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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 nano-

particles (~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 nano-

particles 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 nano-

sized particles and metal ions co-deposit onto the surface of w                        

orking parts, forming metal-matrix nano-composite coatings [3]. The purpose of the nano-

composite 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 
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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 co-

deposit 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 nano-

dispersion 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 nano-

particle 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 
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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 sol-

enhanced 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 sol-

enhanced electroplating based on the comparative study with the traditional composite 

electroplating.  Chapter 7 investigates the thermal stability and tensile deformation of the sol-

enhanced 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 
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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-P-

TiO2 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 Ni-

P-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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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.  

 

 

 

 

 

 

 

 

5 μm 
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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-P-

SiC 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. 
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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 semi-

coherent 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 as-

plated 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]. 
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2.2.2 Composite electroplating 

The properties of electroplated coatings can be substantially modified by dispersing second-

phase 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 cross-

sectional 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 co-

deposition 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 nano- 

composite 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 

  

  

  
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 

c d

fe

ba
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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 adsorption-

desorption 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 [97-

98]. 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, 104-

114], 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 Ni-

WC 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 Ni-

WC 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 nano-

composite 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). 

 

a c

d e f

b
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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.  



 32

 
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.  

 

[131]
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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 non-

deformable. 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 nano-

composites [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 metal- 

based 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, metal-

ceramic 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 nano-

particles, 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 as-

derived 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 Ag-

TiO2 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 homo-

aggregates 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 sol-

gel 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 co-

depositing 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 nano-

particles are deposited in the metal matrix as metal ions are discharged, so “buried” in the 

metals as shown in Fig. 3.1(5). 

 

 

1

234
5

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 nano-

particles. 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 sol-

enhanced 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 nano-

particles 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 potentio-

dynamic 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  

and parameters 

Quantity  Bath composition  

And parameters 

Quantity 

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 
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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:                                  

    
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 

(4.1) 
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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 sol-

enhanced 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 sol-

enhanced 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 sol-

enhanced 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-P-

TiO2 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 sol-

enhanced 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-P-

TiO2 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) 

Ethanol 

590 ± 10 

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 large-

scale 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]: 

 
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 nano-

particles 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. 

 

(4.4) 
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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, 112-

113]. 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 [196-

198]. 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 nano-

structured 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 nano-

composite 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.  

 

1 1

2
34

5

1 Anode
2 Cathode
3 Electroplating solution 
4 Container
5 Lid

 
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 mean-

root-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 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 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 sol-

enhanced 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 Ni-

TiO2 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 sol-

enhanced 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.   

 

 



 83

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 Ni-

TiO2 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 



 86

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. 

 

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.  
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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 Ni-

TiO2 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 cross-

sectional 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 

from XRD patterns  

(nm) 

Grain size measured 

from TEM  

(nm) 

Microhardness 

(HV100) 

 

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 nano-

particles 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]. 

 

  
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 

(5.2) 

(5.3) 
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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]: 

 
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 

(5.4) 
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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 non-

conductive 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 sol-

enhanced 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 

  

  

  



 102

  

 
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 Ni-

TiO2 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  

20 30 40 50 60 70 80 90

0

200

400

600 20 30 40 50 60 70 80 90

0

200

400

600
20 30 40 50 60 70 80 90

0
100
200
300
400
500

(c)

(b)

2θ

(a)
Traditional Ni

1

3 44

In
te

ns
ity

 (a
.u

.)

Traditional Ni-TiO2

1

3 44

2

2

Sol-enhanced
Ni-TiO2

1 Ni(111)       3 Ni(220)
2 Ni(200)       4 Fe

1

2 3 44

(1)

 

20 30 40 50 60 70 80 90

0

4000

8000
20 30 40 50 60 70 80 90

0

500

1000 20 30 40 50 60 70 80 90

0

200

400

2θ

(a)
Traditional Ni

1 Ni(111)          4 Fe
2 Ni(200)          5 TiO2

3 Ni(220)

3In
te

ns
ity

 (a
.u

.)

(b)
Traditional Ni-TiO2

2
34 45

1

(c)
Sol-enhanced
Ni-TiO2

1 2

3

4

(2)

 



 107

20 30 40 50 60 70 80 90

0

10000

20000

20 30 40 50 60 70 80 90

0

800

1600
20 30 40 50 60 70 80 90

0

4000

8000

2θ

(a)
Traditional Ni

In
te

ns
ity

 (a
.u

.)
(b)
Traditional Ni-TiO2

1 Ni(111)         3 Ni(220)
2 Ni(200)       

1

2

3

3

3

(c)
Sol-enhanced
Ni-TiO2 1 2

(3)

 
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 Ni-

TiO2 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 sol-

enhanced 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 

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 Ni-

TiO2 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 Ni-

TiO2 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 sol-

enhanced 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: 

   
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 sol-

enhanced 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 sol-

enhanced 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.    

(6.1) 
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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 sol-

enhanced 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 nano-

composites. 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 nano-

particles 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 Ni-

TiO2 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 sol-

enhanced 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 sol-

enhanced 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 Ni-

TiO2 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 void-

like 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 Ni-

TiO2 composites demonstrated different thermal stability and tensile behaviours. The nano-

particle 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]: 

                        
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 Dn-

D0
n 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.  

 

(7.1) 
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Fig. 7.10 The Arrhenius plots for the grain growth of the traditional and sol-enhanced Ni-

TiO2 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 sol-

enhanced 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 sol-

enhanced 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 large-

scaled 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 Ni-

TiO2 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 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 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. 
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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 sol-

enhanced 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 super-

hard 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. 
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