, 2002,
249(10-11): 995-1003.

104.

M. Surender, R. Balasubramaniam and B. Basu. Electrochemical behavior of
electrodeposited Ni-WC composite coatings. Surface and Coatings Technology,
2004, 187(1): 93-97.

105.

J. Panek and A. Budniok. Production and electrochemical characterization of Nibased composite coatings containing titanium, vanadium or molybdenum
powders. Surface and Coatings technology, 2007, 201(14): 6478-6483.

106.

S.W. Watson. Electrochemical study of SiC particle occlusion during nickel
electrodeposition. Journal of The Electrochemical Society, 1993, 140(8): 22352238.

107.

B.J. Hwang and C.S. Hwang. Mechanism of codeposition of silicon carbide with
electrolytic cobalt. Journal of The Electrochemical Society, 1993, 140(4): 979984.

108.

Y.S. Huang, X.T. Zeng, X.F. Hu, et al. Corrosion resistance properties of

149

electroless nickel composite coatings. Electrochimica Acta, 2004, 49(25): 43134319.
109.

P.R. Webb and N.L. Robertson. Electrolytic codeposition of Ni-γAl2O3 thin films.
Journal of The Electrochemical Society, 1994, 141(3): 669-673.

110.

X.W. Cui, W.F. Wei, H.F. Liu, et al. Electrochemical study of codeposition of Al
particle – nanocrystalline Ni/Cu composite coatings. Electrochimica Acta, 2008,
54(2): 415-420.

111.

J.L. Stojak and J.B. Talbot. Effect of particles on polarization during
electrodeposition using a rotating cylinder electrode. Journal of Applied
Electrochemistry, 2001, 31(5): 559-564.

112.

G. Hinds, J.M.D. Coey and M.E.G. Lyons. Influence of magnetic force on
electrochemical mass transport. Electrochemistry Communications, 2001, 3(5):
215-218.

113.

H. Hayashi, K. Nakamura and I. Tari. Codeposition of nickel and α-alimina
particle from Watts type bath. Electrochemistry, 1999, 67(4): 344-348.

114.

X. Yang, X. Peng and F. Wang. Hot corrosion of a novel electrodeposited Ni6Cr-7Al nanocomposite under molten (0.9Na, 0.1K)2SO4 at 900oC. Scripta
Materialia, 2007, 56(10): 891-894.

115.

C.S Lin, C.Y. Lee, C.F. Chang, et al. Annealing behavior of electrodeposited NiTiO2 composite coatings. Surface and Coating Technology, 2006, 200(12-13):
3690-3697.

116.

Y. Zhou, X. Peng and F. Wang. Oxidation of a novel electrodeposited Ni-Al
nanocomposite film at 1050oC. Scripta Materialia, 2004, 50(12): 1429-1433.

117.

Y. Zhou, X. Peng and F. Wang. Size effect of Al particles on the oxidation of
electrodeposited Ni-Al composite coatings. Oxidation of Metals, 2005, 64(3-4):
169-183.

118.

X. Yang, X. Peng and F. Wang. Size effect of Al particles on the structure and
oxidation of Ni/Ni3Al composites transformed from electrodeposited Ni-Al films.
Scripta Materialia, 2007, 56(6): 509-512.

119.

X. Yang, X. Peng and F. Wang. Effect of annealing treatment on the oxidation of
an electrodeposited alumina-forming Ni-Al nanocomposite. Corrosion Science,
2008, 50(11): 3227-3232.

120.

H.F. Liu and W.X. Chen. Porosity-dependent cyclic-oxidation resistance at 850oC

150

of annealed Ni-Al-based coatings via electroplating. Surface and Coatings
Technology, 2008, 202(16): 4019-4027.
121.

Y.B. Zhou, B.Y. Qian and H.J. Zhang. Al particles size effect on the
microstructure of the co-deposited Ni-Al composite coatings. Thin Solid Films,
2009, 517(11): 3287-3291.

122.

R.Q. Fratari and A. Robin. Production and characterization of electrolytic nickelniobium composite coatings. Surface and Coating Technology, 2006, 200(12-13):
4082-4090.

123.

J.N. Balaraju and K.S. Rajam. Preparation and characterization of autocatalytic
low-phosphorus nickel coatings containg submicron silicon nitride particles.
Journal of Alloys and Compounds, 2008, 459(1-2): 311-319.

124.

B.M. Praveen and T.V. Venkatesha. Electrodeposition and properties of Zn-NiCNT composite coatings. Journal of Alloys and Compounds, 2009, 482(1-2): 5357.

125.

L. Shi, C.F. Sun, F. Zhou, et al. Electrodeposited nickel-cobalt composite coating
containing nano-sized Si3N4. Materials Science and Engineering A, 2005, 397(12): 190-194.

126.

U. Erb. Electrodeposited nanocrystals: synthesis, properties and industrial
applications. NanoStructured Materials, 1995, 6(5-8): 533-538.

127.

H.Z. Wang, S.W. Yao and S. Matsumura. Electrochemical preparation and
characterization of Ni/SiC gradient deposit. Journal of Materials Processing
Technology, 2004, 145(3): 299-302.

128.

Y.B. Zhou and Y.Z. Ding. Oxidation resistance of co-deposited Ni-SiC nanocomposite coating. Transactions of Nonferrous Metals Society of China, 2007,
17(5): 925-928.

129.

E.O. Hall. The Deformation and Ageing of Mild Steel: III discussion of results.
Proceedings of the Physical Society, Section B, 1951, 64(9): 747-753.

130.

N.J. Petch. The cleavage strength of polycrystals. Journal of the Iron and Steel
Institute, 1953, 174(1): 25-28.

131.

F. Ebrahimi, G.R. Bourne, M.S. Kelly, et al. Mechanical properties of
nanocrystalline nickel produced by electrodeposition. Nanostructured Materials,
1999, 11(3): 343-350.

132.

N.F. Mott and F.R.N. Nabarro. An attempt to estimate the degree of precipitation

151

hardening, with a simple model. Proceedings of the Physical Society, 1940, 52(1):
86-89.
133.

F.R.N. Nabarro. The mechanical properties of metallic solid solutions.
Proceedings of the Physical Society, 1946, 58(6): 669-676.

134.

W. Stöber, A. Fink and E. Bohn. Controlled growth of mono-disperse silica
spheres in the micron size range. Journal of Colloid and Interface Science, 1968,
26(1): 62-69.

135.

J. Livage. Sol-gel synthesis of hybrid materials. Bulletin of Materials Science,
1999, 22(3): 201-205.

136.

M. J. Iqbal and M. N. Ashiq. Comparative studies of SrZrxMnxFe12-2xO19 nanoparticles synthesized by co-precipitation and sol-gel combustion methods. Scripta
Materialia, 2007, 56(2): 145-148.

137.

Q. L. Zhang, F. Wu, H. Yang, et al. Preparation and dielectric properties of
(Ca0.61,Nd0.26)TiO3 nano-particles by a sol-gel method. Journal of Materials
Chemistry, 2008, 18(44): 5339-5343.

138.

A. E. Gash, T. M. Tillotson, J. H. Satcher, et al. Use of epoxides in the sol-gel
synthesis of porous iron(III) oxide monoliths from Fe(III) salts. Chemistry of
Materials, 2001, 13(3): 999-1007.

139.

C. N. Chervin, B. J. Clapsaddle, H. W. Chiu, et al. A non-alkoxide sol-gel method
for the preparation of homogeneous nanocrystalline powders of La0.85Sr0.15MnO3.
Chemistry of Materials, 2006, 18(7):1928-1937.

140.

P.H. Chiu, C.J. Huang and Y.H. Wang. Characterization and synthesis of GSCS
nano-particles by sol-gel method with controlling of adding water amount.
Journal of The Electrochemical Society, 2008, 155(10): K183-K189.

141.

C. Wang, Y.D. Hou, H.Y. Ge, et al. Sol-gel synthesis and characterization of
lead-free LNKN nanocrystalline powder. Journal of Crystal Growth, 2008,
310(22): 4635-4639.

142.

M. Kallala, C. Sanchez and B. Cabane. Structures of inorganic polymers in sol-gel
processes based on titanium oxide. Physical Review E, 1993, 48(5): 3692-3704.

143.

T. Ogihara, M. Ikeda, M. Kato, et al. Continuous processing of monodispersed
titania powders. Journal of the American Ceramic Society, 1989, 72(9): 15981601.

144.

M. Gotić, M. Ivanda, A. Sekulić, et al. Microstructure of nanosized TiO2 obtained

152

by sol-gel synthesis. Materials Letters, 1996, 28(1-3): 225-229.
145.

J.J. Qiu, Z.G. Jin, Z.F. Liu, et al. Fabrication of TiO2 nanotube film by wellaligned ZnO nanorod array film and sol-gel process. Thin Solid Films, 2007,
515(5): 2897-2902.

146.

K.I. Hadjiivanov and D.G. Klissurski. Surface chemistry of titania (anatase) and
titania-supported catalysts. Chemical Society Reviews, 1996, 25(1): 61-69.

147.

P. Forzatti. Environmental catalysis for stationary applications. Catalysis Today,
2000, 62(1): 51-65.

148.

Z. Ma, Y.H. Yue, X.Y. Deng, et al. Nanosized anatase TiO2 as precursor for
preparation of sulfated titania catalysts. Journal of Molecular Catalysis A:
Chemical, 2002, 178(1-2): 97-104.

149.

C.A. Linkous, G.J. Carter, D.B. Locuson, et al. Photocatalytic inhibition of algae
growth using TiO2, WO3, and cocatalyst modifications. Environmental Science
and Technology, 2000, 34(22): 4754-4758.

150.

J.K. Yang and A.P. Davis. Photocatalytic oxidation of Cu(II)-EDTA with
illuminated TiO2: kinetics. Environmental Science and Technology, 2000, 34(17):
3789-3795.

151.

K.J. Buechler, R.D. Noble, C.A. Koval, et al. Investigation of the effects of
controlled periodic illumination on the oxidation of gaseous trichloroethylene
using a thin film of TiO2. Industrial and Engineering Chemistry Research, 1999,
38(3): 892-896.

152.

A. Maldoti, A. Molinari and R. Amadeni. Photocatalysis with organized systems
for the oxofunctionalization of hydrocarbons by O2. Chemical Reviews, 2002,
102(10): 3811-3836.

153.

M. Anpo and M. Takeuchi. The design and development of highly reactions
titanium oxide photocatalysts operating under visible light irradiation. Journal of
Catalysis, 2003, 216(1-2): 505-516.

154.

A. Fujishima, T.N. Rao and D.A. Tryk. Titanium dioxide photocatalysis. Journal
of Photochemistry and Photobiology C: Photochemistry Reviews, 2000, 1(1): 121.

155.

I. Hayakawa, Y. Iwamoto, K. Kikuta, et al. Gas sensing properties of metalorganic derived Pt dispersed-TiO2 thin film fired in NH3. Sensors and Actuators
B: Chemical, 2000, 67(3): 270-274.

153

156.

Y.F. Zhu, J.J. Shi, Z.Y. Zhang, et al. Development of a gas sensor utilizing
chemiluminescence on nanosized titanium dioxide. Analytical Chemistry, 2002,
74(1): 120-124.

157.

U. Bach, D. Lupo, P. Comte, et al. Solid-state dye-sensitized mesoporous TiO2
solar cells with high photon-to-electron conversion efficiencies. Nature, 1998,
395(6702): 583-585.

158.

M. Grätzel. Photoelectrochemical cells. Nature, 2001, 414(6861): 338-344.

159.

M. Adachi, Y. Murata, J. Takao, et al. Highly efficient dye-sensitized solar cells
with a titania thin-film electrode composed of a network structure of singlecrystal-like TiO2 nanowires made by the “oriented attachment” mechanism.
Journal of American Chemistry Society, 2004, 126(45): 14943-14949.

160.

S. Zhang, L.M. Peng, Q. Chen, et al. Formation mechanism of H2Ti3O7 nanotubes.
Physical Review Letters, 2003, 91(25): 256103.

161.

K.R. Mier and M. Grätzel. Redox targeting of oligonuleotides anchored to
nanocrystalline TiO2 films for DNA detection. ChemPhysChem, 2002, 3(4): 371374.

162.

T. Paunesku, T. Rajh, G. Wiederrecht, et al. Biology of TiO2-oligonucleotide
nanocomposites. Nature Materials, 2003, 2(5): 343-346.

163.

W. Wang, B. Gu, L. Liang, et al. Synthesis of rutile (alpha -TiO2) nanocrystals
with highly controlled size and shape by low temperature hydrolysis: Effects of
solvent composition. The Journal of Physical Chemistry B, 2004, 108(39): 1478914792.

164.

Y.Q. Shao, D. Tang, J.H. Sun, et al. Lattice deformation and phase transformation
from nano-scale anatase to nano-scale rutile TiO2 prepared by a sol-gel
technique. China Particuology, 2004, 2(3): 119-123.

165.

J. Garćia-Serrano, E. Gómez-Hernández, M. Ocampo-Fernández, et al. Effect of
Ag doping on the crystallization and phase transition of TiO2 nano-particles.
Current Applied Physics, 2009, 9(5): 1097-1105.

166.

J.M. Kim, S.M. Chang, S. Kim, et al. Design of SiO2/ZrO2 core-shell particles
using the sol-gel process. Ceramic International, 2009, 35(3): 1243-1247.

167.

Z.J. Li, W.Z. Shen, Z.G. Wang, et al. Direct formation of SiO2/SnO2 composite
nano-particles with high surface area and high thermal stability by sol-gelhydrothermal process. Journal of Sol-Gel Science and Technology, 2009, 49(2):

154

196-201.
168.

O.P. Watts. Transactions of The American Electrochemical Society, 1916, 29:
395.

169.

G.A. DiBari, “Electrodeposition of Nickel”, in “Morden Electroplating”, M.
Schlesinger, M. Paunovic (Eds.), Fourth Edition, John Wiley & Sons Inc. 2000.

170.

S. Field and A.D. Weill (Eds.). Electro-plating. Second Edition, Sir Isaac Pitman
& Sons, London 1935.

171.

S. Dobatkin and X. Sauvage. “Bulk Nanostructured Multiphase Ferrous and
Nonferrous Alloys”, in “Bulk Nanostructured Materials”, M.J. Zehetbauer, Y.T.
Zhu (Eds.), WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2009.

172.

M. Ebrahimian-Hosseinabadi, K. Azari-Dorcheh and S.M. Moonir Vaghefi. Wear
behavior of electroless Ni-P-B4C composite coatings. Wear, 2006, 260(1-2): 123127.

173.

G. Straffelini, D. Colombo and A. Molinari. Surface durability of electroless Ni-P
composite deposits. Wear, 1999, 236(1-2): 179-188.

174.

Y.W. Song, D.Y. Shan, R.S. Chen, et al. Processes and properties of electroless
Ni-P-ZrO2 composite coating on AZ91D magnesium alloy. Chinese Journal
Nonferrous Metals, 2006, 16(4): 625-630.

175.

Y.W. Song, D.Y. Shan, R.S. Chen, et al. Study on electroless Ni-P-ZrO2
composite coatings on AZ91D magnesium alloys. Surface Engineering, 2007,
23(5): 334-338.

176.

C.K. Chen, H.M. Feng, H.C. Lin, et al. The effect of heat treatment on the
microstructure of electroless Ni-P coatings containing SiC particles. Thin Solid
Films, 2002, 416(1-2): 31-37.

177.

H. Sakai, H. Kawahara, M. Shimazaki, et al. Preparation of ultrafine titanium
dioxide particles using hydrolysis and condensations in the inner aqueous phase of
reversed micelles: Effect of alcohol addition. Langmuir, 1998, 14(8): 2208-2212.

178.

Q.H. Shen, H. Yang, J.W. Gao, et al. Low-temperature fabication of porous
anatase TiO2 film with tiny slots and its photocatalytic activity. Materails Letters,
2007, 61(19-20): 4160-4162.

179.

H.S. Li, Y.P. Zhang, S.Y. Wang, et al. Study on nanomagnets supported TiO2
photocatalysts prepared by a sol-gel process in reverse microemulsion combing
with solvent-thermal technique. Journal of Hazardous Materials, 2009, 169(1-3):

155

1045-1053.
180.

R.A. Caruso, J.H. Schattka and A. Greiner. Titanium dioxide tubes from sol-gel
coating of electrospum polymer fibers. Advanced Materials, 2001, 13(20): 15771579.

181.

P. Hoyer. Formation of a titanium dioxide nanotube array. Langmuir, 1996, 12(6):
1411-1413.

182.

T. Kasuga, M. Hiramatsu, A. Hoson, et al. Formation of titanium oxide nanotube.
Langmuir, 1998, 14(12): 3160-3163.

183.

M. Gopal, W.J. Moberly Chan, L.C. De Jonghe. Room temperature synthesis of
crystallization metal oxides. Journal of Materials Science, 1997, 32(22): 60016008.

184.

Z.L. Tang, J.Y. Zhang, Z. Cheng, et al. Synthesis of nanosized rutile TiO2 powder
at low temperature. Materials Chemistry and Physics, 2002, 77(2): 314-317.

185.

M. Paunovic and C. Stack. Electrocrystallization. Proceedings, ed. R.G. Baradas.
Vol. 81-86, 1981, Pennington, NJ: The Electrochemical Society. p. 205.

186.

R. Ambat and W. Zhou. Electroless nickel-plating on AZ91D magnesium alloy:
effect of substrate microstructure and plating parameters. Surface and Coatings
Technology, 2004, 179(2-3): 124-134.

187.

C.D. Gu, J.S. Lian, G.Y. Li, et al. Electroless Ni-P plating on AZ91D magnesium
alloy from a sulphate solution. Journal of Alloys and Compounds, 2005, 391(1-2):
104-109.

188.

Z. Zhang and D.L. Chen. Consideration of Orowan strengthening effect in
particulate-reinforced metal matrix nano-composites: A model for predicting their
yield strength. Scripta Materialia, 2006, 54(7): 1321-1326.

189.

W. Ye, Y. Li and F.H. Wang. Effects of nanocrystallization on the corrosion
behaviour of 309 stainless steel. Electrochimica Acta, 2006, 51(21): 4426-4432.

190.

L. Liu, Y. Li and F.H. Wang. Influence of nanocrystallization on passive
behaviour of Ni-based superalloy in acidic solutions. Electrochimica Acta, 2007,
52(7): 2392-2400.

191.

L. Liu, Y. Li and F.H. Wang. Influence of grain size on te corrosion behavior of a
Ni-based

superalloy

nanocrystalline

coating

in

NaCl

acidic

solution.

Electrochimica Acta, 2008, 53(5): 2453-2462.
192.

Y.D. He, H.F. Fu, X.G. Li, et al. Microstructure and properties of mechanical

156

attrition enhanced electroless Ni-P plating on magnesium alloy. Scripta
Materialia, 2008, 58(6): 504-507.
193.

Z.X. Ping, Y.D. He, C.D. Gu, et al. Mechanically assisted electroplating of Ni-P
coatings on carbon steel. Surface and Coatings Technology, 2008, 202(24): 60236028.

194.

C. Wang, Y.B. Zhong, J. Wang, et al. Effect of magnetic field on electroplating
Ni/nano-Al2O3 composite coating. Journal of Electroanalytical Chemistry, 2009,
630(1-2): 42-48.

195.

M. Popczyk, J. Kubisztal and A. Budniok. Structure and electrochemical
characterization of electrolytic Ni+Mo+Si composite coatings in an alkaline
solution. Electrochimica Acta, 2006, 51(27): 6140-6144.

196.

U.F. Kocks. A statistical theory of flow stress and work-hardening. Philosophical
Magazine, 1966, 13(123): 541-566.

197.

R. Ebeling and M.F. Ashby. Dispersion hardening of copper single crystals.
Philosophical Magazine, 1966, 13(124): 805-834.

198.

A.J.E. Foreman and M.J. Makin. Dislocation movement through random arrays of
obstacles. Philosophical Magazine, 1966, 14(131): 911-924.

199.

H.Q. Li and F. Ebrahimi. An investigation of thremal stability and microhardness
of electrodeposited nanocrystalline nickel-21%iron alloys. Acta Materialia, 2003,
51(13): 3905-3913.

200.

A.A. Aal, S.M. El-Sheikh and Y.M.Z. Ahmed. Electrodeposited composite
coating of Ni-W-P with nano-sized rod- and spherical-shaped SiC particles.
Materials Research Bulletin, 2009, 44(2-3): 151-159.

201.

S.L. Wang and L.E. Murr. Effect of prestrain and stacking-fault energy on the
application of the Hall-Petch relation in fcc metals and alloys. Metallography,
1980, 13(3): 203-224.

202.

J.C. Whithers. Products Finishing (Cincinnati), 1962, 26(11): 62.

203.

N. Guglielmi. Kinetics of the deposition of inert particles from electrolytic baths.
Journal of The Electrochemical Society, 1972, 119(8): 1009.

204.

Z.H. Ning, Y.D. He and W. Gao. Mechanical attrition enhanced Ni electroplating.
Surface and Coatings Technology, 2008, 202(10): 2139-2146.

205.

T. Watanabe. Nano-plating – Microstructure control theory of plated film and data
base of plated film microstructure. Elsevier, Amsterdam, 2004.

157

206.

R.V. Williams and P.W. Martin. Transactions of the Institute of Metal Finishing,
1964, 42: 182.

207.

E.A. Brandes and D. Goldthorpe. Electrodeposition of cermets. Metallurgia, 1967,
76: 195-198.

208.

A. Hovestad and L.J.J. Janssen. Electrochemical codeposition of inert particles in
a metallic matrix. Journal of Applied Electrochemistry, 1995, 25(6): 519-527.

209.

J. Steinbach and H. Ferkel. Nanostructured Ni-Al2O3 films prepared by DC and
pulsed DC electroplating. Scripta Materialia, 2001, 44(8): 1813-1816.

210.

G.Y. Chai, Y. Sun, J.R. Sun, et al. Mechanical properties of carbon nanotubecopper nanocomposites. Journal of Micromechanics and Microengineering, 2008,
18(3): 035013.

211.

S. Arai, T. Saito and M. Endo. Cu-MWCNT composite films fabricated by
electrodeposition. Journal of the Electrochemical Society, 2010, 157(3): D147D153.

212.

E.A. Pavlatou, M. Stroumbouli, P. Gyftou, et al. Hardening effect induced by
incorporation of SiC particles in nickel electrodeposits. Journal of Applied
Electrochemistry, 2006, 36(4): 385-394.

213.

K.C. Chan, G.F. Wang, C.L. Wang, et al. Low temperature and high strain rate
superplasticity of the electrodeposited Ni/Si3N4(w) composite. Scripta Materialia,
2005, 53(11): 1285-1290.

214.

T.W. Clyne and P.J. Withers, editors. An Introduction to Metal Matrix
Composites. Cambridge University Press, Cambridge 1993.

215.

F. Miani, P. Matteazzi, D. Basset, et al. Thermal stability of nanocrystalline ironiron carbide composites. A MÖssbauer study. Hyperfine Interaction, 1994, 94(1):
2219-2222.

216.

M.A. Thein, L. Lu and M.O. Lai. Kinetics of grain growth in nanocrystalline
magnesium-based metal-metal composite synthesized by mechanical alloying.
Composites Science and Technology, 2006, 66(3-4): 531-537.

217.

Y. Radi and R. Mahmudi. Effect of Al2O3 nano-particles on the microstructural
stability of AZ31 Mg alloy after equal channel angular pressing. Materials
Science and Engineering A, 2010, 527(10-11): 2764-2771.

218.

S.C. Wang and W.C.J. Wei. Characterization of electrodeposited Ni/SiC and
Ni/Al2O3 composite coatings bearing nanoparticles. Journal of Materials

158

Research, 2003, 18(7): 1566-1574.
219.

R.J. Arsenault and N. Shi. Dislocation generation due to differences between the
coefficients of thermal expansion. Materails Science and Engineering, 1986, 81:
175-187.

220.

Y.T. Zhu, B.Q. Han and

E.J. Lavernia. Deformation Mechanisms of

Nanostructured Materials. In: M.J. Zehetbauer and Y.T. Zhu, editors. Bulk
Nanostructured Materials, Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim
2009.
221.

V. Yamakov, D. Wolf, S.R. Phillpot, et al. Dislocation processes in the
deformation of nanocrystalline aluminium by molecular-dynamics simulation.
Nature Materials 2002, 1: 45-49.

222.

H. Van Swygenhoven and P.M. Derlet, A Hasnaoui. Atomic mechanism for
dislocation emission from nanosized grain boundaries. Physics Review B, 2002,
66(2): 024101.

223.

R. Schwaiger, B. Moser and T. Hanlon. Fracture and Crack Growth in Bulk
Nanostructured Materials. In: MJ Zehetbauer, YT Zhu, editors. Bulk
Nanostructured Materials. Wiley-VCH Verlag GmbH and Co. KGaA, Weinheim
2009.

224.

M. Chauhan and F.A. Mohamed. Investigation of low temperature thermal
stability in bulk nanocrystalline Ni. Materials Science and Engineering A, 2006,
427(1-2): 7-15.

225.

F.J. Humphreys and M. Hatherly, editors. Recrystallization and Related
Annealing Phenomena. Pergamon 1995.

226.

M.C. Iordache, S.H. Whang, Z. Jiao and Z.M. Wang. Grain growth kinetics in
nanostructured nickel. NanoStructured Materials, 1999, 11(8): 1343-1349.

227.

T.R. Malow and C.C. Koch. Grain growth in nanocrystalline iron by mechanical
attrition. Acta Materialia, 1997, 45(5): 2177-2186.

228.

H. Natter, M. Schmalzer, M.S. LÖffler, et al. Grain-growth kinetics of
nanocrystalline iron studies in situ by synchrotron real-time X-ray diffraction. The
Journal of Physical Chemistry B, 2000, 104 (11): 2467-2476.

229.

K. Boylan, D. Ostrander, U. Erb, et al. An in-situ TEM study of the thermal
stability of nanocrystalline Ni-P. Scripta Metallurgica et Materialia, 1991, 25(12):
2711-2716.

159

230.

J. Lee, F. Zhou, K.H. Chung, et al. Grain growth of nanocrystalline Ni powders
prepared by cryomilling. Metallurgical and Materials Transactions A, 2001,
32(12): 3109-3115.

231.

V.L. Tellkamp, S. Dallek, D. Cheng and E.J. Lavernia. Grain growth behaviour of
a nanostructured 5083 Al-Mg alloy. Journal of Materials Research, 2001, 16(4):
938-944.

232.

A.F. Zimmerman, G. Palumbo, K.T. Aust and U. Erb. Mechanical properties of
nickel silicon carbide nanocomposites. Materials Science and Engineering A,
2002, 328(1-2): 137-146.

233.

K.E. Puttick. Ductile fracture in metals. Philosophical Magazine, 1959, 4(44):
964-969.

234.

G.L. Roy, J.D. Embury, G. Edwards, M.F. Ashby. A model of ductile fracture
based on the nucleation and growth of voids. Acta Metallurgica, 1981, 29(8):
1509-1522.

235.

A.R. Rosenfield. Criteria for ductile fracture of two-phase alloys. International
Materials Reviews, 1968, 13: 29-40.

236.

D. J. Lloyd. Aspects of fracture in particulate reinforced metal matrix composites.
Acta Metallurgica et Materialia, 1991, 39(1): 59-71.

237.

M. Manoharan and J.J. Lewandowski. Crack initisation and growth thoughness of
an aluminium metal-matrix composites. Acta Metallurgica et Materialia, 1990,
38(3): 489-496.

238.

T. Okabe, M. Nishikawa, N. Takeda and H. Sekine. Effect of matrix hardening on
the tensile strength of alumina fiber-reinforced aluminium matrix composites.
Acta Materilia, 2006, 54(9): 2557-2566.

239.

A. Hauert, A. Rossoll and A. Mortensen. Particle fracture in high-volume-fraction
ceramic-reinforced metals: Governing parameters and implications for composite
failure. Journal of the Mechanics and Physics of Solids, 2009, 57(11): 1781-1800.

240.

K Abedi and M Emamy. The effect of Fe, Mn and Sr on the microstructure and
tensile properties of A356-10% SiC composite. Materials Science and
Engineeirng A, 2010, 527(16-17): 3733-3740.

241.

Y. Sun, J.R. Sun, M. Liu and Q.F. Chen. Mechanical strength of carbon nanotubenickel nanocomposites. Nanotechnology, 2007, 18(50): 505704.

242.

A. Hauert, A. Rossoll and A. Mortensen. Fracture of high volume fracture ceramic

160

particle reinforced aluminium under multiaxial stress. Acta Materilia, 2010,
58(11): 3895-3907.
243.

Y.X. Gan, C.S. Wei, M. Lam, et al. Deformation and fracture behavior of
electrocodeposited alumina nanoparticle/copper composite films. Journal of
Materials Science, 2007, 42(13): 5256-5263.

244.

J.R. Fisher and J. Gurland. Void nucleation in spheroidized carbon steels Part 1:
Experimental. Metal Science, 1981, 15(5): 185-192.

245.

K.S. Kumar, S. Suresh, M.F. Chisholm, et al. Deformation of electrodeposited
nanocrystalline nickel. Acta Materialia, 2003, 51(2): 387-405.

161

