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 ABSTRACT 

The aim of this thesis research is to study and develop Au–Ni based composite 

coatings with improved mechanical properties. Noble Au coatings have a wide range 

of applications including various electrical contacts, decorative coating and jewelry. 

However, the low hardness and poor wear resistance of the coatings have largely 

shortened their service life and limited their applications. This project is based on 

sol-enhanced nano-composite coating technology, which is a novel technique recently 

developed in our group. Highly dispersed oxide particles such as TiO2 and ZrO2 are 

introduced into the Au–Ni coating matrix, resulting in much improved mechanical 

properties. 

 

In this research project, electroplating was used to make Au–Ni based coatings. TiO2 

(or ZrO2) solid particles and Ti (or Zr) contained sol were added into the standard 

Au–Ni electroplating solution as the source of the ceramic reinforcement to form 

different types of composite coatings. At the same time, a pulse power supply was 

also employed to study the effects of both the processing parameters and the second 

phase on the microstructure and properties of coatings. 

 

A number of metal-oxide combinations, including direct and pulse current power 

supply produced Au–Ni, Au–Ni–TiO2 and Au–Ni–ZrO2 coatings were prepared and 

characterized. The addition of solid particle or sol influenced the microstructure and 

crystallization direction strength of the coatings. Consequently, the nano-hardness, 

scratch resistance and wear resistance of the composite coatings were improved 

compared with the standard direct current (DC) plated Au–Ni coatings. The effects of 

composition and the processing parameters of the deposition on the microstructure 

and properties of the coatings were studied, and the underlying strengthening 

mechanism was investigated. 
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The color, reflection, electrical resistivity and corrosion resistance of the improved 

coatings were also investigated in the research. It was found that the addition of solid 

particle or sol has no influence on the above properties. This makes it feasible to 

apply the enhanced coatings in various purposes with longer service life.  

 

Scaling-up experiments were conducted in the factory. Au ion concentration 

decreased significantly and Ti ion concentration dropped gradually during the 

electroplating process. The sol-enhanced coatings presented improved mechanical 

properties compared to standard Au–Ni coatings. Sol-enhanced Au–Ni–TiO2 bracelets 

were manufactured in the factory for a long-term macro-wear test. At the same time, 

an application-specific modified soft wear test system was established especially for 

soft coatings providing a visible quantification method to characterize the wear 

property. 
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Chapter 1 Introduction 

1.1 Background 

Electroplating is a conventional surface engineering technology, whereby an 

electrochemical deposited thin layer of metal or alloy is deposited on the surface of a 

solid in order to achieve the purpose of surface modification [1]. As an important 

surface technology, electrochemical coatings have been applied widely in industries 

for various functions. With the development of science and technology, a variety of 

new requirements for material properties emerged. The performance of a single 

material was often unable to meet a variety of needs. Therefore, the electroplated 

composite coating was rapidly developed and gained widespread application in 

engineering technology for its high level of hardness, wear resistance, corrosion 

resistance, special decorative appearance, electrical resistivity and so on [2-5]. 

However, second phase particles used in a wide range of composite coatings were 

mostly in micron level, and their performance subject to many restrictions.  

 

Development of nano-materials technology has brought new opportunities to the 

composite coating. Among a number of advantages, its small size effect gives the 

nano-composite coating a much higher level of hardness, wear resistance and possibly 

better corrosion resistance than the conventional composite coating [6-8]. The 

traditional way to achieve a “nano-dispersion” composite coating is using 

electrochemical deposition with nano-sized solid particles mixed in an electrolyte 

solution, and then, the nano-particles and the metal ions are co-deposited onto the 

substrate surface to form a nano-composite coating [9]. However, it is always easy for 

nano-particles to form agglomeration because of the surface effect. Therefore, it has 

long been a challenge to prepare a highly dispersive nano-particle reinforced 

composite coating [10]. 
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1.2 Objectives 

Au, Au alloy and Au composite coatings are indispensable in industry because of their 

high reliability and unique properties. To further improve the properties of the 

coatings, various composite coatings incorporating strengthening particles have been 

developed. Sol-enhanced coatings [10-19] and solid powder enhanced coatings have 

become one of the highlights for optimizing electrochemical coatings.  

 

This research has two main objectives: first, to synthesize and develop solid powder 

or sol electroplated Au–Ni coatings with improved mechanical property, compare the 

difference between powder and sol enhanced Au–Ni coatings, and analyze their 

strengthening mechanism; second, to further improve other properties of Au–Ni 

coatings and explore the potential applications of novel functional electroplated 

Au–Ni coatings. The detailed objectives of the present study are listed as below. 

 

(1) Investigate the influence of the concentration of the conventional solid particle 

mixing method and sol technology on the microstructure and properties of 

Au–Ni–TiO2 (or ZrO2) composite coatings. 

 

This part investigates the microstructure of solid particle or sol enhanced composite 

coatings using field emission scanning electron microscopy (FESEM), transmission 

electron microscopy (TEM), X-ray diffraction (XRD) and laser particle analyzer. 

These investigations help to develop an understanding of the effect of solid particles 

or sol dispersion on grain size and grain orientation. The properties of solid particle or 

sol enhanced composite coatings, including nano-hardness, wear resistance, 

color/reflection estimation, electric resistance and corrosion resistance have been 

widely investigated. A comparison between the sol-enhanced and solid particles 

mixing methods has been conducted. 
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(2) Understand the formation mechanism and mechanical strength mechanism of 

sol-enhanced composite coatings. 

 

This study investigates in detail the formation processes of sol-enhanced composite 

coatings by direct or pulse current electroplating. The forming, transferring and 

co-deposition of the nano-sized particles of sol technology have been studied. The 

formation processes of sol-enhanced composite coatings have been investigated and 

analyzed in detail. A theoretical model has been established to elaborate the 

microstructure evolution mechanism of Au–Ni–TiO2 composite coatings. 

 

(3) Investigate the synergistic effect of pulse power supply and second phase on the 

microstructure and properties of Au–Ni–TiO2 (or ZrO2) composite coatings.  

 

This study systematically investigates the mechanical properties and microstructure of 

pulse electroplated and second phase enhanced Au–Ni–TiO2 (or ZrO2) composite 

coatings by using FESEM, XRD, nano-indentation and wear tester. These 

investigations help to understand the optimized parameters for improved mechanical 

properties. A comparison between sol-enhanced and solid particle mixing methods 

has also been conducted. 

 

(4) Investigate other properties and conduct scaling up process in order to develop 

further potential application. 

 

Besides improving the mechanical properties as nano-hardness, wear property for the 

composite Au–Ni–TiO2 (or ZrO2) coatings, the color/reflection, electrical resistivity, 

and corrosion property have also been considered and further investigated in view of 

different typical environments. In order to expend our laboratory technology to 

industrial-scale production, “scaling up experiments” joined with Rigg Electroplating 

Company New Zealand have been conducted. Ion consumption rate during series of 

electroplating process has been measured to understand the time needed to replenish 
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the ions in the practical application of sol technology. An application-specific 

modified soft wear test system will be established to provide a visible quantification 

method to characterize the wear property of soft coatings. 
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Chapter 2 Literature Review 

Electroplating holds an important position in modern science and industry as a surface 

treatment technology with a long development history. With the rapid development of 

electronics, machinery manufacturing and other high-tech industries, electrochemical 

composite coating technology, especially nano-composite electroplating, has attracted 

a great deal of interest due to its obvious advantages and significantly improved 

properties. 

 

2.1 Electroplating 

Electroplating is the application of a metal coating to a metallic or other conducting 

surface by an electrochemical process. Due to its unique properties, such as increased 

hardness, wear resistance, corrosion prevention, tarnish resistance, chemical 

resistance, excellent electrical conductivity, solder ability, light reflection and 

decorative appearance, electroplating products have been widely used in a number of 

industrial applications, such as automobile, ship, aerospace, machinery, electronics 

and jewelries [1-3]. 

 

2.1.1 Electroplating Overview 

Modern electrochemical deposition was invented by Italian chemist Luigi V. 

Brugnatelli in 1805. He completed the first electro-deposition with electrodes 

following the invention of voltaic pile by his colleague Alessandro Volta in 1800. In 

1839, English and Russian scientists designed the metal electro-deposition process 

independently, although similar to Brugnatelli’s invention. It was used for copper 

plating of the printed circuit board. Shortly after, John Wright of Birmingham found 

that potassium cyanide was a suitable electrolyte for plating gold and silver. In 1840, 

colleagues of Wright – George Elkington and Henry Elkington – were granted the 

http://en.wikipedia.org/wiki/Voltaic_pile
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first plating patent. Electroplating technology began to spread around the world after 

they created an electroplating factory in Birmingham. With the establishment of 

Electrochemical Science, the plating process was gradually understood. Other types of 

non-decorative metal plating processes were soon developed and the commercial 

electroplating of nickel, copper, tin and zinc began in the 1850s. Plating tanks and 

equipments were expanded to plate many large objects and specific work-pieces [4]. 

 

 Benefitting from the extensive application of an electroplating generator in the late 

19
th

 century, electroplating has become indispensable, with surface engineering 

holding an important economic position in the national economies. According to the 

electroplating industry, by January 1993 galvanization accounted for 45–50% of 

production, copper, nickel, and chrome electroplating accounted for 30%, conversion 

coating accounted for 15%, and the electroplating of lead, tin and gold accounted for 

about 5% [5]. The most important properties of electrodeposited coatings and their 

application are collated in Table 2.1 [6]. 

 

Table 2.1 Properties and application examples of electrodeposited coatings [6]. 

 

Coating property Application purpose Example 

Optical properties   

Color Aesthetic appearance Brass-plated furniture and lighting fittings 

Brightness Decorative 

appearance/reflectivity 

Chromium-plated taps, silver mirrors 

Physical properties   

Electrical 

conductivity 

Current conduction on 

surface 

Copper tracks on printed circuit boards 

Thermal 

conductivity 

Improved heat transfer on 

surface 

Copper-plated saucepan bottoms for electric 

cookers 

Magnetic 

conductivity 

High coercivity Cobalt-nickel alloys on magnetic storage 

Chemical 

properties 

  

Chemical 

protection 

Resistance to chemical 

attack 

Lead–tin coatings as etched resistance for 

printed circuit boards 

Corrosion 

protection 

Resistance to corrosion 

attack 

Zinc and its alloys on steel components 
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Mechanical 

properties 

  

Ductility Improved plastic performing Copper coatings on drilling punches in 

multi-layer printed circuit boards 

Hardness Improved adhesive 

wear-resistance 

Nickel or phosphorus coatings for mining 

equipment 

Technological 

properties 

  

Friction reduction Improved dry-running Lead–tin–copper coatings 

Adhesion Improved adhesion Brass coatings on steel wires 

Solderability Soldering without aggressive 

fluxes 

Zinc–lead coatings on printed circuit board 

tracks 

Lubricity Improved mobility Copper plating for wire drawing 

Wear resistance Improved lifetime Hard chromium-plated tools 

Machinability Metal machining Copper coatings on printing cylinders 

 

2.1.2 Components, Kinetics and Mechanism of Electro-deposition 

The components of a typical electroplating process are an electrode to be plated (the 

cathode), a soluble electrode (sacrificial anode) or insoluble electrode (inert anode) to 

complete the circuit, an electrolyte (bath) containing the metal ions to be deposited [7], 

and a power source, which includes direct current (DC), pulse current (PC) and 

pulse–reverse current (PRC) [8]. During electroplating, the positive ions in the 

electrolyte move toward the cathode. The metal ions are reduced from the electrolyte 

and deposited at the cathode while electrons are supplied to cations, as shown by 

Eq.2.1. At the anode, electrons are supplied to the anions and the negative ions move 

toward the anode, where oxidation reaction takes place. For the sacrificial anode, the 

reaction is shown by Eq.2.2 [9].  

At cathode:                                                (Eq.2.1) 

At anode:                                                (Eq.2.2) 

 

To overcome the hindrance of the overall electrode reaction, the over-potential η is 

required, which is the difference between the equilibrium potential of the electrode 

(the potential in the absence of an external current) and the potential of the same 
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electrode as a result of an external current flowing. The over-potential is usually 

composed of reactions: charge transfer, diffusion, chemical reaction, and 

crystallization [10, 11]. The empirical relationship between current density i (in 

mA/cm
2
) and over-potential η is elaborated by Eq.2.3 [12]. Even small changes in η 

produce large changes in the current density, which is shown by the exponential 

relationships.  

                                                           (Eq.2.3) 

where a and b are constants, and |i| is the absolute value of the current density. The 

current–potential relationship has a limit as the rate of deposition reaction is limited 

by the transport of M
z+

 ions. A general current–potential relationship is shown in 

Figure 2.1 [13]. 

 

 

 

Figure 2.1 Four regions in the general current–over-potential relationship: 1, linear; 2, exponential; 

3, mixed control; 4, limiting current density region [13]. 

 

Faraday [14] investigated the fundamentals of electro-deposition and discovered two 

important principles: (1) The weight (w) of metal deposited is proportional to the 

quantity of electricity passed; (2) For the same quantity of current, the weight of metal 

deposited is proportional to its chemical equivalent (assuming a current efficiency of 

100%). Faraday Laws are described by Eq.2.4 [14]. 

  
   

  
                                                     (Eq.2.4) 
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where A is the atomic weight of metal deposited of electrovalence z, I is current, t is 

time, and F is the Faraday constant, which is equal to 96,500 coulombs, and is the 

quantity of electricity required to deposit one equivalent weight of a metal.  

 

The two basic mechanisms for the formation of a coherent deposit are layer growth 

and 3D crystallite growth, which are also known as nucleation-coalescence growth. 

These two mechanisms are represented by Figure 2.2 [10]. In the layer growth 

mechanism, a crystal grows by the lateral spreading of discrete layers crossing the 

surface [15-18]. In the case of the 3D crystallite growth mechanism, a coherent 

deposit is built by coalescence of the 3D crystallites [19-23]. Dickson et al. found that 

at the first stage of deposition from HAuCl4–KCl solution, gold was in the form of 

very thin plate-like isolated islands, known as 3D crystallites, and with a surface 

coverage of about 22% [24]. Following this, the 3D crystallites coalesced into the 

form of elongated crystallites. Then, a linked network structure was formed with a 

surface coverage of around 58%. Finally, the deposited coating with holes and 

channels was filled to form a hole-free film. A similar nucleation growth mechanism 

in the deposition of Au on Fe (001) and Fe (100) was also observed [25]. 

 

 

 

Figure 2.2 Schematic representation of layer growth (a, b) and the nucleation–coalescence 

mechanism (c) [10]. 
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The electro-deposition processes occur in a very thin region, which is the 

metal–solution inter-phase and where excess charges are distributed. There are 4 

models of charge distribution: the Helmholtz [26-28], Gouy–Chapman [29, 30], Stern 

[31], and Grahame models [32]. Generally, the first 3 models describe the 

fundamental behavior of the ions in the inter-phase when forming the double layers. 

However, they have been derived from the assumption basis that the operating force 

between the electrode and the ions in the inter-phase is the electrostatic coulombic 

force. The triple-layer model is shown in Figure 2.3 [10]. The inner plane of the 

closest approach (IHP) and the outer plane of the closest approach (OHP) were 

introduced by Grahame to modify other classic models. In this model, not only are the 

conventional electrostatic coulombic forces allowed to act between the electrode and 

the ions, but also the short-range adsorption forces of ions. This model represents an 

improvement. 

 

 

 

Figure 2.3 Grahame triple-layer model ( , water dipole; +, positive end of the dipole) [10]. 
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2.2 Electro-deposition of Composite Coatings Containing 

Nano-particles 

Among the most important directions of electroplating technology is the development 

of electrochemical composite coatings (ECC). Electrochemical nano-composite 

coatings are fabricated by electrochemical deposition of a material from a solution 

containing a suspension of nano-meter sized particles [33, 34].  

 

2.2.1 Development Overview 

Electrochemical composite coatings have been widely used in machine building, 

medical tool construction and the development of chemical engineering equipment 

due to improved hardness, wear resistance, corrosion resistance properties, imparted 

antifriction, and catalytic properties [35-38]. Electrochemical composite coatings date 

back to 1929 and are not a new technology [39]. During the 1950s and 1960s, the 

development of electrochemical composite coatings was progressive [40]. During the 

1970s and 1980s, the related work was focused on mechanical, tribology performance, 

and corrosion properties. Until 1990s, other physical properties and structures of the 

coatings, together with the mechanism and kinetics of electrochemical composite 

coating formation, were studied [41-50]. Since the emergence of nano-structured 

materials in the 1980s, a variety of nano-material additives have been used as the 

dispersion phase, as they induce strengthened mechanical properties [51-55], 

enhanced electrical resistance [56] and improved giant magneto-resistance [57].  

 

During the electro-deposition process, inert particles can be deposited and 

incorporated into metallic coatings from electrolyte-suspensions [35]. The typical 

metallic matrix of electrochemical composite coatings are usually nickel, chromium, 

cobalt, iron, zinc, tin, silver and gold, as well as alloys (Ni–P, Ni–B, Au–Co et al.). 

Solid (sometimes, liquid) particles are used as the dispersed phase. The materials can 
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be oxides—Al2O3 [58, 59], TiO2 [60-62], ZrO2 [59, 63], SiO2 [64], Sb2O3, RuO2 

[65-67]; powders—Au [68, 69], Cr [70], Mo, W, Si, γ-Al, graphite, diamond [58, 71, 

72], carbide [73]; compounds—TiN, TiC, TiB2, ZrC, WC, MoS2, Cr2O3, FeS [74], 

SiC [59, 75-78], SiN, Ti3Si(Al)C2, Si3N4 [79]; conducting high molecular 

compounds—polytetrafluoroethylene (PTFE) [80-83], caprolactam (CPL), 

polyethylene(PE); salts—BaSO4, CaF2. 

 

2.2.2 Mechanism and Kinetics 

There are three processes involved in the incorporation of particles into coatings, 

which are: mechanical dispersion of particles in the electrolyte; electro-phoretic 

migration of particles; and the irreversible adsorption phenomenon [33, 84, 85]. Table 

2.2 provides an overview of the existing models and their main assumptions [59, 78, 

86-93]. 

 

Table 2.2 Examples of theoretical models used to describe the behavior of metal 

electro-deposition containing particles [59, 78, 86-93]. 

 

Model Characteristics & assumption reaction 
Particle 

size (μm) 

Current 

Density 

(A/dm
2
) 

Rotation 

speed 

(rpm) 

Guglielmi, 

1972 

Describes both adsorption and 

electrophoresis. The particles 

are covered by adsorbed metal 

ions. Particle characteristics 

and electrolyte conditions are 

accounted for semi-empirically. 

The effect of flow is not 

considered. 

Ni/TiO2, 

Ni/SiC 
1 – 2 2 – 10 NG 
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Celis et al., 

1987 

Uses probability concept to 

describe the amount of particles 

that can be incorporated at a 

given current density. Mass 

transport of particles is 

proportional to the mass 

transport of ions to the working 

electrode. Volume ratio of 

particles in the metal deposit 

will: (1) increase under charge 

transfer control; (2) decrease 

under mass transport control. 

Cu/Al2O3, 

Au/Al2O3 
0.05 0 – 9 400 – 600 

Fransaer et 

al., 1992 

Uses trajectory to describe the 

co-deposition of non-Brownian 

particles. Involves two steps: 

(1) reduction of metal ions 

(described by the 

Butler-Volmer expression); (2) 

co-deposition of particle 

(described by the trajectory 

expression). 

Cu/PS 

Ni/Sic 

11 

0.01 – 10 

0 – 8 

0 – 20 

0 – 700 

0 – 2000 

Hwang et 

al., 1993 

An improvement of 

Guglielmi’s model. Uses three 

modes of current density (low, 

intermediate, high) to 

distinguish the reduction of 

adsorbed ion on particles. 

Involves three steps: (1) forced 

convective of particles to 

surface; (2) loose adsorption on 

the surface; (3) irreversible 

incorporation of particles by 

reduction of adsorbed ions. 

Co/SiC 3 0.1 – 6 400 

Vereecken 

et al., 2000 

The transport of particles to the 

surface is controlled by 

convective-diffusion. The 

influence of particle 

gravitational force and 

hydrodynamics is accounted for 

at various current densities. 

Valid only when the particle 

size is smaller than the 

diffusion layer thickness. 

Ni/Al2O3 0.3 0.5 – 4 500 – 2000 



16 

 

Bercot et 

al., 2002 

An improvement of 

Guglielmi’s model, which 

incorporates a corrective factor 

(a 3
rd

 order polynomial 

equation) to account for the 

effects of adsorption and 

hydrodynamic conditions. 

Ni/PTFE 0.5 1 – 7 400 – 1000 

 

Among these mechanisms, the Guglielmi model and Celis model are the most basic 

and classical [94, 95]. In the Guglielmi model, particle absorbed charge (ζ) is the main 

factor to determine the feasibility of simultaneous deposition. This model involves 

two processes. The first stage is the transition of a layer from weak absorbed particles 

due to intense agitation. The second stage is the transferal of discharged particles at a 

high potential gradient through the electrophoresis adsorption properties, followed by 

adsorbtion on the cathode surface through coulomb’s force. In the Celis model, the 

ionic cloud around particles is the first and basic stage. Take the SiO2 particle for 

example: there is a dual layer between the surface of SiO2 and the solution. The 

positive charges surround the SiO2 particle and the negative charges cover the positive 

layer. Then, the dual layer particles move toward the hydrodynamic layer by 

transition force (displacement, penetration, and electrophoresis). For the nano-meter 

particles, the mechanism is the connective diffusion, while for the micrometer 

particles, mobility and gravity forces are more essential [85].  

 

In general, the flexibility and reliability of existing theoretical models involve the 

behavior of a wide range of coatings and particle types [47-49, 78, 89, 96]. The 

common processes of particle co-deposition into growing coating layers are shown in 

Figure 2.4. There are five consecutive steps, which are: (1) formation of ionic clouds 

on the particles; (2) convection towards the cathode; (3) diffusion through a 

hydrodynamic boundary layer; (4) diffusion through a concentration boundary layer 

and finally; (5) adsorption at the cathode where particles are entrapped within the 

metal deposit [57, 97]. 
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Figure 2.4 Mechanisms of particle co-deposition into a metal deposit [57, 97]. 

 

2.2.3 Electroplating Parameters 

The quality of nano-particle incorporation into metal deposits is dependent on many 

process parameters, including particle characteristics, electrolyte composition, 

temperature, pH, current density and hydrodynamic conditions [50, 57, 98]. However, 

it is difficult to find out the exact effect of the experimental parameters during the 

complicated process. Based on the above, the following factors which influence the 

co-deposition processes will be investigated: (1) particle type, shape and 

concentration; (2) current density; (3) pH of the electrolyte bath and; (4) bath 

agitation and temperature of the electrolyte. 

 

2.2.3.1 Particle Type and Concentration 

Special properties of nano-materials have a strong influence on the composite 

electro-deposition process. The content of nano-particles in coatings varies depending 

on their individual characteristics (density, conductivity, wetting ability, and 

physical/chemical properties), type, shape, size and concentration in the electrolyte. 
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It has been confirmed that small 20 nm SiC nano-particles can lead to a more uniform 

dispersion in the nickel matrix than 1 μm SiC micro-particles [99]. This may be due 

to the poor suspension stability of big particles in the electrolyte, which causes a 

decline in the effective concentration of particles in the bath. On the other hand, as 

electroplating time goes on, the big particles flow reversely to the electrolyte instead 

of being deposited on the matrix. 

 

Crystal structure has an influence on the process of nano-particle co-deposition. For 

example, the weight percentage of α-Al2O3 in the copper coating is higher than 

γ-Al2O3 particles [100]. This can be attributed to their different surface energy. 

 

The amount of incorporated particle in the coating varies with their concentrations in 

the bath even though high nano-particle concentration of electrolytes leads to the 

saturation state of particles in the deposit coating [101-105]. Figure 2.5 shows that the 

content of ultra-dispersed diamonds in nickel coatings, with a size of 4 – 6 nm, varies 

from 0.2 to 1.0 wt%. Various diamonds in different color follow the similar changing 

trend [106-108].  

 

Figure 2.5 Diamond particle concentrations in a nickel coating as a function of their concentration 

in the bath (square, circle and triangle stand for diamond particles in gray, dark-gray and black 

color) [106-108]. 
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2.2.3.2 Current Density 

Direct current has been commonly used for electroplating a nano-composite coating. 

The current density can influence the amount of nano-particles incorporated into 

electrodeposited coatings. Table 2.3 presents the varied characteristics of Ni–SiC 

composites deposited at different current densities [109]. The hardness increases with 

increase of Vdp in the range between 6.9% and 9.4%. However, hardness decreases 

when the Vdp increases from 9.4% to 13.6%. It can be attributed to agglomeration of 

SiC. 

 

Table 2.3 The deposition rate (m), SiC volume (Vdp) percentages, hardness (HV), extension 

coefficient (L) and internal stresses (σ) of Ni–SiC coatings at different current densities (i) [109]. 

 

i (A dm
-2

) m (mg cm
-2

 min
-1

) Vdp (%) HV (kgf mm
-2

) L (%) σ (kgf cm
-2

) 

2 0.51 13.6 603 – 161 1.1 1078 

4 0.79 9.4 698 – 146 3.2 830 

6 1.12 7.5 648 – 169 3.8 861 

8 1.38 6.9 502 – 116 6.2 875 

 

The application of a pulsed current enables the incorporation of higher concentrations 

of nano-particles because it favors the elimination of a fraction of the electrodeposited 

metal during the off time. Steinbach and Ferkel found that Ni/Al2O3 composites 

plated under pulse current conditions show a lower degree of particle agglomeration 

than those produced under direct current conditions [110]. Selective entrapment of 

similar sizes of nano-particles can be achieved by pulse current [57, 111-114].  

 

Bahrololoom [115] discovered that at low duty cycles, a higher proportion of large 

particles are incorporated into coatings, whereas the coatings electrodeposited at high 

duty cycles have particles of smaller size, which is depicted in the micrographs in 

Figures 2.6.a and 2.6.b. This is attributed to the fact that large particles can reach the 
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cathode surface during the longer pulse off-time at low duty cycles. In contrast, only 

small size particles can reach the cathode surface and be incorporated into the matrix 

during short pulse off-time at a high duty cycle. 

 

 

 

Figure 2.6 Photomicrographs of the cross-sections of nickel-alumina composite coatings 

electrodeposited with an average pulse current density of 5 A/dm
2
 and various pulse duty cycles. 

(a) 20% duty cycle and 50 Hz frequency, (b) 80% duty cycle and 50 Hz frequency [115]. 

 

The influence of duty cycle on the incorporated alumina particles is much more 

dominant than the effect of pulse frequency, which is indicated by Figure 2.7 [115]. 

The results suggest that at low duty cycles, more alumina particles are integrated into 

the coatings. 

 

 

Figure 2.7 Effect of pulse duty cycles with 50 Hz frequency (square) and pulse frequency with 60% 

duty cycle (circle) on the alumina content of nickel–alumina composite coatings electrodeposited 

with a pulse current of 5 A/dm
2
 [115]. 
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2.2.3.3 pH of the Electrolyte 

The pH of the electrolyte has a key role in the co-deposition of some particles and 

metals. According to the research of Sautter, the pH of 2.0 to 5.0 has an efficient yield 

for Ni–Al2O3 simultaneous deposition. Below pH 2.0, however, a sharp decrease in 

Al2O3 concentration can be observed, which is shown in Figure 2.8 [116]. The result 

is in agreement with CuSO4 electrolyte containing Al2O3 and SiC particles. There is 

no copper oxide and carbide co-deposition below pH 2.0. These results may be 

attributed to two main reasons: (1) Hydrogen ions (H
+
) adsorbed to the particle 

surface will play a catalytic role in the co-deposition. In this case, increasing the pH 

value (less H
+
) will increase the content of particles in the composite coating. (2) 

Increasing the pH value of the bath means the hydrogen evolution will be decreased. 

Therefore, more particles will be absorbed on the cathode surface due to the scale 

down of the adhesion of molecule hydrogen gas on the cathode surface [117]. 

 

Figure 2.8 Effect of the pH on the oxide content of the deposit (50 g/L Al2O3; 2 A/dm
2
;50ºC) 

[116]. 

 

The particles tend to scatter or agglomerate when suspended in the solution because 

of their surface charge and polarity. The particles can be either agglomerated or 

suspended, and can be adjusted by pH. Figure 2.9 indicates the dependency of particle 

size and the zeta potential on pH in a suspension containing 0.5 g Al2O3 nano-powder 

in 1 L water. By increasing pH, the median agglomerate diameter becomes larger 

until it reaches a maximum of around pH = 8.5, which is close to the iso-electric point 
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(IEP). The increase in agglomerate size is because of the decrease of zeta potential. 

Therefore, repulsion between the particles is decreased. As particles enlarge, the 

suspension volume is reduced and its viscosity is increased [85].  

 

Figure 2.9 Zeta potential and median agglomerate diameter of a dispersion containing 0.5 g Al2O3 

nano-powder in 1 L water as a function of the pH value [85]. 

 

2.2.3.4 Bath Agitation and Temperature of the Electrolyte 

Further enhancement of composite coating properties can be obtained by optimizing 

the bath agitation and temperature to affect the deposition rate at the cathode surface. 

Raising electrolyte temperature causes an increase of the average kinetic energy of 

particles in the electrolyte due to the thermal motion of the ions. However, according 

to the Langmuir theory, temperature increase leads to a decrease in the ability of 

particles to adsorb positive ions. Therefore, cathode over-potential and electrical field 

conduction will decline, as will the ratio of absorbed particles in the coating. The rise 

in temperature will also cause the electrolyte viscosity to decrease. Thus, the adhesion 

of the particles on the cathode surface will also decrease [85, 117]. The general effect 

of the above theory is shown in Figure 2.10 [85]. 
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Figure 2.10 Weight percentages of SiC particles in Ni–Co coating [85]. 

 

Electrolyte agitation intensity has a greater impact on the content of the particles in 

the composite coating. Bath agitation will maintain particles in a suspended state and 

prevent their precipitation and transportation to the cathode surface. However, an 

unusually high agitation rate may accelerate the collision of particles and electrolytes 

on the cathode surface, which causes a reduction of the coating’s particle content, as 

is shown in Figure 2.11 [118]. 

 

There are various agitation methods with different features. Gap stirring is useful to 

reduce the scouring action near the cathode surface, which provides time for the 

particles to lodge on the cathode surface. Ultrasonic agitation leads to separation of 

agglomerate particles by the cavitations’ effect, which is superior to mechanical 

agitation [117]. 
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Figure 2.11 Agitation speed effect on SiC deposition [117]. 

 

2.2.4 Strengthening Mechanisms in Nano-composites 

The strengthening mechanism for metallic or alloyed poly-crystals includes 

dispersion strengthening according to the Orowan mechanism, grain size refinement 

according to the Hall-Petch formula, strengthening of solid solution and so on. The 

main strengthening mechanism in composite coatings originates from dispersion 

strengthening and/or grain refinement strengthening [119-126]. 

 

2.2.4.1 Dispersion Strengthening 

Dispersed insoluble solid nano-particles in the coating have a strengthening effect in 

various ways. The nano-particles have an overall supporting role due to their own 

high strength properties, which benefit the improvement of coating abrasion 

resistance. They can also effectively prevent the slippage of the crystal and increase 

the resistance deformation, which extends the strength of the coating [97]. When the 

motion of dislocation under the external force encounters hard particles, the 

dislocation line is obstructed with bent occurrence (Figure 2.12.b).With the increase 

of the shear stress, the blocked part of the dislocation line gradually forms a ring as a 

result of the exacerbated degree of the bend. Since the two dislocation lines between 

two particles are in opposite directions, the bending dislocation lines are mutually 

http://dict.youdao.com/search?q=dispersion&keyfrom=E2Ctranslation
http://dict.youdao.com/w/strengthening/
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offset when they encounter each other. The dislocation loops are formed around the 

particles with the dislocation force and gradually shrink into a circular annular (Figure 

2.12.c). Therefore, the original dislocation lines bypass particles and gradually return 

to the initial state (Figure 2.12.d). The formation of the dislocation line when 

surpassing the particle clearly strengthens the materials [127]. 

 

 

Figure 2.12 Schematic diagram of Orowan theory [127]. 

 

The Orowan equation is described as follows [128-132]: 

                                                            (Eq.2.5) 

where, G and b denote the grid shear modulus and the dislocation of Burgers vector 

respectively. λ refers to the distance between particles.  

 

This equation implies that particles should be dispersed well in order to maximize 

strength. For coatings with the same particle content, the smaller the diameter of the 

particles, the better strengthening effect can be achieved. Some scholars suggest that 

the optimized strengthening effect happens when average spacing of the particles is 

10 – 1000 nm [133]. 
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2.2.4.2 Grain Size Refinement 

As for nano-composite coatings, the effect of small grain size can lead to a firmer 

binding for both the metal coating and the interlayer between coating and substrate by 

limiting the movement of dislocations. 

 

In the Hall-Petch mechanism, grain boundary acts as a barrier against dislocation 

movement. The formula of the strengthening effect due to grain refinement is as 

follows: 

         
 

                                                (Eq.2.6) 

where, σy denotes yield stress, σ0 is a materials constant for the starting stress for 

dislocation movement, k is constant and d is the grain diameter. It has been found that 

the Hall-Petch equation (Eq.2.6) is applicable to several polycrystalline materials as 

shown in Figure 2.13 [134, 135]. Also the Hall-Petch equation is suitable for the 

electro-deposition of iron [136], nickel [137, 138] and chromium [139]. In many 

nano-cystalline materials, a high level of hardness has been reported in relation to the 

Hall-Petch effect [140, 141]. 

 

 

 

Figure 2.13 Hall-Petch relationships for a variety of metals [134, 135]. 
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2.2.5 Sol-gel Technology 

The earliest use of colloids to prepare functional materials can be seen in the cave 

paintings at Lascaux in France, dating back 17,000 years. Another significant 

development was the discovery of “water glass” by von Helmont in 1644 [142, 143]. 

Ebelmen is considered to be the first scientist to publish on the sol-gel reaction. In 

1864 he found that the formerly clear solution of SiCl4 with ethanol transformed into 

a gel-type mass [144]. In 1919 Patrick produced a very porous form of silica after 

drying and firing a homogeneous silica gel at above 700°C [145]. Since then, an 

intensive period of technological development using sol-gel methods began, which 

produced a large number of patents and useful materials. 

 

Sol-gel technology has apparent advantages, including excellent chemical 

stoichiometry, good optical quality, low crystallization temperature, high purity of 

products, composition homogeneity, mild chemical conditions, high porous 

realizability, pore size control and mechanical strength control [143, 146]. 

 

2.2.5.1 Sol-gel Process, Particle Growth Mechanism and Colloidal Stability 

The sol-gel process involves the generation of colloidal suspensions (“sols”) which 

are subsequently converted to viscous gels and then to solid materials [147-150]. The 

liquid intermediate state allows different types of forming, as is shown in Figure 2.14 

[151].  

 

http://dict.youdao.com/search?q=realizability&keyfrom=E2Ctranslation
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Figure 2.14 Available forming techniques in sol-gel technology [151]. 

 

The synthesis of oxide nano-particles by the sol-gel method is based upon the 

hydrolysis and condensation of metal alkoxide, shown in Eqs.2.7 and 2.8 respectively 

[152]. 

                                                    (Eq.2.7) 

                                               (Eq.2.8) 

where, M is the metal, O is oxygen, and R’ is the organic group. The reactions take 

place immediately and result in the formation of an M-O-M bond. In general, the 

kinetics of hydrolysis and condensation reactions is mainly controlled by the ratio of 

molar concentrations water to alkoxide (R). Fiber and thin-film will be generated at a 

low R value (<3); while powder particles will be formed at a high R value (>3) [153]. 

 

Complex sol-gel reactions are studied in the corresponding technical literature [151, 

154-160]. Properties of the achieved nano-materials are predominantly determined by 

sol-gel synthesis conditions [151, 161]. For example, the shape of the achieved 

nano-particles is determined by the pH value and porosity and density are mainly 

controlled by temperature and pressure during the gel drying process [148, 162].  

 

Pierre [163] investigated three different shape particles via the sol-gel technique 

according to three different growth mechanisms. The mechanism in the very last 
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growth progress may revert to the first two when the supersaturated solute also plays 

an important role. The mononuclear growth (Eq.2.9) and poly nuclear growth 

(Eq.2.10) dominate respectively when particle size is small at the early stage of 

process and when particles grow bigger. The diffusion growth (Eq.2.12) dominates in 

the last stage. 

  

  
                                                          (Eq.2.9) 

where km is a proportionality constant. In the mononuclear growth region, the particles 

with well-defined shapes grow by formation of successive layers. The particle growth 

rate is proportional to the particle surface area. 

  

 
                                                           (Eq.2.10)  

where the initial radius of two particles are r0 and r (r0<r). When the formation of a 

new step is fast enough to nucleate a new layer before the previous one has reached its 

completion, it becomes a poly-nuclear growth mechanism. At that stage, the particle 

growth rate is constant. 

  

  
                                                        (Eq.2.11) 

  

 
                                                           (Eq.2.12) 

where D is the diffusion coefficient, Vm is the solid material molar volume, Cs is the 

saturation concentration of the poly nuclear complexes, and C is the actual solute 

concentration. As a result of continuing consumption, the supply of chemical 

complexes will become insufficient at a certain instant. At that time, the growth 

mechanism turns to a diffusion growth regime. The growth rate of the particle and the 

relative size difference between particles follow Eqs.2.11 and 2.12. 

 

There are two forces which form a stable colloidal suspension of oxide nano-particles 

in the colloid. On one hand, particles are likely to collide with each other because of 

Brownian motion. On the other hand, the dispersion forces (van der Waals force of 

attraction) of all the atoms within the particles tend to aggregate the particles, which 

can cause coagulation of colloids [164]. Flocculation could be prevented by creating 
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electrostatic repulsion between two particles or by adsorbing a thick organic layer 

(static barrier) to the particles [164]. In a colloid, the particle surface charge is 

screened by the counter-ions of opposite charge with van der Waals force and the 

electrostatic potential of charge-determining ions. The double layer (Figure 2.15) 

generates a repulsive force avoiding flocculation of particles [164]. 

 

 

 

Figure 2.15 The schematic diagram showing the electrical double layer near the surface of 

colloidal particle. φo is surface potential; φH is Helmholtz potential; φζ is zeta potential [164]. 

 

The polymer prevents coagulation of the particles in two ways: entropically and 

enthalpically [164]. Entropy helps prevent coagulation due to a decrease in the degree 

of polymer chain motion when the two particles approach each other and the adsorbed 

layer overlaps. The enthalpy contribution is due to the osmotic pressure created to 

suck liquid back when the solvent around particles are squeezed out by two 

approaching particles [164]. 

 

2.2.5.2 Preparation and Properties of Sol-gel Products 

Among various processes, such as chemical vapor deposition (CVD), physical vapor 

deposition (PVD), ion implantation, laser beam treatments, inert gas condensation, 

various aerosol techniques, precipitation from vapor, supersaturated liquids, or solids 

available for synthesizing nano-materials, sol-gel synthesis appears to be one of the 

most versatile and cost-effective processes for producing nano-materials in various 
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shapes and forms [152]. The sol-gel process provides a feasible method for 

nano-material preparation with better uniformity control [165]. 

 

2.2.5.2.1 TiO2 Preparation and Property 

Titanium dioxide (TiO2) has high mechanical strength, high hardness, good chemical 

stability and corrosion resistance, a low friction coefficient, and is chemically stable 

[166]. TiO2 nano-particles have been studied extensively in semiconductors[167, 168], 

catalysis [169-171], photo-catalysis sensing [172-175], photo-/electro-chromics and 

hydrogen storage [176-178]. The performance of TiO2-based devices is largely 

influenced by the sizes of the TiO2 building units, especially at nano-meter scale 

[179]. 

 

TiO2 nano-materials have been synthesized with the sol-gel method from the 

hydrolysis of a titanium precursor. Oskam’s [180] study on the growth kinetics of 

TiO2 nano-particles in aqueous solution using titanium tetraisopropoxide (TTIP) as 

the precursor has shown that the rate constant for coarsening, the viscosity of the 

solution and the equilibrium solubility of TiO2 depends on the temperature. Oskam 

also found that the average TiO2 nano-particle radius increases linearly with 

electroplating time.  

 

The TEM micrographs in Figure 2.16 [181] show that by adjusting the reaction 

parameter, TiO2 nano-particles with different sizes and shapes can be obtained 

[182-184].  
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Figure 2.16 TEM images of uniform anatase TiO2 nano-particles [181]. 

 

Figure 2.17 [185] shows the TEM images of highly crystalline anatase TiO2 

nano-particles with different sizes and shapes obtained with the poly condensation of 

titanium alkoxide in the presence of tetramethylammonium hydroxide [185, 186]. 

 

 
 

Figure 2.17 TEM images of TiO2 nano-particles prepared by hydrolysis of Ti(OR)4 in the presence 

of tetramethylammonium hydroxide [185]. 
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2.2.5.2.2 ZrO2Preparation and Property 

ZrO2 has received much attention because of its unique photo-catalytic activity 

[187-189], good corrosion resistance [190], high chemical stability [191, 192] and 

possible applications in solar cells [193]. 

 

During the synthesis of nano-powders by the sol-gel process, hydroxypropyl (HPC) is 

used as surfactant to avoid agglomeration [194-197]. The typical TEM images of 

ZrO2 nano-crystallites synthesized under different processing conditions are presented 

in Figure 2.18 [198]. It is notable that an increase in R (the ratio of molar 

concentration of water and alkoxide) results in a decrease in the nano-crystallite size 

from ~70 nm (Figure 2.18.a) to ~30 – 35 nm (Figure 2.18.b). Furthermore, low R 

values result in the synthesis of mono-disperse, submicron-sized, un-agglomerated, 

spherical ZrO2 (~500 – 600 nm), which is shown in Figure 2.18.c. This may be 

attributed to the diffusion growth mechanism related to the insufficient amount of 

H2O for the hydrolysis reaction at low R value [198]. 

 

 

 

Figure 2.18 Nano-crystalline (a,b) and mono-disperse (c), submicron-sized, spherical ZrO2 

particles synthesized with the sol-gel technique under different R values. MWHPC = 80,000 g/mL 

[198]. 

 



34 

 

Figure 2.19 [198] shows that in the case of ZrO2 nano-crystallites synthesized with 

over 80,000 molecular weight HPC polymer, the relative volume fraction of the 

tetragonal phase is stable below 30 nm and decreases with the increasing R value [152, 

199]. 

 

 

Figure 2.19 A typical broad-scan XRD analysis of nano-crystalline ZrO2 after synthesis with the 

sol-gel technique under different processing conditions and calcination at a crystallization 

temperature of 400°C. MWHPC = 80,000 g/mol [198]. 

 

2.2.5.3 Sol-gel Enhanced Electroplated Composite Coating  

Recently, a novel sol-enhanced electro-deposition process has been developed. The 

transparent sol solution has been introduced into metal matrix as second-phase. The 

nano-particle formed in situ, and then co-deposited with metal atoms to form highly 

dispersive nano-particles reinforced composite coating. The sol concentration in 

electrolyte was basically proportional to the content of nano-particles in the composite 

coating. It was found that the coating structure, mechanical properties and corrosion 

resistance of the nano-composite coatings strongly depend on the sol concentration as 

well. Among them, the improved mechanical properties can be attributed to finer 

grains and dispersion strengthening.  

 

http://dict.youdao.com/w/dispersion/
http://dict.youdao.com/w/strengthening/
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In a study by Chen [200-203] novel sol-enhanced Ni–TiO2 nano-composite coatings 

were electroplated with additions of transparent TiO2 sol to the traditional 

electroplating Ni solution. In Chen’s study the micro-hardness was also increased 

from 320 HV100 of the traditional Ni coating to 430 HV100 of the novel composite 

coating with 3.26 wt.% amorphous anatase nano-particles at an average diameter of 

10 nm. Sol-enhanced coatings show slower growth of Ni grains along the (220) 

direction, reducing the thickness of the diffusion layer and increasing the limiting 

current density [203]. The sol-enhanced Ni–TiO2 composite coating shows a much 

higher tensile strength, lower stabilized temperature for micro-strain and 

micro-hardness compared with the traditional Ni–TiO2 composite coating, whose 

added particles agglomerate to about 400 nm [204].  

 

In the field of electro-less plating, sol-enhanced Ni–P–TiO2 [205], Ni–P–ZrO2 [206] 

and triple-layered Ni–P–TiO2 [207] are synthesized by sol technology with the 

improved mechanical properties of the composite coating rather than traditional 

composite coating.  

 

The oxidation behavior of Y2O3 sol-enhanced Ni–Cr–Y2O3 composite coating is 

improved by pulse electroplating that causes finer grain size compared with the 

conventional Ni–Cr coating [208].  

 

2.3 Gold (Au), Au Alloy and Au Composite Coating 

Au, Au alloy and Au composite electroplates are widely used by diverse industries in 

the field of decorative plating in jewelry and watch attachments, as well as for 

electronic purposes in semiconductors, miniature electromechanical relays, printed 

circuits boards, and connectors [209-214]. Au has a density of 19.3 g/cm
3
, relative 

atomic mass of 197.0, melting point of 1062.7
o
C and boiling point of 2600

o
C. 

Valence of Au is mono-valent and trivalent. Standard electric potential of 

mono-valent φ
o
 Au

+
/Au is +1.68 V with electrochemical equivalent of 7.356 g/(A·h); 
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Standard electric potential of φ
o
 Au

3+
/Au is +1.50 V with electrochemical equivalent 

of 2.452 g/(A·h) [215]. Au is a metal which has the highest ductility and malleability 

among the metals and can be extended into extremely thin foil. Au is a potential 

lubricant material for high temperature and/or vacuum applications [210, 216-218]. 

Au also has excellent corrosion resistance, thermal conductivity and optical properties 

[219-228]. 

 

2.3.1 Preparation, Structure and Morphology 

Au, Au alloy and Au composite coating have been synthesized by various 

technologies, such as E-Bean Evaporation, Magnetron Sputtering, Sol-gel, Chemical 

Vapor Deposition Technique (CVD), Electrochemical Over-potential Deposition 

(OPD), and Electroplating. Different morphologies of Au, Au alloy and Au composite 

can be obtained by controlling preparation parameters. 

 

2.3.1.1 Various Synthesis Technologies 

Au and Au–ZnO films with a thickness of 2 μm are synthesized by co-deposition 

using a 10 kV triad E-Beam evaporation system [229]. Figure 2.20 shows results of 

the EBSD of pure Au film and Au–0.1 vol.% ZnO nano-composite films. Both films 

exhibit a preferential (111) out-of-plane texture. Figure 2.20.B reveals a significantly 

reduced average surface grain size compared with pure Au. Figure 2.20.E implies that 

the film grows without in-plane texture. 
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Figure 2.20 Electron backscatter diffraction (EBSD) maps of pure Au (A and B) and 

Au–0.1%ZnO nano-composite (C and D). Nano-composite in the surface normal (A and C) and 

in-plane orientations (B and D), and pole figures (E) corresponding to the pure Au film [229]. 

 

Highly crystalline Au–VO2 nano-composite thin films are prepared by reactive 

radiofrequency inverted cylindrical magnetron sputtering (ICMS) [230]. Figure 2.21 

shows the relationship between particle size and substrate temperature. The size of Au 

and VO2 particles both increase with substrate temperature. 

 

 

 

Figure 2.21 Relationship between the substrate temperature and the particle sizes of Au and VO2 

estimated from Scherrer formula [230]. 

 



38 

 

Pure ZnO films and Au nano-particles dispersed ZnO films are prepared by the 

sol-gel dip-coating technique respectively [231]. To prepare a precursor solution for 

Au doped ZnO film, 1 g HAuCl4·4H2O is dissolved in a mixture of 38 mL 

isopropanol, 2.5 mL hydrochloric acid and 0.15 mL deionized water. 3.5 mL of Au 

solution is incorporated into 22 mL precursor solution containing ZnO [232], which 

has been aged for 2h. Figure 2.22.a shows that the doped Au particles have a wide 

size distribution. Some of the Au particles are as large as 1 μm and have migrated to 

the surface. Figure 2.22.b shows that the amorphous ZnO/Au composite film is 

discontinuous [231]. 

 

 
 

Figure 2.22 SEM micro-morphology of the Au doped films [231]. 

 

Chemical deposited thin Au film with 0.2 μm thickness replicate the structure of Ni 

substrate due to time limitation to form its own characteristic structure [233]. The 

surface structure of the Au layer is dramatically changed after heating at 250°C for 

100 h, which indicates inter-diffusion of Au–Ni. Increasing the temperature up to 

300°C for 100 – 150 h results in the Au layer dissolving into the electrodeposited Ni 

layer and the inter-metallic Cu3Au starting to form beneath the Ni layer. Figure 2.23 

reveals the morphology transformation during the process. 
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Figure 2.23 Microstructure of Au coating at room temperature (RT) and after thermal treatment 

[233]. 

 

Composite films containing various volume fractions of Au particles embedding in 

the diamond-like carbon (Au–DLC) matrix are deposited by using capacitatively 

coupled r.f. (13.56 MHz) plasma (CCP) CVD deposition technique [234]. The 

deposited Au nano-crystallite size increases from 2.7 nm to 3.5 nm with an increasing 

amount of Au in the DLC matrix, which is shown in Figure 2.24. 

 

 

 

Figure 2.24 TEM micrographs and histogram of four representative Au–DLC films deposited with 

different amounts of argon in the gas mixture: (a) 50%, (b) 60%, (c) 70% and (d) 80% [234]. 
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A non-step, non-templated, low-cost electrochemical method for the growth of 

nano-pyramidal, nano-rod-like and spherical gold nanostructures has been reported 

through the over-deposition method (OPD) [199]. The morphology of the 

nanostructures with various shapes is characterized by Atomic Force Microscopy 

(AFM), as shown in Figure 2.25. 

 

 

 

Figure 2.25 AFM images of the electrodeposited pyramidal (a), rod-like (b), and spherical (c) gold 

nanostructures and a sputtered gold surface (d) [199]. 

 

2.3.1.2 Electroplating Au, Au Alloy and Au Composite 

Electro-deposition is the most vital process to prepare nano-structured Au because of 

its economical effectiveness, time efficiency, without using vacuum technology and 

allowing changes in the grain size and deposition thickness [228]. The most important 

ion for Au electroplating is [Au(CN)2]
¯
, with a stability constant of 10

39 
[235] 

(Stability constant is an equilibrium constant for the formation of a complex in 

solution.). The stability of the Au(Ⅰ) cyanide complex is reflected in the shift of the 

reduction potential for Au (Ⅰ) from 1.71 V (aquo complex) to -0.611 V (cyanide 

complex) [220, 236, 237]. The Au electroplating bath can be classified into 

noncyanide-base baths and cyanide-base baths, which can be further grouped into the 

alkaline bath (pH>8.5), acidic bath (pH between 1.8 and 6), and the neutral bath (pH 
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between 6 and 8.5) [209, 220, 238-241]. It has been suggested that the direct 

reduction of adsorbed [Au(CN)2]
 ̄
is the mechanism of deposition [242, 243]. In 

cyanide plating solution, ionized form of KAu(CN)2 is as following. 

                   
 

                                  (Eq.2.13) 

In electroplating process, the reaction on the cathode and anode are shown as Eqs.2.14 

and 2.15 respectively [215, 244-248]. 

       
                                              (Eq.2.14) 

               
                                      (Eq.2.15) 

 

Although bright, hard Au coating can be produced from alkaline and acid cyanide 

hard baths. The most reliable connector finish is from acid cyanide baths with nickel 

or cobalt salts as the brightener [249-251]. A typical range of concentrations of a hard 

Au bath is given in Table 2.4 [252]. 

 

Table 2.4 The typical range of concentrations of an acid cyanide hard Au bath [252]. 

 

Component KAu(CN)2 Citric Acid Cobalt/Ni pH Temperature 

Parameter 12 – 15 g/L 90 – 115 g/L 0.07 – 0.1 g/L 3.6 – 4.7 40 – 65°C 

 

The main salt of acid cyanide plating electrolyte is KAu(CN)2. By increasing it, the 

plating current density limit and gloss can be improved. However, coatings quality 

will decrease when concentration over the normal range. In that case, coatings turn to 

reddish gold color with coarse crystallization. On the other hand, when main salt 

content is too low, the current density range becomes narrow and dark red coating 

with porosities will be produced. The buffer of the electrolyte is citric acid, which can 

brighten the coating as well. The over-high content of citric acid leads to low cathode 

efficiency; over-low concentration of it results in poor electric conductivity. Cobalt 

and nickel salts can improve the coating hardness. The strict control is needed because 

of a great influence on the hardness of coatings. The pH and temperature have a 

significant impact on hardness and appearance. Especially, the over-high pH gives 

rise to a poor covering and uneven color. By increasing temperature, the cathode 
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current density can be increased. However, over-high temperature leads to reddish 

color on the top/bottom and dark color in the middle of the working specimen with 

thin rough crystallization; over-low temperature generates dark coating with poor 

lightness [215]. 

 

In the typical direct current (DC) plating bath, the current efficiency is limited by the 

rise in pH in the electrode area through either hydrogen gas revolution or Au 

deposition. It also has been found that Co content in a bath of pH 3.5 is related to 

current density and mass transport [251]. The higher pH or temperature has an inverse 

effect on Co contents in the deposition [253].  

 

In the study of Okinaka [254], Au–Co coating and Au–Ni coating were synthesized 

with 1 A/dm
2
 at room temperature with the electrolyte pH adjusted to 4.0. The Au–Co 

bath contained 8.2 g/L Au as KAu(CN)2, 110 g/L citric acid, 50 g/L KOH, and 0.1 

g/L Co as CoSO4. The Au–Ni films were plated from Sel-Rex Corporation’s 

Autronex N bath, which was also citrate based [254]. Figure 2.26 shows that the 

irregularly shaped white features with fringes (Fresnel Fringes) represent holes in the 

films. The black areas are thick areas where electrons have not penetrated. Since the 

Au–Ni coating yielded essentially the same micrographs, only the results obtained 

with the Au–Co coatings are presented. 

 

 

 

Figure 2.26 TEM micrographs of 50 nm thick cobalt-hardened gold deposit: (left) over-focused, δf 

= +3.9 μm; (right) under-focused, δf = -3.9 µm [254]. 
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Pulse plating of Au was first attempted in 1967 by Bell lab in New Jersey, US. It is 

comparable with vacuum deposition but much more convenient. The on-time and 

off-time (duty cycle) are in the range of 1:10 [255]. The advantages of pulse plating 

are that it can produce an increase deposition rate, less hydrogen embrittlement and 

additives. A remarkable improvement can be achieved in mechanical properties by 

reducing internal stress of the Au coating by using pulse electro-deposition [255]. The 

structure of the electro-deposits is modified by increasing the limiting current density 

instead of raising the limiting over-all plating rate [238]. Figure 2.27 illustrates that 

the reduction of resistivity by pulse plating is even more marked for Au–Co deposits 

than for fine Au coatings [255].  

 

 

 

Figure 2.27 Influence of pulse plating on the electrical resistivity of Au and of Au–Co alloy [255]. 

 

The co-deposition of nickel with gold was investigated by Viswanahan in 1976 [256]. 

Figure 2.28 shows the similar, typical cauliflower-like grains obtained under normal 

direct current and pulse plating at different current densities, which may be related to 

diffusion polarization. 
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Figure 2.28 Micrograph of Au–Ni surface structure (×8000): normal current density at (a) 0.4 

A/dm
2
 and (b) 2.0 A/dm

2
; pulse current density of (c) 60 A/dm

2
 and (d) 200 A/dm

2
 [256]. 

 

2.3.2 Property and Application of Electroplated Au Based Coatings 

Electroplated Au has been used in the electronics industry because of its negligible 

tendency to tarnish, high conductivity and low contact resistance [73, 257]. The 

smooth, bright, and ductile soft Au is used as a surface finish for bonding Au or Au 

wire in the conventional method of mounting semiconductor devices on a circuit 

board [258]. Cobalt, nickel, etc. have been co-deposited with Au to increase the 

Knoop hardness, which is known as Hard Au [220, 259]. Hard Au is used on 

electrical components where low electrical contact resistance, chemical inertness and 

wear resistance are requirements [209, 214, 220, 260]. The contact resistance 

increases from 2 to 50-fold for aged Co enhanced Au [261]. The wear resistance of 

Au coatings is of great practical use because the coatings are directly connected with 

their durability [262-266]. Electro-deposition of Au–Ni has been studied by 

Chrzanowski [267] in the Renovel N bath. The Tafel curves are characterized by two 

slopes: -0.47 V/dec. between -0.5 and -0.8 V and -0.19 V/dec. at more negative 

potentials compared with soft Au of -0.35 V/dec. and -0.15 V/dec. 

 



45 

 

Some properties of Au plating are listed in Table 2.5. Seen from the table, trace added 

elements (Co, Ni) can improve the electric resistance, but the contact electric 

resistance is little affected. The Au–Cu–Cd has high hardness, which is four times of 

Au plating. By adding Co, Ni and other metals in the electroplating process, Au and 

organic will co-deposits with them [215]. 

 

Table 2.5 Properties comparison between Au and Au alloys. 

 

 
Au content 

(%) 
Hardness (KVN25) Resistivity (μΩ·cm) 

Contact Resistance 

(mΩ) 

Au 100 40 – 90 2.4 0.3 

Au–Co 99.5 120 – 250 15.0 0.6 

Au–Ni 99.3 160 – 200 11.0 0.3 

Au–Cu–Cd 72 250 – 370 1.84 <10 

 

Togasaki [212] studied amorphous Au–Ni alloy as an application of electrical contact 

material. The Knoop hardness of amorphous Au–Ni alloy obtained from the bath 

containing 10 g/L KAu(CN)2 and the other Au alloy is shown in Figure 2.29. 

 

 

 

Figure 2.29 Knoop hardness values of various Au and Au alloy films. Additive-free Au (AFHG), 

Ni added Au (NiHG), Co added Au (CoHG) [212]. 

 

A conventional cyanide bath for electroplating soft Au has been thoroughly 

investigated and related information is available in the literature [268-270]. The 

carbonaceous inclusions found in both soft Au and hard Au [271-273] is directly 
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related to the hardness [274-277]. In a thiosulfate-sulfite mixed ligand bath, the results 

show that both the addition of thallium ions and the use of a high ligand concentration 

significantly decrease the hardness by reducing the sulfur content of the gold deposit, 

as illustrated by Figure 2.30 [278]. 

 

 

 

Figure 2.30 Effect of total ligand concentration (a) and thallium ion concentration (b) on the 

hardness and sulfur content (Na2S2O3:Na2SO3=1:1) of electroplated soft Au deposit [278]. 

 

The hard Au electroplating bath was first described in the late 1950s and it is still 

being used extensively in connector manufacturing [268]. The bath contains 

KAu(CN)2, citrate buffer, a small amount of Co
2+

 or Ni
2+

 ions (less than 0.4% by 

weight) and the pH is adjusted to about 4 [260]. Co or Ni ions are co-deposited with 

the Au coating in at least two forms: a cyano complex and a substitutional alloy [252, 

279, 280]. The improved hardness is related to the grain refinement of the cyano 

complex [281]. The Hall-Petch relation holds for both Au–Co and Au–Co when the 

grain diameter is larger than 15 – 20 nm, which is in accordance with Ni–P [282, 

283]. 

 

Hard Au has been extensively studied covering different compositions and operating 

conditions [268-270, 284]. The hardness of hard Au (a grain size of 20 – 30 nm), 

which is 170 – 200 kg/mm
2
 in Knoop hardness, is more than twice that of soft Au 

(grain size of 1 – 2 μm), which is only 70 – 80 kg/mm
2
. According to research by Lo 

et al.[281], the main hardening mechanism is the grain size refinement which may due 

to the inhibition of crystal growth brought about by incorporated impurities or 
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inclusions [253, 255, 285]. Inclusions, ductility and high internal stress are thought to 

explain the better wear resistance of Au–Co alloy as opposed to additive-free hard Au 

[261, 286-288]. Huck [289] studied the thermal stability of the contact resistance of 

Au–Co and Au–Ni. The results are shown in Figure 2.31. The fact that Au–Co has a 

higher contact resistance than Au–Ni can be attributed to better conductivity of nickel 

oxide [260]. 

 

 

 

Figure 2.31 Schematic comparison of the contact resistance stability of cobalt-hardened gold 

(CoHG) and nickel-hardened gold (NiHG) at (a) 125°C and (b) 300°C [289]. 

 

Since the addition in hard Au has a deleterious effect on tarnish resistance, contact 

resistance and deposit conductivity, a composite Au coating has been synthesized by 

electroplating with an attempt to remove the deleterious effect [73]. 

 

Sautter reported that creep resistance of Au is extensively improved by co-deposited 

alumina particles [290, 291]. Gimpl and Fuschillo synthesized a type of Au with 

improved mechanical property. They first deposited Au on alumina and thoria 

particles by chemical precipitation then pressing and sintering to form the composite 

[292, 293]. A similar Au composite with a better mechanical property using titania 

was reported by Poniatowski [294]. In his study, Au–WC was prepared to improve 

the welding and metal transfer characteristics [295]. Titanium or tungsten carbide 

particles of 1 μm diameter were co-deposited into the Au coating showing enhanced 

hardness, tensile strength and sliding wear resistance, as shown in Figure 2.32. The 

results may be attributed to the restraint of matrix deformation by the hard 
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non-deformable particles. The low electrical resistance effect of Au is not 

significantly affected because the carbide particles are chemically inert to corrosion 

resistance and electrical contact resistance [296].  

 

 

 

Figure 2.32 Effect of co-deposited carbides on the mechanical property: (a) hardness of two 

different Au electroplates; (b) composite wear and wear resistance of acid cyanide and alkaline 

sulphite Au with titanium and tungsten carbides, which give approximately the same relationship 

[294]. 

 

2.3.3 Existing Problems  

It is widely believed that the highly dispersive nano-particles in composites can 

achieve a good strengthening effect. In order to achieve good dispersion of 

nano-particles, the electrolyte has be to maintained by techniques, such as vigorous 

agitation, air injection, adding surfactants and so on. However, it is difficult to 

achieve good suspension because of large surface energy, which may cause 

agglomeration of the nano-particles [200].  

 

The surface appearance of Au based composite coatings is easily to be affected by the 

particles dispersion. It is hard to improve the mechanical properties of Au composite 

coatings by directly using nano-particles addition without reducing their surface gloss. 
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Additionally, the large amount of nano-particles tends to agglomerate into particle 

clouds and leads to the electric conductivity degradation of Au composite coatings.   

Recently, our research group newly developed a novel method which combines the 

sol-gel technology and the electro/-less plating technique. A certain amount of oxide 

contained sol has been added into the traditional electrolyte to in situ fabricate 

composite coating with a highly dispersion of nano-particles. By virtue of this novel 

method, both mechanical property and other property of coatings have been improved 

[200-208].  

 

Developing Au composite coatings that possess better mechanical properties while 

keeping the good conductive, high corrosion resistance and shining appearance has 

been a hot research subject in recent years. However, there still exists many problems 

that need to be solved as we mentioned in the literature review above. In this thesis, 

we will apply our newly developed sol technology in Au electroplating to investigate 

its effect on the microstructure, property and surface appearance. Meanwhile, the 

future potential use of this promising method in industry will also be discussed. 
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Chapter 3 Experimental Design and Procedures 

3.1 Introduction 

Electroplating is a traditional surface engineering technology, which deposits a layer 

of metal or alloy by an electrochemical process method to achieve solid surface 

modification [1, 2]. With the development of science and technology, a single 

material no longer meets the increasing variety of needs; therefore, composite 

materials now have a broad application in engineering technology [3]. Composite 

coatings are recognized for their hardness, wear resistance, self-lubricity, corrosion 

resistance, electrical function, and special decorative appearance [4-6].  

 

A composite coating is obtained by the deposition process of adding insoluble solid 

particles and a metal ion [7]. In order to achieve good suspension, various 

technologies are applied, such as air injection (pump), magnetic stirring, mechanical 

agitation, ultrasonic vibration or adding surfactants. However, adding solid particles 

at the micron or nanometer level does not obtain the best improvement of coating 

properties and performance. 

 

Nano-material has a unique surface effect, a small size effect, so that it shows a high 

level of high hardness, wear resistance, self-lubricity and corrosion resistance 

characteristics [8, 9]. A nano-composite coating is traditionally fabricated by 

co-deposition of metal plating and solid nano-particles addition [10]. However, the 

challenge for nano-particles is being able to suspend in the electrolyte because of its 

large surface energy.  

 

The sol-gel process is an in situ liquid phase synthesis of uniform nano-particles at 

room temperature [11, 12]. The metal ions discharged on the surface of the cathode, 

providing an opportunity for the in situ formed nano-particles to integrate 

immediately into the alloy deposit through migration and diffusion [13, 14]. 
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Sol-enhanced electroplated composite coatings have been synthesized and 

characterized in a series of papers [14-22]. The improved mechanical property and 

oxidation behavior have been recognized as creating refinement [16, 20, 21] and 

reflecting Orowan precipitation theory [16, 19]. 

 

Pulse electroplate deposition raises the limiting current density by replenishing metal 

ions in the diffusion layer only during toff [23]. It can produce high quality coatings 

with desired composition and structure without cracking [21] to increase mechanical 

properties [24].  

 

3.2 Experimental Design 

There are different principles involved in traditional powder enhanced composite 

deposition, sol-enhanced composite deposition and pulse electroplating process. The 

experiments in the current study were designed based on the deposition principle and 

the experimental system. 

 

3.2.1 The Deposition Principle 

For traditional composite coating, the second-phase nano-particles and metal ions that 

co-deposited onto the cathode surface need to go through five consecutive steps, 

which are: formation of ionic clouds on the particles; convection towards the cathode; 

diffusion through a hydrodynamic boundary layer; diffusion through a concentration 

boundary layer; and adsorption at the cathode where particles are entrapped within the 

metal deposit [25, 26]. Although there have been great efforts made to decrease the 

agglomeration tendency of the nano-particles, the agglomeration effect cannot be 

completely avoided from the co-deposition process [14], which is shown in Figure 

3.1. 
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Figure 3.1 The typical formation process of traditional nano-composite coatings [25, 26]. 

 

The nano-particles supplied by the sol precursor were covered by an ion cloud as soon 

as they were synthesized in situ, which helped achieve good suspension during the 

co-deposition process. The process is presented in Figure 3.2. 

 

 

 

Figure 3.2 Typical formation of the sol-enhancednano-composite coatings [14]. 
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3.2.2 The System Design 

The experimental system of this study was mainly composed of three aspects, which 

were electrolyte, transparent TiO2 or ZrO2 sol, and specimens. Traditional TiO2 or 

ZrO2 power enhanced Au–Ni coating and TiO2 or ZrO2 sol-enhanced Au–Ni deposits 

were systematically prepared with direct current (DC) electroplating and pulse 

electro-deposition (PED).  

 

(1) The plating solution 

The cyanide and Ni contained Au electrolyte, which is a commercial product of the 

MacDermid Company, was selected for the DC and PED. Typically, the composition 

of the acid cyanide bath is KAu(CN)2, citric acid, Ni or Co (added as sulfate), 

stabilizer and bright complexing agents [27]. The pH can be adjusted with KOH; and 

the temperature range is between 40±2
o
C. The details of the electroplating bath 

composition will be introduced in the following chapters. 

 

(2) The transparent TiO2 or ZrO2 sol 

The transparent TiO2 or ZrO2 sol was chosen to provide nano-particles as the 

second-phase for the co-deposition process. The transparent TiO2 or ZrO2 sol were 

prepared by a two-step method. The formula and process of TiO2 sol has been 

described in the literature [14, 28, 29]. Firstly, 8.68 ml of tetrabutylorthotitanate 

(Ti(OBu)4) was dissolved in a mixture containing 35 ml ethanol and 2.82 ml 

diethanolamine (DEA). The solution was then continuously stirred for 2 h to achieve a 

complete chelation between Ti(OBu)4 and DEA. In the second step, a mixture of 0.45 

ml deionized water and 4.5 ml ethanol was dropwise mixed with the solution under 

vigorous stirring to form a fresh TiO2 sol.  

 

A similar process with a different chemical stoichiometric ratio for the first step was 

applied to synthesis ZrO2 sol, which has been detailed elsewhere [22, 30]. 11.3 mL 

zirconium n-propoxide (70 wt.% solution in 1-propanol) was dissolved in a mixture 
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containing 30.9 ml anhydrous ethanol and 2.8 mL diethanolamine (DEA). The 

solution was then continuously stirring for 2 h to achieve a complete chelation 

between Zr(OPr)4 and DEA. A mixture of 0.46 mL deionized water and 4.5 mL 

ethanol solution was then drop-wise mixed with the solution under vigorous stirring to 

form a fresh ZrO2 sol. 

 

(3) The specimens 

Ni plated brass (Cu 64wt.%, Zn 36 wt.%), which was purchased from Rigg 

Electroplating Ltd. New Zealand was chosen as the substrates. Ni layer of ~10 μm is 

effective in preventing Cu–Au inter-diffusion and a subsequent Cu bleed through to 

the surface when the temperature is over 60
o
C [27]. The specimens were 

electro-polished in an alkaline solution and activated in an acid solution before being 

electroplated in the bath. The details about the pre-treatment process for electroplating 

will be described in the following chapters.   

 

3.3 Experimental Procedures 

The main experimental procedures were coating preparation, microstructure 

characterization, mechanical properties tests, optical appearance evaluation, electrical 

conductivity measurement, and corrosion property checkout. The chemical analysis 

and grain size were also characterized. The details are presented in the following 

section. 

 

3.3.1 Preparation of Composite Coatings 

The solid particle was added into the bath before electroplating. The sol was dripped 

into the plating bath with a rate of ~2 mL/min ahead of electro-deposition. After the 

solid particle or sol was added, the solution was kept homogeneous by magnetic 

stirring at a set speed. Different experimental apparatuses were applied for direct 
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current plating and pulse electro-deposition, which will be clearly presented in the 

following chapters. 

 

In order to study the influence of the current density on the visual quality of 

electroplated deposits, the Hull Cell experiment was carried out for Au–Ni alloy 

coating. 

 

The experimental apparatus is shown in Figure 3.3. The Hull Cell consisted of a 

plastic container of the shape illustrated. A stainless steel anode (610 cm) was fitted 

at the rectangular end of the box and a Ni plated brass substrate cathode (105 cm) 

was placed along the sloping side. The volume of the electrolyte was 333 mL. A 

magnetic stirring bar was fitted for agitation of the solution and the whole unit was 

immersed in a water bath for temperature control. The solution to be tested was 

pre-heated to 40
o
C, which was the operating temperature before it was transferred to 

the Hull Cell.  

 

 

 

Figure 3.3 Hull Cell apparatus schematic. 

 

For the majority of bright Au–Ni plating solutions, it is usual to use a current of 0.5 A 

and a plating time of 20 min. Table 3.1 illustrates the variation in the applied current 

density used along the middle horizontal of the plated portion of the test panel [31]. 

The boundaries between the various zones depicted on a plated test panel may vary by 

±0.5 A/dm
2
. These variations are caused by non-critical changes in the composition of 
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the plating solution and slight personal errors in the technique of carrying out the test 

[31]. 

 

Table 3.1 The current density distribution on Hull Cell panel [31]. 

 

Current 

applied 

amperes 

Current density — A/dm
2 

Position on Hull Cell panel 

A B C D E F G H I J K L M N 

0.5 5 4 3 2 1.5 1.25 1 0.75 0.5 0.4 0.3 0.2 0.1 0.05 

 

3.3.2 Characterization of Microstructures 

The surface and cross-section morphologies of powder enhanced Au–Ni–TiO2 (ZrO2) 

and sol-enhanced Au–Ni–TiO2 (ZrO2) composite coatings were characterized by a 

field emission scanning electron microscope (FESEM) (Philips XL 30s-FEG) with an 

energy dispersive spectroscopy (EDS). EDS area scanning analysis was conducted to 

investigate the distribution of elements across coatings.  

 

The microstructure of composite coatings was investigated by a high resolution 

analytical transmissions electron microscopy (HRTEM) (Philips CM200). The TEM 

was also used in the present study to observe the distribution and microstructure of 

nano-sized TiO2 particles incorporated in the Au–Ni matrix. 

 

The phase structures of composite coatings were investigated using an X-ray 

Diffraction (XRD) analysis (Philips PW 1710) with a monochromatic Cu-Kα source 

(U = 40 kV, I = 40 mA) at a scanning rate of 0.02
o
/s. The grain size was measured by 

the XRD line broadening analysis based on background subtraction and Au lattice 

plane (111). 
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The grain size of the sol introduced nano-particle in the electrolyte was characterized 

by a laser diffraction particle analyzer (Malvern Mastersizer Hydro 2000S). The 

specimen was first stirred for 20 min with a magnetic stirring bar at a speed of 500 

rpm and then tested for grain size by the instrument. 

 

During the electro-deposition process, the electrolyte (with sol) was taken out for 

chemical analysis by inductively coupled plasma mass spectrometry (ICPMS) (E2 

INSTRUMENTS). The result presented different ions concentration variation 

tendency of Au and Ni ions. 

 

The salt-fog spray test was conducted in a salt-fog spray chamber (SALTRON MAX 

50C) for corrosion resistance property investigation. In the salt spray test, coating 

with their edges protected by scotch tape, were placed in a chamber at a temperature 

of 20
o
C under an aqueous spray for 72 h. A 5wt.% sodium chloride solution with a pH 

between 6.5 and 7.2 was applied for spray. The specimens were observed at regular 

intervals [32].  

 

Specimens were photographed in a light-box with standardized lighting and a color 

standard. Digital images were processed in LensEye® software for color/reflection 

quantification. The color and reflectance of different samples electroplated at various 

conditions were compared to see the effect of the dopant. The electrical resistivity of 

the specimen was measured by System SourceMeter (Keithley 2602). The four 

probe method was carried out over the sample surface.  

 

3.3.3 Mechanical Properties Test 

Numerous methods have been developed to assess the mechanical properties of 

coatings and much progress has been made in this area over the past three decades.  

http://dict.youdao.com/w/probe/
http://dict.youdao.com/w/method/
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Nano-indentation can be used to measure mechanical properties, especially for thin 

coatings which are difficult to handle. Figure 3.4 shows a typical example of a 

load-displacement curve [33]. During the process of a nano-indentation experiment, 

the depth of penetration is measured. The hardness is found by dividing the load by 

the area of contact [33]. The scratch test is a useful method for coating quality 

assurance and has been used to assess the mechanical characteristics of the thin 

coatings, such as abrasion, wear resistance, coating-substrate adhesive properties, 

scratch friction, etc. of various materials [34-41]. 

 

 

 

Figure 3.4 Typical example of a load-displacement curve. 

 

The nano-hardness and the nano-scratch resistance of composite coatings were 

measured using a nano-indentation (Hysitron TI950). A berkovich diamond tip was 

used for coating hardness measurement and a conical tip was used for scratch testing. 

For nano-hardness test, the indenter will achieve required displacement (depth) in 5 

sec and keep the load for 3 sec, after that the indenter will unload to the beginning 

position. In the laboratory experiment, the scratch resistance was tested using a ramp 

load of 1000 μN. The test modulus is presented in Figure 3.5. The scratch resistance 

was determined by the normal displacement during the loading time of 10 – 40 sec to 

the maximum load. At least 5 measurements under the same conditions were 
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conducted and the average value was regarded as the nominal result. The standard 

deviation was also calculated from the measurements. 

 

In the industrial scaling up stage, a constant-load scratch (CLS) test was performed 

with a scratch load of 1000 μN. The test model is presented in Figure 3.6. The scratch 

length for scratch test was 10 μm. At the end of the test, the more displacement there 

was, the poor scratch resistant the coating was.  

 

 
 

Figure 3.5 Typical scratch resistance curve with a ramp load of 1000 μN. 

 

 

 

 

Figure 3.6 Typical scratch resistance curve with a constant load of 1000 μN. 
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Surface roughness can have an influence on the mechanical property measurements 

when using nano-indentation, thus in situ scanning probe microscopy (SPM) imaging 

was used to measure the surface roughness of the coatings. 

 

The general wear resistant of coatings was tested using a tribo-meter (Nanovea ASTM 

G99) at room temperature under non-lubricated conditions with relative humidity 

~50%. A sliding speed of 2 m/min was carried out with a friction counterpart of a 

ceramic ball of 6 mm in diameter. The schematic system of the general wear tester is 

shown in Figure 3.7. The wear volume was calculated using the following Eq.3.1 

[42]. 

    
 

   
        

 

  
  

 

 
    

  

 
                             (Eq.3.1) 

where ω is the length of the wear track (mm), b is the width of the wear track (mm) 

and r is the radius of the rubbing ball (mm).  

 

 

 

Figure 3.7 The schematic system of the wear tester. 

 

General wear test methods, using hard grinding tools, measure the wear properties of 

bulk materials. Since the thickness and hardness of the Au–Ni plating is relatively low, 

the coating is easy to be penetrated by hard friction under normal load. In laboratory 
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experiments, a small load was applied on the coating to ensure that the coating layer 

was not worn out during the test. However, in order to simulate the actual Au–Ni 

coating application environment, a modified “soft wear” test method was adapted by 

using soft bb ball instead of hard ceramic ball as indenter in part of industrial scaling 

up research, and a reasonable load was applied to the sample. The schematic diagram 

of modified Nanovea wear test system is shown in Figure 3.8. 

  

 

 

Figure 3.8 The schematic diagram of modified Nanovea wear test system. 
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Chapter 4 TiO2 Enhanced DC Electroplate Au–Ni 

Composite Coatings 

4.1 Introduction 

Alloying elements have been commonly used in industry to improve the physical and 

mechanical properties of Au coatings. Aluminia [1-4], thoria [3, 4], diamond [5], 

germanium [6], zinc oxide [7], titania [8], tungsten carbide [9], silica [10, 11], 

silicon carbide [11-13], molybdenum sulfide [14], boron nitride [13] and titanium 

nithide [13] have also been used to improve hardness, wear resistance, and 

anticorrosion properties [15]. The dispersed second phase particles provide inherent 

uniformity, hardness and wear resistance [16-19]. It is understandable that the solid 

particles dispersed into the composite matrix determine the mechanical properties of 

composite coatings [20]. 

 

In order to achieve good suspension of the second-phase particles in the metal matrix, 

different agitation methods and surfactants are applied [21]. However, it is always 

difficult for nano- or micro-particles to achieve good suspension because they have 

very large surface areas. Large surface areas cause the high surface energy, which 

leads to the agglomeration of nano- or micro-particles in composite coatings [22].  

 

A sol-enhanced technique was developed to synthesize composite coating. The 

second-phase particle was introduced into the electrolyte and co-deposited into the 

coating by sol precursor instead of direct using nano- or micro-solid particles [22-31].  

 

The present chapter reports on our work on the solid powder enhanced Au–Ni–TiO2 

composite coatings and sol-enhanced electroplated Au–Ni–TiO2 composite coatings 

on a Ni plated brass substrate. TiO2 particles in the form of solid nano-powder and 

transparent sol solution containing the desirable TiO2 components were added into the 

http://dict.youdao.com/search?q=silicon&keyfrom=E2Ctranslation
http://dict.youdao.com/w/carbide/
http://dict.youdao.com/search?q=molybdenum&keyfrom=E2Ctranslation
http://dict.youdao.com/w/sulfide/
http://dict.youdao.com/search?q=titanium&keyfrom=E2Ctranslation
http://dict.youdao.com/search?q=precursor&keyfrom=E2Ctranslation
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plating solution at a controlled speed. TiO2 nano-particles were co-deposited with 

Au–Ni alloy to form nano-structured composite coatings. Systematic comparisons 

were conducted between the sol-enhanced and solid powder-enhanced Au–Ni–TiO2 

composite coatings. The co-deposition process and the strengthening mechanism were 

systematically investigated.  

 

4.2 Experiments 

Ni plated brass plates (20×15×0.6 mm
3
) were used as the substrate with a Ni layer of 

~10 μm thickness to prevent diffusion of the brass layer into the Au–Ni coating [32]. 

The composition of brass (wt.%) is 64%Cu and 36%Zn. The pre-treatment for 

electroplating Au–Ni was vital to obtain low roughness and good mechanical property 

[33]. The specimens were first electro-polished in an alkaline soap solution containing 

NaOH (50g/L) and NaH2PO4·H2O (10 g/L) with a current density of 1 A/dm
2 
for ~20 

sec at 80
o
C. Then, they were activated in HF-based acid solution with a current 

density of 2 A/dm
2
 for ~10 sec at room temperature to remove the oxidation layer. 

Finally, these specimens were washed thoroughly with distilled water before 

conducting the electroplating Au–Ni–TiO2 composite coating. The bath composition 

and plating parameters used in the present work are listed in Table 4.1.  

 

Table 4.1 The bath composition and electroplating parameters. 

 

KAu(CN)2 NiSO4 C6H8O7 K3C6H5O7·H2O pH Time Temperature 
TiO2 

powder 
TiO2 Sol 

2 g/L 2 g/L 10 g/L 13 g/L 3.8±0.2 
10 

min 
40±2oC 0 – 2.5 g/L 

0 – 50 

mL/L 

 

A series of electroplating parameters were tested to determine the optimized 

deposition condition. In order to find out the proper current density for electroplating 
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over a wide range of current density, the Hull Cell test was carried out rapidly, testing 

the visual quality of the electrodeposits.  

 

After the pre-treated Ni plated brass samples were put into the bath, transparent TiO2 

sol solution was dripped into the bath at a controlled speed of ~ 2 mL/min. The 

solution was continuously stirred at a rate of 200 rpm for 20 min by a magnetic 

stirring at the same time. Figure 4.1 shows the schematic diagram of the experimental 

apparatus. A series of solid powder enhanced electroplated Au–Ni–TiO2 composite 

coatings and Au–Ni coating were prepared for comparison purpose with identical bath 

composition and plating parameters.  

 

The solid powder enhanced Au–Ni–TiO2 composite coatings were produced by using 

the solid particle mixing method with a concentration of TiO2 particles of 0 – 2.5 g/L. 

According to the data provided by the manufacturer (Sigma Company Ltd.), TiO2 

particles have a crystalline anatase structure and an average diameter of ~25 nm.  

 

 
 

Figure 4.1 Schematic diagram of apparatus for electroplating. 

 

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 Au–Ni 
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composite coatings were identified by a high resolution transmission electron 

microscope (HRTEM). The HRTEM specimens were prepared as follows. 

 

Au–Ni–TiO2 (enhanced by 12.5 mL/L TiO2 sol) coatings with a thickness of ~1 μm 

were deposited on the Ni plated substrate and then separated by immersion in nitric 

acid. The substrate could be dissolved in the nitric acid while Au–Ni–TiO2 coatings 

did not react with it. The as-received coating samples were cut into small leaves. The 

small leaves were then thinned in a Gatan Precision Ion Polishing System with a 

copper grid to support the back. Once the ion beam milling process had finished, 

samples with a proper radius hole were selected. The samples were examined by 

using a Philips CM200 Transmission Electron Microscope at 200 kV. 

 

Nano-hardness and nano-scratch tests of coatings were conducted by using Tribo 

Indenter (Hysitron). Before tests, the surface roughness of coatings was assessed by 

using attached Scanning Probe Microscopy (SPM) accessory to determine the 

measuring parameter. The surface roughness image of the Au–Ni coating is shown in 

Figure 4.2. The average roughness (Ra) was 8.2 nm. The surface roughness of TiO2 

powder enhanced or TiO2 sol enhanced composite coatings were also around 10 nm, 

which is represented by Figure 4.2. In order to rule out the influence of surface 

morphology, the indentation depth should be greater than the size of surface 

roughness. However, in view of the matrix effect, the indentation depth should be less 

than 1/10 of the coating thickness. Therefore, 9 indents were performed on original 

coating specimens to a peak depth of 50 nm in the present work. The nano-scratch 

resistance tests were conducted using a ramp load of 1000 μN. 
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Figure 4.2 Surface roughness of Au–Ni coating. 

 

The micro wear property of coatings was tested using a tribometer at room 

temperature under non-lubricated conditions with relative humidity of ~50%. All 

wear tests were conducted under a load of 1 N with a sliding speed of 2 m/min by 

using 6 mm ceramic ball as the friction counterpart. The total elapsed time was 5 min 

and the total sliding distance was 10 m. 

 

4.3 Results and Discussion 

4.3.1 Electroplating Parameters 

It is well known that current density is an important parameter for electroplating. 

According to the Hull Cell test used in our experiments, a higher current density (1.25 

– 5 A/dm
2
) led to a burned surface and a dull color, while low current density (0.05 – 

0.75 A/dm
2
) led to a semi-bright surface, so that 1 A/dm

2
 was selected. Compared 

with room temperature, a good looking surface can be achieved and the electroplating 

efficiency was also increased when the temperature of electrolyte is 40C. Fast 

stirring speed (400 rpm and 600 rpm) produced an uneven gold coating surface 

because of the acute vortex, so that a speed of 200 rpm was selected. The 

electroplating time decides the thickness of the coating. The longer the coating time 

was, the thicker the coating (basically in a linear relation). A coating with a proper 
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thickness, which can avoid matrix effect on mechanical test, could be obtained by 

using an electroplating time of 10 min for various characterizations. Nickel and 

graphite anode were tried in our tests. The nickel anode led to an uneven color and 

contaminated the electroplating solution over a long period of time. It is because 

nickel anode may react with electrolyte and hence contaminate bath. The graphite 

anode was finally applied in lab experiment; and Hull Cell test was used in practical 

scaling up manufacture. 

 

4.3.2 Characterization of Solid Powder Enhanced Au–Ni–TiO2 

Coatings 

The solid powder enhanced Au–Ni–TiO2 composite coatings were synthesized by 

adding different concentrations (0 – 2.5 g/L) of TiO2 solid powder in the Au–Ni 

electrolyte before conducting the electroplating. The characterization of the composite 

coating is presented as follows.  

 

4.3.2.1 Morphologies of TiO2 Powder Enhanced Au–Ni Coatings 

 

 

 

Figure 4.3 Cross-section morphology of Au–Ni coating. 

 

The cross section morphology of Au–Ni coating is represented as Figure 4.3. The 

solid powder enhanced Au–Ni–TiO2 composite coatings had similar cross-section 
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morphology as Au–Ni coating. As was shown in Figure 4.3, the coating was uniform 

and flat. The average thickness of specimen was ~1.40 μm. The thickness of the Ni 

barrier layer was ~15 μm, which was 10 times the average thickness of the Au–Ni 

coating. A clear boundary between the coating and the substrate was observed. No 

abruption or cracks were observed at the interface of the coating, which was evidence 

of good adhesion between the substrate and the coating. 
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Figure 4.4 Surface morphologies of electroplated coatings: (a) Au–Ni coating, (b) 1.25 g/L TiO2 

solid particle enhanced Au–Ni–TiO2 composite coating, and (c) 2.5 g/L TiO2 solid particle 

enhanced Au–Ni–TiO2 composite coating. 

 

Figure 4.4 shows the surface morphologies of Au–Ni coating, 1.25 g/L TiO2 solid 

particle-enhanced Au–Ni–TiO2 composite coating and 2.5 g/L TiO2 solid 

particle-enhanced Au–Ni–TiO2 composite coating. The Au–Ni coating showed typical 

granular morphology with the large protrusion size of 1 µm. TiO2 particles were 

observed on the surface of the solid powder enhanced Au–Ni–TiO2 composite 

coatings, as shown by the arrows in Figures 4.4.b and c. The composite coating 

enhanced by 1.25 g/L TiO2 powders presented comparatively uniform distribution of 

the agglomerated TiO2 particles (Figure 4.4.b). When the TiO2 concentration was 

raised to 2.5 g/L, the distribution of small particles is similar to 1.25 g/L TiO2 

powders enhanced composite coating. However, large agglomeration of 

particles occurred on the surface of coating (Figure 4.4.c). Higher TiO2 powder 

concentration increased the amount of particles suspended in the bath. More particles 

could be transported to the cathode surface through stirring. The chance of particles 

being incorporated into the coatings was increased correspondingly. When the 

concentration of particles was higher than 2.5 g/L, agglomeration of particles was 

intensified by colliding of excessive nano-particle in the bath. It is because the amount 

of nano-particle on cathode surface beyond the incorporate capacity of matrix metal. 

And the superfluous nano-particle carried away the incompletely embedded TiO2 in 

http://dict.youdao.com/search?q=superfluous&keyfrom=E2Ctranslation
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the coating. The phenomenon has been verified by numerous experimental practices 

[10, 34]. 

 

4.3.2.2 Phase Structures of TiO2 Powder Enhanced Au–Ni Coatings 

 

Figure 4.5 XRD spectra of TiO2 powder enhanced Au–Ni coatings: (a) Au–Ni coating, (b) Au–Ni 

–TiO2 (1.25 g/L) composite coating, and (c) Au–Ni –TiO2 (2.5 g/L) composite coating. 

 

The phase structure of TiO2 powder enhanced Au–Ni coatings were analyzed by XRD. 

It is shown in Figure 4.5, both Au–Ni coating (Figure 4.5.a) and Au–Ni–TiO2 coating 

(Figures 4.5.b and 4.5.c) had typical crystallized phases. No TiO2 peaks could be seen 

from the composite coatings, probably due to the low quantity of TiO2 particles and 

high intensity of other diffraction peaks. The peaks at 2θ = 38.22, 44.41, 64.70, and 

77.71 were assigned to the (111), (200), (220) and (311) lattice planes of the cubic Au, 

respectively. The grain size was measured by the XRD line broadening analysis based 

on Au lattice plane (111). According to the results calculated from Scherrer formula D 

= kλ/(B1/2cosθ) (Eq.4.1) (Where D is the mean size of the crystalline domain, which 

may be smaller or equal to the grain size, k is a dimensionless shape factor, B1/2 is the 

line broadening at half the maximum intensity and θ is the Bragg angle.) [35-38], 

there was a slight change in the mean size of Au particles, which was calculated to be 

from 20.3±0.4 nm for the Au–Ni coating to 17.6±0.5 nm for the Au–Ni–TiO2 (1.25 

g/L) composite coating and 18.0±0.3 nm for the Au–Ni–TiO2 (2.5 g/L) composite 
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coating. It can be seen from Figure 4.5 that the preferred orientation of Au–Ni plating 

was along the (111) crystalline plane. The intensity of other diffraction peaks was 

relatively weak.  

 

4.3.2.3 Mechanical Properties of TiO2 Powder Enhanced Au–Ni Coatings 

 

Figure 4.6 Nano-hardness of TiO2 powder enhanced Au–Ni–TiO2 coatings. 

 

Figure 4.6 shows the hardness of Au–Ni–TiO2 coatings. Error bars represent the 

standard deviation from the five indents carried out. The nano-hardness of the Au–Ni 

coating was 2.55±0.13 GPa. It can be seen that the hardness was gradually increased 

with increasing TiO2 content to 1.25 g/L TiO2 powder enhanced composite coating, 

which possessed the highest nano-hardness of 2.91±0.09 GPa. However, further 

increasing the amount of TiO2 concentration led to a slight decline of hardness, which 

was 2.81±0.17 GPa, still higher than Au–Ni coatings.  

 

The improvement of nano-hardness can be achieved by the combination of different 

mechanisms [39], which will be explained as following. 

 

During the coating formation process, small TiO2 particles could provide a large 

number of nucleation centers. Hence the grain numbers were increased. Meanwhile, 

the large amount of small particles embedded in the coating hindered the grain growth. 
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All above mentioned factors led to a fine grain strengthening effect [40], confirmed 

by the grain size calculation. 

 

The grain refinement strengthening from Hall-Petch relationship can be described as 

below [25]. 

                         (Eq.4.2) 

where σy and σ0 is the yield stress and friction stress respectively, k is a constant, d is 

the grain size and H is hardness. 

 

The Hall-Petch relationship relates hardness H and can also be depicted as below [41]. 

        
                 (Eq.4.3)        

Where H0 and kH are experimental constants, vary with metal to metal. H0 is the value 

characteristic of dislocation blocking and is related to the friction stress. kH takes 

account for the penetrability of the boundaries to moving dislocations and is related to 

the number of available slip systems. 

 

According to relationship between nano-hardness and the calculated (crystal size)
-1/2

, 

solid powder enhanced Au–Ni–TiO2 composite coatings partially obey the Hall-Petch 

relation. But because the grain size does not change much, grain refinement can not 

contribute much to the hardness improvement.  

 

On the other hand, dispersion strengthening also plays a role in mechanical 

strengthening. The embedded nano-particles in the coating hindered the normal 

growth of the grain causing lattice distortions, which produced crystallite 

micro-distortion strengthens [42]. Then, nano-particles distributed in the matrix alloy 

as a second phase to restrict the dislocation motion and micro-crack propagation 

resulting in a dispersion strengthening effect [43].  
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The dispersion strengthening of nano-particles by Orowan mechanism can be 

expressed as Eq.4.4 [25]. 

                      (Eq.4.4) 

Where σ is shear yield stress, G and b are the shear modulus of the matrix and 

Burgers vector of the dislocation, and λ is the distance of dispersed particles. It was 

indicated that the smaller distance between dispersed particles induces the stronger 

dispersion strengthening effect. In order to decrease the distance of dispersed particles, 

the addition amount should increase to an optimal value. Too much powder addition 

in the bath may lead to particle agglomeration in the coating as was shown in Figure 

4.4.  

 

Overall, for the Au–Ni–TiO2 composite coating system, the improvement of hardness 

was attributed to the joint effect of grain refining mechanism [25, 44] and dispersion 

strengthening mechanism [15, 25-28, 30, 45]. 

 

 

Figure 4.7 Scratch resistance of TiO2 powder enhanced Au–Ni–TiO2 coatings. 

 

Figure 4.7 shows scratch tests of the TiO2 powder enhanced Au–Ni–TiO2 coatings. 

During the scratch tests, a ramp load of 1000 μN was applied to the sample surface. 

The normal displacement results were calculated from the average value of each 5 

tests. The smaller the normal displacement, the higher scratch resistant the coating 

was. The normal displacement of the Au–Ni coating was 58.75±3.70 nm. The normal 
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displacement decreased to a lower value of 36±2.16 nm when the powder 

concentration was at the level of 1.25 g/L, indicating a significant improvement of the 

scratch resistance. The scratch property slightly degraded when further increasing 

powder addition. The scratch tests of TiO2 powder enhanced Au–Ni–TiO2 coatings 

exhibited a similar tendency with the nano-hardness results variation. 

 

 

 

 
Figure 4.8 Wear track images on: (a) Au–Ni coating, (b) 1.25 g/L TiO2 powder enhanced 

Au–Ni–TiO2 composite coating, and (c) 2.5 g/L TiO2 powder enhanced Au–Ni–TiO2 composite 

coating. 
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Figure 4.8 compares wear tracks of the TiO2 powder enhanced Au–Ni–TiO2 coatings. 

It is obvious that the Au–Ni coating presented the worst wear resistance. The wear 

track width of Au–Ni coating was 95±3 μm. In contrast, the wear tracks on the TiO2 

powder enhanced Au–Ni–TiO2 coatings were narrower, which means a much 

improved wear resistance. The wear tracks of 1.25 g/L and 2.5 g/L TiO2 powder 

enhanced composite coatings were 80±4 μm and 90±3 μm, respectively. 

 

Figure 4.9 Effect of powder concentration on wear volume loss of coatings. 

 

Figure 4.9 presents the effect of powder concentration on the wear volume loss of 

coatings. The wear volume loss of Au–Ni was (238.2±8.3)×10
3 
μm

3
. In contrast, 1.25 

g/L TiO2 powder enhanced composite coating had higher wear resistance and the 

wear volume loss decreased to (141.2±7.1)×10
3 

μm
3
. However, when powder 

concentration increased to 2.5 g/L, the wear resistance of the composite coating 

decreased, evidenced by the greater wear volume loss of (202.5±7.1)×10
3 
μm

3
. 

 

Tribology property of composite coatings depends on the matrix metal and particle 

materials’ inherent physical and chemical properties, and is closely related to the 

content and dispersion state of the nano-particles in the matrix metal [46]. It is known 

that TiO2 particles have a high level of hardness. In our experiment the dispersed TiO2 

particles improved anti-friction wear resistance of the coating by impeding dislocation 
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motion in the material deformation and suppressing cracks in the coating to expand or 

extend the crack propagation path [47]. The wear mechanism was abrasive wear [48]. 

However, the high concentration of TiO2 powder in the electrolyte induced the 

agglomeration in the coating, which reduced the homogeneity of the coating. 

 

4.3.3 Characterization of Sol-enhanced Au–Ni–TiO2 Coatings 

The TiO2 sol enhanced Au–Ni–TiO2 composite coatings were synthesized by adding 

various concentrations (0 – 50 mL/L) of TiO2 sol in the Au–Ni electrolyte before 

conducting the electroplating. The characterization of the composite coating will be 

presented as follows.  

 

4.3.3.1 Morphologies of TiO2 Sol Enhanced Au–Ni–TiO2 Coatings 

 

 

 

Figure 4.10 Cross-section morphology of TiO2 sol enhanced Au–Ni–TiO2 (12.5 mL/L) composite 

coatings. 

 

TiO2 sol enhanced composite coatings and Au–Ni electroplated coatings had similar 

cross-section morphology, which was represented by Figure 4.10. According to the 

cross-section morphologies, the coatings were uniform and flat across the specimen, 

with an average thickness of ~1.46 μm for 12.5 mL/L TiO2 sol-enhanced Au–Ni–TiO2 

composite coatings. The thickness of the Ni barrier layer was around 22 μm. A clear 
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boundary without abruption and cracks between coating and substrate was observed, 

evidence of good adhesion between the substrate and coating. Compared with the 

Au–Ni coating with an average thickness of ~1.40 μm (Figure 4.3), the TiO2 sol 

enhanced composite coatings had a similar thickness, which means by adding the 

TiO2 sol, the deposition rate of the composite coating was similar.  

 

 

 

 

Figure 4.11 Surface morphologies of TiO2 sol-enhanced Au–Ni–TiO2 composite coatings: (a) 

Au–Ni–TiO2(12.5 mL/L) composite coating, and (b) Au–Ni–TiO2(50 mL/L) composite coating. 

 

Figure 4.11 shows the surface morphologies of TiO2 sol enhanced Au–Ni–TiO2 

coatings with different TiO2 sol concentrations of the electrolytes. The morphology of 

12.5 mL/L TiO2 sol enhanced composite coating showed a uniform spherically 

nodular structure with a size of ~200 nm. A great number of black dots were seen on 
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the surface of 50 mL/L TiO2 sol enhanced composite coating, as shown by black 

arrows in the inset Figure 4.11.b. According to EDS results, Ti content in those 

locations was higher than other areas convincing the existing of TiO2.  

 

4.3.3.2 Microstructure of TiO2 Sol Enhanced Au–Ni–TiO2 Coatings 

 

 

 

Figure 4.12 TEM image of Au–Ni coating: (a) HRTEM image of Au–Ni coatings, (b) IFFT image 

and diffraction patterns of the HRTEM image selected from (a) white frame area. 

 

Figure 4.12 shows HRTEM images of the Au–Ni coating. It could be seen from 

Figure 4.12.a that consecutive black area existed, which represented the grain 

boundary or thicker thickness area. In order to directly measure the lattice parameter, 

the top right area of Figure 4.12.a was taken to do the Fast Fourier Transformation 

(FFT) and Inverse Fast Fourier Transformation (IFFT). The transformation and the 

diffraction pattern were made by the Digital Micrograph software. From the IFFT 

image shown in Figure 4.12.b, the inter-planar spacing was 0.234 nm, corresponding 

to the lattice space of Au [111] as listed in the PDF cards #65 – 2870. It could be 

concluded that the coating growth direction was [111], which was in accordance with 

the XRD results in the Figure 4.5.a. 
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Figure 4.13 TEM image of Au–Ni–TiO2 coating: (a) HRTEM image of Au–Ni–TiO2 coatings; (b) 

IFFT image and diffraction patterns of the HRTEM image selected from (Ⅰ) white frame area, (c) 

IFFT image of the HRTEM image selected from (Ⅱ) white frame area; and (d) diffraction 

patterns of the HRTEM image selected from (Ⅱ) white frame area. 

 

Figure 4.13 shows HRTEM images of the Au–Ni–TiO2 coating. It can be seen from 

Figure 4.13.a that consecutive black area existed, which represented the grain 

boundary or thicker thickness area. In order to distinguish different phases especially 

for the TiO2 phase, two areas (Ⅰ) and (Ⅱ) were selected to do the Fast Fourier 

Transformation (FTT) and Inverse Fast Fourier Transformation (IFFT). The 

transformed images and diffraction patterns are shown in Figures 4.13.b, c and d 

respectively. It can be seen from Figure 4.13.b that area (Ⅰ) only represented the 

phase of Au [111], which means the sol addition does not change the growth direction 
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of coating. Figure 4.13.c can not distinguish phase because of the poor image quality 

and low resolution. However, the patterns shown in Figure 4.13.d could provide more 

information by analyzing the lattice parameter. By measuring the half distance 

between A and B, the inter-planar spacing could be obtained after calculation. The 

result was 0.359 nm which corresponding to the TiO2 [110]. Identically, besides Au 

[111] was identified by measuring the half distance E and F, TiO2 [200] was also 

detected for the inter-planar spacing which was 0.586 nm after measuring the half 

distance between C and D. The calculated results not only confirmed the existence of 

TiO2, but also presented the mixture structure of sol-enhanced Au–Ni–TiO2 coatings. 

TiO2 nano-particles mixed with Au phase and dispersed in the sol-enhanced coatings.  

 

4.3.3.3 Phase Structures of TiO2 Sol Enhanced Au–Ni–TiO2 Coatings 

 

 

Figure 4.14 XRD spectra of TiO2 sol-enhanced Au–Ni coatings: (a) Au–Ni coating, (b) 

sol-enhanced Au–Ni –TiO2 (12.5 mL/L) composite coating, and (c) sol-enhanced Au–Ni –TiO2 

(50 mL/L) composite coating. 

 

Phase structure of TiO2 sol-enhanced Au–Ni coatings is shown by the XRD analysis 

in Figure 4.14. The Au–Ni coating (Figure 4.14.a) and TiO2 sol enhanced 

Au–Ni–TiO2 coating (Figure 4.14.b and c) had a typical crystalline structure. No TiO2 

peaks could be seen from the composite coatings, probably due to the low quantity of 

TiO2 particles and high intensity of other diffraction peaks. The peaks at 2θ = 38.22, 
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44.41, 64.70, and 77.71 were assigned to the (111), (200), (220) and (311) lattice 

planes of the cubic Au, respectively. The grain size was measured by the XRD line 

broadening analysis based on Au lattice plane (111). According to Scherrer formula, 

there was a slight change in the mean size of Au grains. The conventional coating had 

a grain size of 20.3±0.4 nm. When a small amount of sol (12.5 mL/L) was added, the 

grain size decreased to 16.3±0.3 nm. However, when a large amount of sol (50mL/L) 

was added into the electrolyte, the grain size changed to 18.6±0.3 nm. The preferred 

orientation of the Au–Ni plating was the (111) crystalline plane. By adding the TiO2 

sol, the grain size was refined. 

 

4.3.3.4 Mechanical Properties of TiO2 Sol Enhanced Au–Ni Coatings 

 

Figure 4.15 Nano-hardness of TiO2 sol-enhanced Au–Ni–TiO2 coatings. 

 

Figure 4.15 shows the nano-hardness of sol-enhanced Au–Ni–TiO2 coatings. Error 

bars represent the standard deviation from the five indents carried out. The 

nano-hardness of Au–Ni coating was 2.55±0.13 GPa. It can be seen that the hardness 

gradually increased with increasing TiO2 content at low concentrations. 12.5 mL/L 

TiO2 sol enhanced composite coating Au–Ni–TiO2 possessed the highest 

nano-hardness, which was in the level of 3.20±0.15 GPa. However, further increasing 

the amount of TiO2 concentration to 50 mL/L led to a decrease of nano-hardness, 
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which was 2.66±0.12 GPa, although the nano-hardness was still higher than that of 

Au–Ni coatings.  

 

According to relationship between nano-hardness and the (crystal size)
-1/2

, sol 

enhanced Au–Ni–TiO2 composite coatings partially obey the Hall-Petch relation. The 

nano-hardness of the Au–Ni–TiO2 (sol) coating increased when the grains were 

refined. 

 

The nano-particles embedded in the coating as second phase. They played the role of 

dispersion strengthening. The hard nano-particles restricted the dislocation motion 

and micro-propagation. The decreased distance between dispersed particles benefited 

the dispersion strengthening effect. However, for the high concentration sol enhanced 

coatings, the agglomerated second phase increased distance between dispersed 

particles causing the decrease of nano-hardness [49]. 

 

Therefore, the improved hardness of sol enhanced Au–Ni–TiO2 coating could be 

attributed to the combined effect of grain refinement and dispersion strengthening 

mechanism. 

 

 

Figure 4.16 Scratch resistance of TiO2 sol enhanced Au–Ni–TiO2 coatings. 
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Figure 4.16 shows scratch tests results of TiO2 sol enhanced Au–Ni–TiO2 coatings. A 

ramp load of 1000 μN was applied to sample surfaces during the tests. The smaller the 

measured normal displacement, the more scratch resistant the coating was. The 

measured normal displacement of the Au–Ni coating was 58.8±3.7 nm. As the 

amount of sol was increased, the normal displacement decreased. The best scratch 

resistance with lowest displacement value (22.5±4.3 nm) could be achieved when the 

sol concentration was at the level of 12.5 mL/L. Then the scratch property slightly 

degraded with further increasing addition of sol. The scratch tests results of TiO2 sol 

enhanced Au–Ni–TiO2 coatings exhibited a similar trend to the hardness variation 

with an ideal sol level of 12.5 mL/L showing the best property improvement. 

 

 

 
 

Figure 4.17 Wear track images on (a) 12.5 mL/L TiO2 sol enhanced Au–Ni–TiO2 composite 

coating, and (b) 50 mL/L TiO2 sol enhanced Au–Ni–TiO2 composite coating. 

 

Figure 4.17 compares the wear track widths of TiO2 sol enhanced Au–Ni–TiO2 

coatings. Obviously, the Au–Ni coating had the worst wear resistance. The wear track 
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of the Au–Ni coating was 95±3 μm. In contrast, the wear track widths on the TiO2 sol 

enhanced Au–Ni–TiO2 coatings were narrower, which showed a much improved wear 

resistance. The wear track widths of the 12.5 mL/L and 50 mL/L TiO2 sol enhanced 

Au–Ni–TiO2 coatings were 65±4 μm and 82±4 μm, respectively. 

 

Figure 4.18 Effect of sol concentration on wear volume loss of coatings. 

 

Figure 4.18 presents the effect of sol concentration on the wear volume loss of 

coatings. The wear volume loss of Au–Ni was (238.2±8.3)×10
3
μm

3
. In contrast, the 

12.5 mL/L TiO2 sol enhanced Au–Ni–TiO2 composite coating had higher wear 

resistance, reaching (76.3±4.2)×10
3 

μm
3
. However, when the sol concentration 

increased to 50 mL/L, the wear resistance of the composite coating decreased, 

evidenced by the greater wear volume loss of (153.2±7.7) ×10
3 

μm
3
. The improved 

wear resistance can be attributed to the enhanced hardness.  

 

4.3.3.5 Formation Mechanism of the Sol-enhanced Au–Ni–TiO2 Composite 

Coating 

During the electro-deposition process of traditional solid powder mixing composite 

coatings, the nano-particles were added into the electrolyte by using different methods 

including vigorous agitation, air injection, ultra-sonic vibration or adding surfactants. 

However, the nano-particles cannot avoid agglomeration due to their very high 
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surface energy. Same process occurs in our solid particle enhanced Au–Ni–TiO2 

coating deposition process. The TiO2 nano-particles we added (~25 nm) agglomerated 

up to over several hundred nano-meters size and embedded in the composite coating 

evidenced by Figure 4.4.  

 

Correspondingly, the sol-enhanced composite coatings were electrodeposited by a 

different mechanism. The main process of the composite electro-deposition can be 

described as follows: (1) electro-phoretic movement of the positively charged 

particles to the cathode, (2) adsorption of the particles at the electrode surface by van 

der Waals forces, and (3) mechanical inclusion of the particles into the metal layer 

[28]. The formation and movement of the nano-particles is the feature which 

distinguishes with the traditional solid mixing method. 

 

When the TiO2 sol solution was added into the electrolyte, the large quantity of Au 

and Ni ions in the solution will lead to the polymerization reaction of sol and the TiO2 

nano-particles formed. As the nano-particles formed in situ, they were well dispersed 

under the effect of ethanol and DEA. During the electroplating process, the TiO2 

nano-particles were moved into the surface matrix under the charge attraction. With 

the help of van der Waals forces and mechanical inclusion which driven by proper 

continuous agitation, the fine TiO2 nano-particles were embedded into the growing 

Au–Ni coating matrix [25]. However, too much sol addition will lead to 

agglomeration of nano-particles. 

 

4.3.4 Comparison of Au–Ni Coating and TiO2 Enhanced Au–Ni–TiO2 

Composite Coatings 

As discussed above, TiO2 powder or sol was added into the Au–Ni electrolyte to 

prepare metal-ceramic composite coatings with improved mechanical properties. It is 

understandable that a comparison was made among the Au–Ni coating, 

powder-enhanced coatings and sol-enhanced coatings.  
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4.3.4.1 Surface Morphologies of Coatings 

 

 

 

Figure 4.19 Surface morphologies and EDS elemental distribution of coatings: (a) Au–Ni coating, 

(b) 1.25 g/L TiO2 powder enhanced Au–Ni–TiO2 composite coating, and (c) 12.5 mL/L TiO2 sol 

enhanced Au–Ni–TiO2 composite coating. 
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Figure 4.19 shows the surface morphologies of the Au–Ni coating, the TiO2 

powder-enhanced Au–Ni–TiO2 composite coating and the TiO2 sol enhanced 

Au–Ni–TiO2 composite coating. Many clusters of agglomerated TiO2 particles could 

be observed on the powder-enhanced coating with a content of 8.3±0.7 wt.% TiO2. In 

contrast, the sol-enhanced Au–Ni–TiO2 coating had a uniform spherically nodular 

structure without obvious TiO2 particle clusters, which was probably due to their 

extremely small size and relatively low content of 0.5±0.2 wt.% [22]. 

 

4.3.4.2 Phase Structures of TiO2 Enhanced Au–Ni Coatings 

 

Figure 4.20 XRD patterns of electroplating coatings: (a) plain Au–Ni coating, (b) solid 

powder-enhanced Au–Ni–TiO2 composite coating, and (c) sol-enhanced Au–Ni–TiO2 composite 

coating. 

 

Figure 4.20 displays the XRD spectra showing differences in phase structure between 

the Au–Ni coating and the solid powder or sol enhanced Au–Ni–TiO2 composite 

coatings. All coatings were composed of crystalline phases. The X-ray diffraction 

intensity of the Au (200) crystallite plane was slightly enhanced by adding TiO2 sol 

into the conventional electroplating bath. The XRD patterns for the composite 

coatings showed no peaks from TiO2 particles, possibly due to the low quantity of the 

particles. 
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4.3.4.3 Mechanical Properties of Coatings 

The nano-hardness was tested at the displacement of 50 nm, which was not subjected 

to surface roughness errors. The typical loading and unloading curves, as well as the 

scratch resistance trend of Au–Ni and TiO2 enhanced composite coatings are shown in 

Figure 4.21 and Figure 4.22. The related average nano-hardness, scratch resistance 

and wear resistance are listed in Table 4.2.  

 

 

Figure 4.21 Nano-hardness curves measured by nano-indenter. 

 

Figure 4.22 Scratch resistance property measured by nano-indenter. 
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Table 4.2 Mechanical properties of Au–Ni coating and Au–Ni–TiO2 composite coating. 

 

Coating 
Hardness 

(GPa) 

Scratch normal 

displacement (nm) 

Wear track 

width (μm) 

Wear volume loss 

(×10
3
 μm

3
) 

Au–Ni 2.55±0.13 58.75±3.7 95±3 238.18±8.34 

Au–Ni–TiO2 

(powder) 
2.91±0.09 36±2.16 80±4 141.23±7.06 

Au–Ni–TiO2 

(sol) 
3.2±0.15 22.5±4.33 65±4 76.29±4.2 

 

The TiO2 sol enhanced coating process resulted in a significantly improved 

nano-hardness, scratch resistance and wear resistance. The nano-hardness of the 

Au–Ni–TiO2 coating reached 3.20±0.15 GPa, compared to Au–Ni coating and TiO2 

sol enhanced composite coating which reached 2.55±0.13 GPa and 2.91±0.09 GPa, 

respectively. 

 

On comparing the normal displacement and wear tracks of coatings, it could be seen 

that the Au–Ni coating had the poorest wear resistance. The TiO2 powder enhanced 

Au–Ni coating and TiO2 sol enhanced Au–Ni coating were about 80±4 μm and 65±4 

μm width, respectively, indicating that the TiO2 sol enhanced composite coating had a 

much improved wear resistance.  

 

It was clear that the microstructures and mechanical properties of the Au–Ni–TiO2 

composite coating were significantly improved by the dispersal of TiO2 powder or sol 

into the traditional Au–Ni electrolyte solution. The effects of the sol solution on the 

electroplating process were complex. Several factors and mechanisms involved are 

discussed as below. 

 

4.3.4.4 Particle Size in Electrolyte 

In this part, particle size in electrolyte for different method was compared. Before 

testing the particle size of the electrolyte by laser particle analyzer, the size 
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distribution of TiO2 sol was measured. It is known that the solid TiO2 powder particle 

size was supposed to be around 25 nm.   

 

Figure 4.23 Particle size of TiO2 sol. 

 

The transparent liquid TiO2 sol was made by using metal alkoxide 

tetrabutylorthotitanate (Ti(OBu)4) as the precursor. This metal alkoxide was dissolved 

in the mixture solution of ethanol and diethanolamine (DEA). Then it formed a 

colloidal suspension under a series of hydrolysis and polymerization reactions. The 

small particles in sol with the charge on the surface cannot grow up for the covered 

layer of solvent molecules. Different small particles can be well suspended in the 

solvent, which is subjected to the combination effect of charge, van der Walls force 

and gravity. Figure 4.23 shows the particle size distribution of TiO2 sol. It can be seen 

that the particle size was distributed in the range of 1 – 10 nm, which was much 

smaller than the solid nano-particles. The mean value of particle size for the TiO2 sol 

was 2.5 nm.  

app:ds:metal
app:ds:alkoxide
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Figure 4.24 Particle size of TiO2 sol added Au–Ni electrolyte.  

 

Before TiO2 sol is added into the electrolyte, the sol can be regarded as a stable 

system without solid liquid interface. After TiO2 sol is added into the electrolyte, 

water in electrolyte aggravates the hydrolysis reaction and breaks up the dynamic 

balance. The sol system becomes unstable and the interface between solid and liquid 

emerges. It can be concluded that the size distribution of sol added Au–Ni electrolyte 

keeps in a same level with the TiO2 sol, as was shown in Figure 4.23. The small 

particles which covered by the solvent layer still keep a small size under the 

interactions among multi factors including the charge force, intermolecular forces and 

gravity. The mean value of the particle size was around 1.2 nm.  



116 

 

 

Figure 4.25 Particle size of TiO2 solid particle added Au–Ni electrolyte.  

 

Although the original size of solid particles was ~25 nm and we kept stirring for 20 

min before the size distribution tests in order to achieve optimal dispersion, the mean 

value of particle size for solid particle added in electrolyte was increased to ~4000 nm 

as shown in Figure 4.25. The reason can be attributed to the large surface area and 

surface energy. The small solid particles tend to attract each other and lead to 

agglomeration. The particle size distribution was in the range of 600 – 5000 nm.   

 

4.3.4.5 TiO2 Particles Dispersion Hardening 

As discussions above, the combined effects of grain refinement mechanism and 

dispersion strengthening mechanism play the role of mechanical enhancement.  

 

The nano-particle induced by sol highly distributed in the coating matrix. Their 

extremely small size was not clearly proved by FESEM morphology image due to the 

limited resolution. However, the nano-level particle was observed by laser diffraction 

particle analyzer in the electrolyte and also confirmed by the HRTEM images in the 

composite coating. The particle size in the sol addition electrolyte was less than 10 

nm, while it was over 1000 nm in solid particle added electroplating bath. The 

particles could be easily seen in the solid powder enhanced composite coating for 
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their relative large particle size. However, it is difficult to detect the nano-particles in 

the sol enhanced coatings for their extreme small size. It only can be found in the 

agglomeration area, which happened only when too much sol added to the electrolyte. 

The increased distance between dispersed particles decreased the dispersion 

strengthening mechanism. Compared with solid powder enhanced coating, the closely 

packed microstructure formed in sol enhanced coating decreased the distance between 

particles and increased the dispersion strengthening.  

 

4.4 Summary 

TiO2 powder or sol-enhanced Au–Ni–TiO2 composite coatings were developed by 

adding nano TiO2 powder or Ti containing sol into the traditional Au–Ni electrolyte 

solution. For the powder-enhanced or sol-enhanced composite coatings, there was a 

slight decrease in the mean grain size of Au from 20.3±0.4 nm for the conventional 

coating to 17.6±0.5 nm for the Au–Ni–TiO2 (powder) composite coating and 16.3±0.3 

nm for the Au–Ni–TiO2 (sol) composite coating. For the sol enhanced composite 

coatings, the phase structure preferred orientation (111) of the crystallite plane 

decreased while the intensity of (200) increased slightly. 

 

By adding the sol solution into the Au–Ni solution, the deposition rate of the 

composite coating was increased slightly. The mechanical properties of TiO2 powder 

or sol enhanced composite coating were significantly enhanced, especially with 12.5 

mL/L TiO2 sol enhanced Au–Ni–TiO2 composite coating. The nano-hardness was 

improved from 2.55±0.13 GPa of the coating to 3.20±0.15 GPa. Correspondingly, 

scratch resistance and the wear resistance of the sol-enhanced coating were also 

enhanced significantly.  

 

Introducing particles by adding sol solution effectively avoided particle 

agglomeration and produced particles of nanometer level, therefore significantly 
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improving the particle dispersion strengthening effect. On the other hand, by adding 

powder or sol solution into the Au–Ni electrolyte, the grain size was slightly refined, 

which also helped to enhance the mechanical properties. The sol processing concept 

can be applied to other metal-oxide composite coating systems, which will be 

introduced in the next chapter. 

 

  



119 

 

References 

1. Sautter, F.K., Electrodeposition of dispersion strengthened Au-Al2O3 alloys, in 

Watervliet Arsenal Technical Report1963. p. RR-6321. 

2. Sautter, F.K., Metall, 1964. 18(6): p. 596. 

3. Gimpl, M.L.a.F., N., in Oxide dispersion strengthening, M. Society, Editor 

1966, Gordon and Breach. p. 719. 

4. Fuschillo, N.a.G., M. L., J. Mat. Sci., 1970. 5: p. 1078. 

5. Cojocaru, P., Vicenzo, A. and Cavallotti, P. L., Electrodeposition of 

Au/nanosized diamond composite coatings. J. Solid State Electrochem 2005. 9: 

p. 850-858. 

6. Kinbara, A.a.B., S., Selected Mechanical Properties of Gold, Silver, 

Aluminium and Germanium Coatings. Thin Solid Films, 1980. 72: p. 211-221. 

7. Argibay, N., et al., Wear Resistant Electrically Conductive Au-ZnO 

Nanocomposite Coatings Synthesized by E-Beam Evaporation. Wear, (0). 

8. Poniatowski, M.a.C., M., Gold Bulletin, 1972. 5(2): p. 34. 

9. Peiffer, H.R. in Proc 17th Annual National Relay Conference. 1969. 

10. Wang, W., Zhang, P., Preparation and Properties of Au composite coating. 

Electronic plating academic report compilation of papers in 2006, 2006: p. 

107-111. 

11. Zhang, P., Studies on Characterization and Mechanismof  Au-based 

Nanocomposite Coatings the Prepared by Pulse, in Chemistry 

Department2006, University of Tianjin: Tianjin. 

12. Liu, Y.J., Preparation and Measuring of Au/nano-SiC Composite Coating, in 

Materials Department 2006, Tianjin University: Tianjin. 

13. Zhao, B.Y., Huang, C. D. , Wang, W. , and et al. Gold-based composite 

coating process selection. in Plating Engineering Institute of Tianjin Eighth 

Annual Conference Proceedings. 1998. Tianjin. 

14. Qiu, X.G., Guo, H. T. , Zhou, Y. F., The electrodeposition Au-MoS2 composite 

anti-friction coating. Jounral of Tianjin University, 1988. 27-32. 



120 

 

15. Tang, Z.Y., Guo, H. T. , Song, Q. J., Electrodeposition of gold-based 

Composite Coatings. Journal of Materials Protection, 1993. 26(5): p. 13-17. 

16. Koch, C.C., Nanostructured Materials: An overview", in Bulk Nanostructured 

Materials, ed. M.J. Zehetbauer, Zhu, Y. T.2009, Weinheim: WILEY-VCH 

Verlag GmbH & Co. KGaA. 

17. Kanani, N., Electroplating-Basic Principles, Processes and Practice2004, 

Oxford: Elsevier Advanced Technology. 

18. Cao, G.Z., and Brinker, C. J., Annual review of nano research, ed. G.Z. Cao, 

and Brinker, C. J.2008, Hackensack: World Scientific Publishing, NJ. 

19. Oberle, R.R., Scanlon, M. R. , Cammarata, R. C. , et al., Processing and 

hardness of electrodeposited Ni/Al2O3 nanocomposites Applied Physics 

Letters, 1995. 66(1): p. 19-21. 

20. Larson, C., Electrodeposited gold composites. Gold Bulletin, 1976. 8(4): p. 

9-11. 

21. Yushchenko, T.I., Tsisar, I. A. , Znamenskii, G. N. and et al., Effect of 

Surfactants on the Electrodeposition of Diamond-Bearing Composite Coatings. 

Powder Metallurgy and Metal Ceramics, 1997. 36(3-4): p. 190-192. 

22. Chen, W.W., Sol-enhanced Nanostructured Metal-Oxide Composite Coatings: 

Structures, Properties and Mechanisms, in Department of Chemical and 

Materials Engineering2010a, University of Auckland: Auckland. 

23. Chen, W.W., Gao, W., Plating or coating method for producing 

metal-ceramic coating on a substrate., P. NZ578038, Editor 2009: New 

Zealand. 

24. Chen, W.W., Gao, W., Sol-enhanced electroplating of nanostructured Ni-TiO2 

composite coating–The effects of sol concentration on the mechanical and 

corrosion properties. Electrochimica Acta, 2010b. 55: p. 6865-6871. 

25. Chen, W.W., He, Y. D. , and Gao, W., Electrodeposition of sol-enhanced 

nanostructured Ni-TiO2 composite coatings. Surface and Coating Technology, 

2010c. 204: p. 2487-2492. 



121 

 

26. Chen, W.W., Gao, W. , and He, Y. D., A novel electroless plating of 

Ni-P-TiO2 nano-composite coatings. Surface and Coating Technology, 2010d. 

204(15): p. 2493-2498. 

27. Chen, W.W., Gao, W. and He, Y. D., Sol-enhanced triple-layered Ni-P-TiO2 

composite coatings. J. Sol-Gel Sci Technol, 2010e. 55: p. 187-190. 

28. Chen, W.W., He, Y. D. , and Gao, W., Synthesis of Nanostructured Ni-TiO2 

composite Coatings by Sol-Enhanced Electroplating. Journal of The 

Electrochemical Society, 2010f. 157(8): p. E122-E128. 

29. Chen, W.W., Gao, W., Thermal stability and tensile properties of 

sol-enhanced nanostructured Ni-TiO2 composites. Composites: Part A, 2011. 

42: p. 1627-1634. 

30. Yang, Y.J., Chen, W. W. Zhou, C. G. , et al., Fabrication and characterization 

of electroless Ni-P-ZrO2 nano-composite coatings. Appl Nanosci, 2011. 1: p. 

19-26. 

31. Hoye, R., Gao, W., Oxidation Behaviour of Ni-Cr-Y2O3 Composite Coatings 

Synthesised by  Sol Enhanced Pulse Electroplating. Journal of Materials 

Science Research, 2012. 1(2): p. 133-149. 

32. Kohl, P.A., Modern Electroplating. Fifth ed, ed. M.a.P. Schlesinger, M.2010, 

New York: John Wiley & Sons, Inc. 

33. Zhao, X.L.a.Z., B. G., Corrosion Mechanism of Gold Plating and Its 

Anticorrosivon. Electronic Process Technology, 2005. 26(6): p. 362-369. 

34. Guo, H.T., Wang, Z. Y. , Shu, J. and et al., Applicability of Au based 

composite coating for electrical contact materials. Electronics Process 

Technology, 1984. 5: p. 10-13. 

35. Liu, W.M., Chen, Y. X. and Kou, G. T. , et al., Characterization and 

mechanical/tribological properties of nano Au-TiO2 composite thi films 

prepared by a sol-gel process. Wear, 2003. 254: p. 994-1000. 

36. Guo, J.L., Shen, Y. N. , Several issues should be noted about grain size 

calculattion with the Scherrer formula. Journal of Inner Mongolia Normal 

University (Natural Science Edition, 2009. 38(3): p. 366-367. 



122 

 

37. Fan, X., X-ray Metal Science1980, Beijing: Mechanical Industry Press. 

38. Xin, Q., Research Methods of Solid Catalyst. Science Press2004. 

39. Allahkaram, S.R., Golroh, S. and Mohammadalipour, M., Properties of Al2O3 

nano-particle reinforced copper matrix composite coatings prepared by 

poulse and direct current electroplating. Mater. Design, 2011. 32: p. 

4478-4484. 

40. Jiang, B., Xu, B. S. , and Dong, S. Y., Research and application of 

nano-composite coatings. Electrobrush-Plating Technology, 2004. 1: p. 15-19. 

41. Arunsunai, K.K., Paruthimal, K. G., Muralidharan, V.S., Pulse 

electrodeposition and characterization of nano Ni-W alloy deposits. Applied 

Surface Science, 2012. 259: p. 231-237. 

42. Hua, X.J., Chen, J. Z., High-temperature wear performance of the metal 

matrix ceramic plating composite coatings China Mechanical Engineering, 

1995. 6(2): p. 51-53. 

43. Huang, X.M., Wu, Y. C. , Zheng, Y. C., Nanoparticles Influence to Composite 

Coating. Journal of Materials Science and Engineering, 1999. 22(6): p. 11-14. 

44. Erb, U., Nanostruct Mater, 1995. 6 (5-8): p. 533-538. 

45. Sautter, F.K., Electrodeposition of Disersion-Hardened Nickel-Al2O3 Alloys. 

Journal of the Electrochemical Society, 1963. 110(6): p. 557-560. 

46. Xu, B.S., Nanomaterials Surface Engineering2004 Beijing: Chemical Industry 

Pres. 

47. Wang, H.M., Xu, B. S. , Ma , S. N. , and et al., Effects of Al2O3 Nanoparticle 

Content on Structure and Sliding Wear Behavior of the Composite Plating. 

Heatreatment of Metals, 2005. 30(4): p. 10-14. 

48. Shi, L., Zhou, F. , Sun, C. F. and et al., Corrosion and tribology propterty of 

NiCo-SiC nanocomposite coating. The Chinese Journal of Nonferrous Metals, 

2005. 15(4): p. 536-540. 

49. Yu, C.Q., Zheng, A. , and Xiang, Y. et al., Nano-plating Technology. 

Electromechanical Components, 2003. 23(4): p. 37-40. 

 



123 

 

Chapter 5 ZrO2 Enhanced DC Electroplate Au–Ni Composite 

Coatings 

5.1 Introduction 

Au has been widely used in industries for its remarkable conductivity and excellent 

corrosion resistance [1]. One of the main drawbacks is its poor hardness and wear 

resistance [2]. Electroplated Au–Ni coatings have been applied in industries to 

improve the hardness properties of the Au coating [1]. However, in order to explore 

the applications of Au coatings, composite coatings have also been developed to 

improve the mechanical properties [3-7]. The size of particles combined with their 

distribution in the matrix are the decisive factors for the degree of mechanical 

properties that can be obtained [2]. It has been accepted that the strength of 

particle-enhanced composite coating can be attributed to the Orowan dispersion 

strengthening mechanism [8-12]. However, the incorporation of solid particles can 

only improve the mechanical properties to a limited level because it is very difficult 

for the second-phase nano-particles to achieve high dispersion in the matrix due to its 

high surface energy which causes agglomeration [13].  

 

ZrO2 (zirconia) is a hard ceramic material and its powder has been used as an 

incorporated second phase in the electroplating or electroless plating solution to 

improve the mechanical properties of coatings [14-17]. The ZrO2 nano-particles have 

been successfully synthesized by the sol-gel technique, which provided the possibility 

for in situ deposition of the ZrO2 nano-particle into the matrix metal [18-21]. 

Ni–P–ZrO2 nano-composite coatings were produced by adding ZrO2 sol into a 

conventional electroless Ni–P plating bath [22]. The micro-hardness and wear 

resistance of the as-deposited Ni–P–ZrO2 nano-composite coating was improved 

compared with the plain Ni–P coating and Ni–P–ZrO2 coating made by solid particle 

mixing. As indicated by such a result, ZrO2 powder or sol may also be able to 
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improve the mechanical property of the electroplated coatings. However, the 

influences of ZrO2 on the Au–Ni coatings prepared via electroplating bath have not 

been studied.  

 

The TiO2 enhanced Au–Ni–TiO2 electroplated coatings have been described in the 

previous chapter. The present chapter explores the possibility of using ZrO2 powder 

or sol to synthesize electroplated Au–Ni–ZrO2 nano-composite coatings with 

improved mechanical properties. Systematic comparisons are conducted between the 

sol-enhanced and powder-enhanced Au–Ni–ZrO2 composite coatings. Additionally 

the formation mechanism of the ZrO2 enhanced coatings are discussed in detail. 

 

5.2 Experiments 

The substrate material was the Ni plated brass with a composition of 64 wt.%Cu and 

balanced with Zn. Specimens with the size of 20×15×0.6 mm
3 

were pretreated in an 

identical manner to the specimens described in the previous chapter. The specimens 

underwent a series of processes including electro-polishing, oxidation removal and 

thorough washing to obtain a proper surface for electroplating.  

 

The transparent ZrO2 sol, which was prepared by the two steps described in Chapter 3, 

was slowly or drop-wise added into the conventional Au–Ni electrolyte at a controlled 

speed of ~2 ml/min. To achieve good suspension, the mixture was continuously 

stirred for 20 min at a speed of 200 rpm with a magnetic stirrer before conducting 

electroplating. The experimental apparatus and conventional bath composite were the 

same as those described in Chapter 4. 

 

The electroplating parameters were determined by the experiment performed for the 

Au–Ni composite coating and are listed in Table 5.1. Various concentrations of 0.5, 

1.25 and 2.5 g/L ZrO2 powder or 6.25, 12.5, 25, 50 mL/L sol were separately added 
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into the traditional Au–Ni electroplating bath to produce powder or sol-enhanced 

Au–Ni–ZrO2 composite coatings. According to the supplier (Sigma Company Ltd.), 

the ZrO2 particles had an average diameter of around 10 nm. 

 

Table 5.1 Electroplating parameters for Au–Ni and Au–Ni–ZrO2 composite coatings. 

 

Parameters Anode Current Density Temperature Stirring Speed Electroplating Time 

Quantity Graphite 1 A/dm
2 40

o
C 200 rpm 10 min 

 

The surface and cross-section of the coatings were investigated with a field emission 

scanning electron microscope (FESEM). To determine the coating composition, an 

energy-dispersive spectroscopy (EDS) analysis was performed with every specimen. 

X-ray diffraction (XRD) was used to study the phase structure of the coatings. Crystal 

size was determined using the Scherrer equation. Nano-hardness and scratch were 

determined by a nano-indenter with a Berkovich diamond indenter tip at the 

displacement into the surface of 50 nm. The scratch resistance of the coatings was 

tested by a conical tip using a ramp load of 1000 μN. Wear tests were conducted on a 

tribometer with a friction counterpart of a ruby ball of 6 mm in diameter. A load of 1 

N and a sliding speed of 2 m/min were used without lubrication at ambient 

temperature. The length of the wear track was 10 mm long and the total elapsed time 

was 5 min with a sliding distance of 10 m. 

 

5.3 Results and Discussion 

5.3.1 Characterization of Solid Powder Enhanced Au–Ni–TiO2 

Coatings 

The plain Au–Ni coatings and solid powder enhanced Au–Ni–ZrO2 composite 

coatings were prepared with identical bath composition and electroplating parameters. 

In the powder-enhanced composite coating bath, commercial ZrO2 powder was added 
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into the plating bath before electroplating and was stirred to achieve good suspension 

status. The characterization of the composite coating is presented below.  

 

5.3.1.1 Morphologies of Powder Enhanced Au–Ni–ZrO2 Coatings 

 

 

 

Figure 5.1 Cross-section morphology of solid powder-enhanced Au–Ni–ZrO2 composite coating. 

 

Figure 5.1 shows the cross-section morphology image of Au–Ni–ZrO2 composite 

coating enhanced by 1.25 g/L ZrO2 powder in an electroplating bath. The thickness 

was 1.39 μm, which was similar to the conventional Au–Ni coating. The solid powder 

enhanced coatings were all compact with a uniform thickness of ~1.40 μm, thereby 

giving a plating rate of ~0.14 μm/min. The thickness of the Ni barrier layer was ~11.1 

μm. The Au–Ni–ZrO2 composite coating showed a good adhesion with the Ni 

substrate. 
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Figure 5.2 Surface morphologies and EDS of electroplating coatings: (a) Au–Ni coating, (b) 

Au–Ni–ZrO2 (1.25 g/L) composite coating, and (c) Au–Ni–ZrO2 (2.5 g/L) composite coating. 

 

Figure 5.2 shows the surface morphologies of the plain Au–Ni coating and the ZrO2 

powder enhanced Au–Ni–ZrO2 composite coatings. A typical granular morphology 
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could be seen on all three kinds of coatings throughout the surfaces. In the composite 

coatings, ZrO2 particles (submicron- and micron-size) could be seen clearly on the 

surface. The composite coating enhanced by 1.25 g/L ZrO2 solid powder had clusters 

of ZrO2 particles with an average content of 3.98 wt.% for Zr element. The 2.5 g/L 

ZrO2 powder enhanced composite coating with the Zr content of 4.42 wt.% in the 

coating. More large agglomeration of particles occurred on the 2.5 g/L ZrO2 enhanced 

coating. But the distribution for small particles is similar to 1.25 g/L ZrO2 enhanced 

coating. 

 

5.3.1.2 Phase Structures of ZrO2 Powder Enhanced Au–Ni Coatings 

 

 

 

Figure 5.3 XRD patterns of electroplating coatings: (a) Au–Ni coating, (b) 1.25 g/L ZrO2 powder 

enhanced Au–Ni–ZrO2 composite coating, and (c) 2.5 g/L ZrO2 powder enhanced Au–Ni–ZrO2 

composite coating. 

 

Figure 5.3 depicts the XRD spectra showing the phase structure of the Au–Ni coating 

and the ZrO2 powder enhanced Au–Ni–ZrO2 composite coatings. All coatings were 

composed of crystalline phases. The XRD pattern for the solid particle enhanced 

composite coating showed no peaks from ZrO2 particles, possibly due to the low 

quantity of the particles. The peaks at 2θ = 38.22, 44.41, 64.70, and 77.71 were 

assigned to the (111), (200), (220) and (311) lattice planes of the cubic Au structure, 
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respectively. The grain size was measured by the XRD line broadening analysis based 

on Au lattice plane (111). According to the results calculated from Scherrer formula D 

= kλ/(B1/2cosθ) (Eq.5.1) [23-26], there was a slight change in the mean size of Au 

grains, which was calculated to be from 20.3±0.4 nm for the Au–Ni coating to 

19.0±0.3 nm for the Au–Ni–ZrO2 (1.25 g/L) composite coating and 20.0±0.5 nm for 

the Au–Ni–ZrO2 (2.5 g/L) composite coating. This means that by adding the powder 

particles, the grain size was refined [27]. 

 

5.3.1.3 Mechanical Properties of ZrO2 Powder Enhanced Au–Ni Coatings 

 

Figure 5.4 Nano-hardness of Au–Ni–ZrO2 composite coatings with various powder 

concentrations. 

 

Nano-hardness test was performed on the ZrO2 powder enhanced Au–Ni–ZrO2 

composite coatings with different ZrO2 concentrations in the electrolyte. The results 

are shown in Figure 5.4. By adding ZrO2 powder into the conventional Au–Ni 

electroplating bath, the nano-hardness of the composite coatings increased from 

2.55±0.13 GPa to the higher level of 2.88±0.13 GPa. The nano-hardness slightly 

decreased to 2.66±0.11 GPa for the 2.5 g/L ZrO2 powder enhanced composite coating.  

 

According to relationship between nano-hardness and the experimental value (crystal 

size)
-1/2

, solid powder enhanced Au–Ni–ZrO2 composite coatings partially obey the 
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Hall-Petch relation. The nano-hardness of the Au–Ni–ZrO2 (powder) coating 

increased when the grains were refined. However, because the change of grain size is 

small, grain refinement can not contribute much to hardness improvement.  

 

According to Orowan mechanism, the embedded nano-particles in the matrix restrict 

the dislocation motion and micro-crack propagation resulting in a dispersion 

strengthening effect [28]. The addition amount should increase to an optimal value, 

which is 1.25 mL/L in the present experiment. 

 

Overall, for the Au–Ni–ZrO2 composite coating system, the improvement of hardness 

was attributed to the joint effect of grain refining mechanism [29, 30] and dispersion 

strengthening mechanism [22, 29, 31-35]. 

 

 

Figure 5.5 Normal displacements of Au–Ni–ZrO2 composite coatings with various powder 

concentrations. 

 

Figure 5.5 shows the normal displacements of ZrO2 powder enhanced composite 

coatings, representing the scratch resistance of the composite coatings. The scratch 

resistance was significantly improved from a displacement of 58.8±3.7 nm for the 

conventional Au–Ni coating to 36.8±3.6 nm for the 1.25 g/L ZrO2 enhanced 

Au–Ni–ZrO2 coating. When further ZrO2 powder was added into the electroplating 
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bath, the scratch resistance of the as-received coating was decreased to a displacement 

of 41.2±2.2 nm.  

 

 

 

 
 

Figure 5.6 Micrographs of wear tracks of coatings: (a) Plain Au–Ni coating, (b) Au–Ni–ZrO2 

composite coating with 1.25 g/L ZrO2 powder, and (c) Au–Ni–ZrO2 composite coating with 2.5 

g/L ZrO2 powder. 

 

Figure 5.6 shows the wear tracks of the electroplated Au–Ni and ZrO2 

powder-enhanced Au–Ni–ZrO2 composite coatings. The wear tracks were much 
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narrower and showed a greatly improved wear resistance by the composite coatings 

compared with the plain Au–Ni coating. The improved wear resistance could be 

attributed to the dispersion strengthening and load support function of ZrO2 particles 

in the coatings [15, 22].  

 

Figure 5.7 Wear volume loss of coatings enhanced with various ZrO2 concentration. 

 

Figure 5.7 shows the wear volume loss of the coatings. The wear volume loss was 

related to the wear track depth and width. The more debris produced during the wear 

test, the greater the wear volume loss is. It can be seen from Figure 5.7 that the ZrO2 

powder enhanced composite coatings had better wear resistance than the plain Au–Ni 

coating. 

 

5.3.2 Characterization of Sol Enhanced Au–Ni–ZrO2 Coatings 

The Au–Ni coating and sol-enhanced Au–Ni–ZrO2 composite coatings were prepared 

with an identical bath composition and electroplating parameters. In the sol-enhanced 

composite coating bath, prepared ZrO2 sol was drop-wise added into the plating bath 

before electroplating at a slow speed and was stirred by a magnetic stirrer to achieve 

homogeneous status. The characterization of the sol-enhanced composite coating is 

presented as follows.  
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5.3.2.1 Morphologies of ZrO2 Sol Enhanced Au–Ni–ZrO2 Coatings 

 

 

 

Figure 5.8 Cross-section morphology of Au–Ni–ZrO2 composite coating enhanced by 50 mL/L 

ZrO2 sol. 

 

Figure 5.8 shows the cross-section morphology of the composite coating enhanced by 

6.25 mL/L ZrO2 sol. The thickness of the coating was ~1.4 μm. The deposition rate of 

Au–Ni–ZrO2 composite coating with zirconia sol was 0.14 μm/min, which is almost 

the same as that of zirconia powder enhanced coating. The adhesion between the 

composite coating and substrate was firm and close. The thickness of the barrier Ni 

layer was ~18.9 μm to prevent brass diffusing into Au–Ni coating.  
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Figure 5.9 Surface morphologies of coatings: (a) plain Au–Ni coating, (b) Au–Ni–ZrO2 composite 

coating with 6.25 mL/L ZrO2 sol, and (c) Au–Ni–ZrO2 composite coating with 50 mL/L ZrO2 sol. 

 

Figure 5.9 shows the surface morphologies of the plain Au–Ni coating and 

sol-enhanced Au–Ni–ZrO2 composite coatings. The coatings showed a typical 

granular structure with different diameters. The granular size of the plain coating 

varied over a large range from hundreds of nano-meters to 1 μm with a rougher 

surface compared with ZrO2 sol enhanced composite coatings. The surface 

morphology of Au–Ni–ZrO2 composite coatings enhanced by 6.25 mL/L ZrO2 sol 

was smooth and uniform with a refined average granular size at the nano-meter level. 

In contrast, the composite coating enhanced by 50 mL/L ZrO2 sol had spherical 

nodules with a diameter of ~5 μm throughout the surface and particles were 

agglomerated in the spherical nodular area.  
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The influence of sol on the surface morphologies was discussed in Section 4.3.3.1, 

which partially explained the different strengthening effect of series sol 

concentrations. For low concentration sol enhanced composite coating, it is apt to 

form dense structure with high hardness. On the contrast, for the 50 mL/L 

sol-enhanced composite coatings, overdosed sol agglomerated forming uneven 

morphologies.  

 

5.3.2.2 Phase Structures of ZrO2 Sol Enhanced Au–Ni Coatings 

 

 

Figure 5.10 XRD patterns of electroplated coatings: (a) plain Au–Ni coating, (b) Au–Ni–ZrO2 

composite coating with 6.25 mL/L ZrO2 sol, and (c) Au–Ni–ZrO2 composite coating with 50 

mL/L ZrO2 sol. 

 

Figure 5.10 represents the XRD spectra showing differences in phase structure 

between the plain Au–Ni coating and the Au–Ni–ZrO2 composite coatings with 6.25 

mL/L ZrO2 sol and 50 mL/L ZrO2 sol. All the coatings were composed of crystallite 

phases. The addition of ZrO2 sol into the plain Au–Ni plating solution decreased the 

mean grain size of Au. The XRD pattern showed no peaks of ZrO2, possibly due to 

the low quantity of the particles.  
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The grain size was measured by the XRD line broadening analysis based on Au lattice 

plane (111). According to the results calculated from Scherrer formula, there was a 

slight change in the mean size of Au grains, which was calculated to be from 20.3±0.4 

nm for the conventional coating to 18.7±0.3 nm for the Au–Ni–ZrO2 (6.25 mL/L) 

composite coating and 20.0±0.2 nm for the Au–Ni–ZrO2 (50 mL/L) composite 

coating. This means that by adding the powder particles, the grain size was refined 

[27]. 

 

5.3.2.3 Mechanical Properties of ZrO2 Sol Enhanced Au–Ni–ZrO2 coatings 

 

 

Figure 5.11 Nano-hardness of ZrO2 sol enhanced Au–Ni–ZrO2 composite coatings. 

 

Figure 5.11 shows the hardness of ZrO2 sol enhanced Au–Ni–ZrO2 composite 

coatings. For the plain Au–Ni coating, the nano-hardness was 2.55±0.13 GPa. The 

nano-hardness of ZrO2 sol enhanced composite coatings increased to 2.89±0.07 Gpa 

for the sol concentration of 6.25 mL/L. The nano-hardness was stable at the level of 

~2.80 GPa for the sol concentration varying in the range between 12.5 mL/L and 25 

mL/L. When the sol concentration rose to 50 mL/L, the nano-hardness decreased to 

2.68±0.13 GPa.  
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According to relationship between nano-hardness and the (crystal size)
-1/2

, sol 

enhanced Au–Ni–ZrO2 composite coatings partially obey the Hall-Petch relation. The 

nano-hardness of the Au–Ni–ZrO2 (sol) coating increased when the grains were 

refined. And the nano-particles embedded in the coating playing the role of dispersion 

strengthening. The dispersed second phase benefits the dispersion strengthening effect. 

As discussed in Section 4.3.3.4 the improved hardness of sol enhanced Au–Ni–ZrO2 

coating could be attributed to the combined effect of grain refinement and dispersion 

strengthening mechanism. 

 

Figure 5.12 Scratch resistances of ZrO2 sol-enhanced Au–Ni–ZrO2 composite coatings. 

 

Figure 5.12 shows the scratch resistance of ZrO2 sol enhanced Au–Ni–ZrO2 

composite coatings under a load of 1000 μN. It is evident that the scratch resistance 

improved for the ZrO2 sol enhanced coatings. To be specifically, the normal 

displacement was reduced from 58.8±3.7 nm for the plain Au–Ni coating to 32.3±0.9 

nm for the ZrO2 sol enhanced composite coating with a concentration of 6.25 mL/L. 

The normal displacement changes were inversely to the hardness changing trend. 

When higher concentration of ZrO2 sol was added in the electrolyte, the as-received 

coatings had a slightly higher displacement of 42.5±3.3 nm, showing that the scratch 

resistance behavior of these coatings were less enhanced than the one with 6.25 mL/L 

ZrO2 sol.  
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Figure 5.13 Wear tracks of electroplating coatings: (a) Au–Ni–ZrO2 composite coating enhanced 

with 6.25 mL/L ZrO2 sol, and (b) Au–Ni–ZrO2 coating enhanced with 50 mL/L ZrO2 sol. 

 

 

 

Figure 5.14 Wear volume loss of ZrO2 sol-enhanced Au–Ni–ZrO2 composite coatings. 
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Figure 5.13 shows the wear tracks of ZrO2 sol-enhanced Au–Ni–ZrO2 composite 

coatings. Compared with the wear tracks of the plain Au–Ni coating (Figure 5.6.a), 

the wear tracks narrowed to 80±4 μm and 90±3 μm from 95±3 μm by adding 6.25 

mL/L and 50 mL/L ZrO2 sol respectively. The wear volume loss of coatings is shown 

in Figure 5.14. The decreased wear volume loss represents an increase in wear 

resistance, coupled with scratch resistance and hardness. The enhanced mechanical 

property can be attributed to improved hardness. 

 

5.3.2.4 Formation Mechanism of the Sol-enhanced Au–Ni–ZrO2 Composite 

Coating 

The electro-deposition process of ZrO2 sol enhanced Au–Ni coating is different from 

traditional solid powder mixing method. The formation mechanism is similar with 

that discussed in Section 4.3.3.5. Same process occurs in ZrO2 sol enhanced 

Au–Ni–ZrO2 composite coating deposition process, which can be described as 

follows. 

 

When the ZrO2 sol solution was added into the electrolyte, the large quantity of Au 

and Ni ions in the solution will lead to the polymerization reaction of sol, and 

meantime the ZrO2 nano-particles were formed. Once the nano-particles formed in 

situ, they were well dispersed under the effect of ethanol and DEA. During the 

electroplating process, the ZrO2 nano-particles were moved into the surface matrix 

under the charge attraction. With the help of van der Waals forces and mechanical 

inclusion which driven by proper continuously agitation, the fine ZrO2 nano-particles 

were embedded into the growing Au–Ni coating matrix [29]. However, too much sol 

addition will lead to agglomeration of nano-particles. 
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5.3.3 Comparison of Au–Ni Coating and ZrO2 Enhanced 

Au–Ni–ZrO2 Composite Coatings 

The electroplating parameters in the present study are shown in Table 5.1. The plain 

Au–Ni coating and the solid powder enhanced and sol-enhanced Au–Ni–ZrO2 

composite coatings were prepared with an identical bath composition. For comparison 

purposes, the coatings with optimized mechanical property were chosen. Therefore, 

the plain Au–Ni coating and the Au–Ni–ZrO2 composite coatings enhanced with 1.25 

g/L ZrO2 solid powder or 6.25 mL/L ZrO2 sol were compared in the present section.  

 

5.3.3.1 Morphologies of ZrO2 Enhanced Au–Ni Coatings 
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Figure 5.15 Surface morphologies of coatings: (a) plain Au–Ni coating, (b) solid 

powder-enhanced Au–Ni–ZrO2 coating, and (c) sol-enhanced Au–Ni–ZrO2 coating. 

 

Figure 5.15 shows the surface morphologies of the plain Au–Ni coating and the solid 

powder or sol enhanced Au–Ni–ZrO2 composite coatings. Typical granular structures 

could be seen on all the three kinds of coatings. Micro-sized ZrO2 particles could be 

seen clearly on the solid powder enhanced composite coating. By adding sol into the 

electrolyte solution, the surface of the sol-enhanced composite was quite uniform and 

smooth with a smaller granular size. 

 

5.3.3.2 Phase Structures of ZrO2 Enhanced Au–Ni Coatings 

Figure 5.16 displays the XRD spectra showing differences in phase structure between 

the Au–Ni coating and the solid powder or sol enhanced Au–Ni–ZrO2 composite 

coatings. All coatings were composed of crystalline phases. The X-ray diffraction 

intensity of the Au (200) crystallite plane was slightly enhanced by adding ZrO2 sol 

into the conventional electroplating bath. The XRD patterns for the composite 

coatings showed no peaks from ZrO2 particles, possibly due to the low quantity of the 

particles. 
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Figure 5.16 XRD patterns of electroplating coatings: (a) plain Au–Ni coating, (b) solid powder 

enhanced Au–Ni–ZrO2 composite coating, and (c) sol-enhanced Au–Ni–ZrO2 composite coating. 

 

5.3.3.3 Mechanical Properties of ZrO2 Enhanced Au–Ni Coatings 

The surface roughness of coatings was detected by in situ scanning probe microscopy 

(SPM). The average surface roughness of the Au–Ni coating and the ZrO2 powder or 

ZrO2 sol enhanced composite coatings were around 10 nm. The nano-hardness was 

calculated from the loading and unloading curves, which are shown in Figure 5.17. 

The scratch resistance showed normal displacement as can be seen in Figure 5.18. 

Under the same load, more normal displacement means poorer scratch resistance 

property of the coating. Friction coefficient property was shown in Figure 5.19. The 

related mechanical properties are listed in Table 5.2.  
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Figure 5.17 Nano-hardness of coatings measured by a nano-indenter. 

 

 

Figure 5.18 Scratch resistance of coating measured by a nano-indenter. 
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Figure 5.19 Friction coefficient of coatings measured by wear tester. 

 

Table 5.2 Mechanical properties of Au–Ni coating and Au–Ni–ZrO2 composite coating. 

 

Coating 
Hardness 

(GPa) 

Scratch normal 

displacement 

(nm) 

Wear track 

width (μm) 

Wear volume 

loss (×10
3
 μm

3
) 

Friction 

Coefficient 

Au–Ni 2.55±0.13 58.75±3.7 95±3 238.18 0.45 

Au–Ni–ZrO2 

(powder) 
2.88±0.13 36.8±3.65 80±4 141.23 0.4 

Au–Ni–ZrO2 

(sol) 
2.89±0.07 32.22±0.94 80±4 141.23 0.35 

 

Compared with the plain Au–Ni coating, the ZrO2 solid powder or sol-enhanced 

Au–Ni–ZrO2 composite coatings had improved nano-hardness, scratch resistance, 

wear resistance and friction coefficient. The nano-hardness of solid powder or sol 

enhanced coatings was ~2.90 GPa. The wear track width and wear volume loss of the 

above composite coatings were improved to the same extent. However, considering 

the scratch resistance and friction coefficient properties, the ZrO2 sol technique 

induced a more mechanical property improved coating than the solid powder 

enhanced coating.  

 



145 

 

It was found that the microstructures and mechanical properties of the Au–Ni–ZrO2 

composite coating were significantly improved by the dispersion of ZrO2 powder or 

sol into the traditional Au–Ni electrolyte solution. The effects of the sol solution on 

the electroplating process were complex. Several of the factors and mechanisms 

involved will be discussed below.  

 

5.3.3.4 Particle Size in the Electrolyte 

In this part, particle size in electrolyte for different method was compared. Before 

testing the particle size of the electrolyte by laser particle analyzer, the size 

distribution of ZrO2 sol was measured.  

 

 

Figure 5.20 Particle size distribution of ZrO2 sol. 

 

The transparent liquid ZrO2 sol was made by using zirconium n-propoxide (70 wt.% 

solution in 1-propanol) as the precursor. It was dissolved in the mixture solution of 

anhydrous ethanol and diethanolamine (DEA). It formed a colloidal suspension under 

a series of hydrolysis and polymerization reactions. Different small particles can be 

well suspended in the solvent, which is subjected to the combination effect of 

electrical charge, van der Walls force and gravity. Figure 5.20 shows the particle size 

distribution of ZrO2 sol. It can be seen that the particle size was distributed in the 
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range of 1 – 10 nm, which was much smaller than the solid nano-particles. The mean 

size for the ZrO2 sol was around 2 nm. 

 

 

Figure 5.21 Particle size distribution of ZrO2 sol added Au–Ni electrolyte.  

 

Before ZrO2 sol was added into the electrolyte, the sol can be regarded as a stable 

system without solid liquid interface. After ZrO2 sol was added into the electrolyte, 

water in electrolyte aggravates the hydrolysis reaction and breaks up the dynamic 

balance. The sol system becomes unstable and the interface between solid and liquid 

emerges. It can be seen that the particle size distribution of sol added Au–Ni 

electrolyte is in a level of 200 nm, as was shown in Figure 5.21. The small particles 

which were covered by the solvent layer still keep a small size under the interactions 

among multi factors, which include the charge force, intermolecular forces and 

gravity.  
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Figure 5.22 Particle size distribution of ZrO2 solid particle added into Au–Ni electrolyte.  

 

Although the size of solid particles was supposed to be 10 nm and we kept stirring for 

20 min before the size distribution tests in order to achieve optimal dispersion, the 

particle size distribution was in the range of 600 – 2000 nm as is shown in Figure 5.22. 

The reason for the large particle size can be attributed to the relatively large surface 

area and surface energy. The small solid particles tend to attract each other and lead to 

agglomeration.  

 

5.3.3.5 ZrO2 Nano-particles Plays the Role of Dispersion Hardening 

As discussions above, the combined effects of grain refinement mechanism and 

dispersion strengthening mechanism play the role of mechanical enhancement.  

 

The nano-particle induced by sol highly distributed in the coating matrix. Their 

extremely small size was not clearly proved by FESEM morphology image due to the 

limited resolution. However, the nano-level particle was observed by laser diffraction 

particle analyzer in the electrolyte. While the particle size in the sol addition 

electrolyte was around 200 nm, it was over 1000 nm in solid particle added 

electroplating bath. The particles could be easily seen in the solid powder enhanced 

composite coating for their relative large particle size. However, ZrO2 additions keep 
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their extreme small size in the sol enhanced coating. It can only be found in 

agglomeration state when too much sol is added. Compared with the solid powder 

enhanced coating, the closely packed microstructure formed in sol enhanced coating 

decreased the distance between particles and increased the dispersion strengthening. 

 

5.4 Summary 

A ZrO2 powder or sol enhanced Au–Ni–ZrO2 composite coatings have been 

developed by adding ZrO2 powder or sol into the traditional Au–Ni electrolyte 

solution. For the sol enhanced composite coatings, the phase structure preferred 

orientation (111) of the crystallite plane decreased while the intensity of (200) 

increased slightly.  

 

The mechanical properties of ZrO2 powder or ZrO2 sol enhanced composite coating 

were significantly enhanced, especially by the 6.25 mL/L ZrO2-enhanced 

Au–Ni–ZrO2 composite coating. The nano-hardness was improved from 2.55±0.13 

GPa of the coating to 2.89±0.07 GPa. Correspondingly, the scratch resistance and the 

wear resistance of the sol-enhanced coating were also enhanced significantly.  

 

Introducing particles by adding appropriate amount of sol solution resulted in 

effectively avoiding particle agglomeration and producing particles of nano-meter 

level, therefore significantly improving the particle dispersion strengthening effect. 

On the other hand, by adding powder or sol solution into the Au–Ni electrolyte, the 

grain size was slightly refined, which also helped to enhance the mechanical property. 

The sol processing concept can be applied to pulse electroplating systems, which will 

be introduced in the next chapter. 
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Chapter 6 Pulse Electroplating Au–Ni–TiO2 (or ZrO2) 

Composite Coatings 

6.1 Introduction 

Pulse electroplating is a reliable, controllable and powerful technique to prepare a 

surface coating with uniform nanostructures and improved hardness [1]. During the 

electroplating process, there is a layer around the cathode obstructs the ions from 

depositing on the specimen. During the pulse electroplating process, the output is 

periodically turned off to cause an easier passage of the ions through the negatively 

charged layer, and ions migrate to the depleted areas in the bath achieving evenly 

distributed ions for deposition onto the specimen [2].  

 

Pulse electroplating can produce a finer grained deposit with better properties than 

traditionally plated coatings by favoring the initiation of grain nuclei and increasing 

the number of grains per unit area [3-6]. Pulse electroplating enhances the bath 

stability and current efficiency with negligible additive consumption [7]. The pulse 

electroplated Au coating has a smaller grain size, less porosity [8], higher surface 

density and better corrosion resistance [9] than the direct current plated Au. Pulse 

electroplating can produce polymer-free semi-bright Au–Ni [10] and Au–Co [11] 

alloy deposits. 

 

In Chapters 4 and 5, we introduced a new technique – sol-enhanced electro-deposition, 

to compare with traditional solid powder enhanced composite coatings. It was found 

that TiO2 (or ZrO2) particles were highly dispersed in the Au–Ni matrix, leading to 

significantly improved nano-hardness, scratch resistance and wear resistance. In this 

chapter, we investigate in detail the effect of pulse electroplating on the mechanical 

property of the Au–Ni–TiO2 (or ZrO2) composites. The traditional solid particle 

enhanced Au–Ni–TiO2 (or ZrO2) composites are also tested for comparison.  
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6.2 Experiments 

Ni plated brass with a dimension of 20×20×0.6 mm
3
 was applied as substrate. The 

brass was composed of Cu 64 wt.% and Zn 36 wt.%. Ni layer with a thickness of ~10 

μm was electroplated to prevent Cu–Au inter-diffusion [12]. Before electroplating, the 

specimens were pre-treated, including alkaline electro-polishing at 1 A/dm
2
 for ~20 

sec at 80
o
C in a solution containing 50 g/L NaOH and 10 g/L Na3CO3·10H2O, 

followed by activation at 2 A/dm
2
 for ~10 sec at room temperature in a solution 

containing HF acid. 

 

The process of sol-enhanced Au–Ni–TiO2 (or ZrO2) composite electroplating has been 

described in Chapters 4 and 5. The plain Au–Ni coating and solid particle enhanced 

Au–Ni–TiO2 (or ZrO2) composite coating were prepared with the identical bath 

composition for the purpose of comparison. The traditional composite coatings were 

prepared using the solid particle mixing method with a concentration of TiO2 (or ZrO2) 

nano-particles of 0.5 – 2.5 g/L. The sol concentration in the bath changed from 6.25 

ml/L to 50 mL/L. The pulse electroplating apparatus, bath composition and 

electroplating parameters were similar to the direct current (DC) electroplating 

process shown in Figure 4.1 and Table 4.1 in Chapter 4, except for three differences: 

(1) magnetic stirring speed was increased from 200 rpm to 500 rpm to achieve a 

homogeneous electrolyte because the bath volume was enlarged from 80 mL to 200 

mL; (2) the DC power supply was replaced by a pulse power supply; (3) 

Electroplating time was prolonged to 20 min. 

 

The TiO2 nano-particles (Sigma Company Ltd.) had a crystalline phase of anatase 

type, with an average diameter of less than 25 nm, while the ZrO2 nano-particles 

(Sigma Company Ltd.) had an average diameter of less than 10 nm. 

 

The coating morphologies and composition were analyzed using a field emission 

scanning electron microscope (FESEM) with an energy-dispersive spectroscopy (EDS) 
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system. The phase structure of the coatings was determined using X-ray diffraction 

(XRD) with Cu Kα radiation (V = 40 kV, I = 40 mA). Diffraction patterns were 

recorded in the 2θ range from 10
o
 to 100

o 
at a scanning rate of 0.02

o
/s. The 

nano-hardness of coatings was measured with a holding time of 3 sec at a depth of 

150 nm. The wear property of the coatings was tested using a micro-tribometer at 

room temperature with a load of 1 N and a sliding speed of 2 m/min for 5 min and the 

total sliding distance was 10 m. 

 

6.3 Results and Discussion 

6.3.1 Pulse Electroplating Parameters 

In the conventional DC plating there is only one parameter, namely current density. 

But in pulse electro-deposition, there are three independent variables, which are 

on-time, off-time and peak current density. In pulse current electro-deposition, the 

relations between parameters are given by Eqs.6.1 and 6.2 [13]. 

               
   

        
                                    (Eq.6.1) 

where f is frequency, defined as the reciprocal of the cycle time (T). 

          
 

        
 

 

 
                                      (Eq.6.2) 

 

Pulse current electro-deposition will deposit metal at the same rate as direct current 

electro-deposition provided the average pulse current density equals the latter [2]. The 

average current density (IA), in pulse plating is defined as Eq.6.3 [14]. Typical pulse 

current waveform is shown in Figure 6.1 [2, 15-17]. 

                                                             (Eq.6.3) 
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Figure 6.1 Typical pulse-current waveform [3]. 

 

Researchers have tried different frequencies, duty cycles and average current densities 

to find the premium parameters for different properties. It has been found that 

deposits at 500 Hz have a high purity with improved strength, hardness and wear 

resistance [10, 18-20].  

 

The average current density is in the range of 0.5 – 2.5 A/dm
2
. In the range of 0.5 – 1 

A/dm
2
, the coating colour becomes better, while, in the range of 1 – 2.5 A/dm

2
, it 

turns worse. Therefore, 1 A/dm
2
 is the optimized average current density for a fine 

bright surface [21]. On one hand, as the current density increases, the ion 

concentration around the cathode participating in the electrochemical reaction 

increases. The reaction probability of hydrated ions, which are transmitted to the 

electric double layer reaction increases, so that the deposition rate accelerated. On the 

other hand, as the current density increases in the low value range (0.5 – 1 A/dm
2
), the 

over-potential on the electrode increases, so that the driving force for nucleation 

increases and the grain size of the deposited layer is reduced, forming dense coating 

with good brightness. However, when the current density is too large (1 – 2.5 A/dm
2
), 

it causes concentration polarization, which increases the grain size, generating coarse 

grain, dendrite and loose coatings. 
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The greater duty cycle causes the greater coating deposition rate because the grain 

growth time is longer during the same electroplating time. And the smaller duty cycle 

leads to smaller grain size, greater brightness and lower porosity [22-23]. It is because 

according to Eq.6.3, under the same average current, the depleted ions at the interface 

between cathode and solution can be better replenished during the longer off-time, 

which is to the benefit of a higher peak current. The larger peak current leads to 

compact coating accordingly [22]. It has been recognized that a long relaxing time is 

vital in producing a good quality coating for a noble Au and Au alloy. To get a dense, 

less porous Au–Ni coating with fine grain size, the optimized duty cycle is 1:9 [24]. 

Based on the literature review, specimens were prepared with the following 

parameters list in Table 6.1.  

 

Table 6.1 Parameters for pulse electroplating. 

 

Frequency 

(Hz) 

Duty 

cycle 

Average current density 

(A/dm
2
) 

Time 

(min) 

500 1:9 1 20 

 

6.3.2 TiO2 Enhanced Au–Ni Coatings by Pulse Electroplating 

6.3.2.1 Morphologies of TiO2 Enhanced Coatings 
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Figure 6.2 Surface morphologies of coatings: (a) plain Au–Ni coating, (b) solid 

powder enhanced Au–Ni–TiO2 composite coating, and (c) sol-enhanced Au–Ni–TiO2 

composite coating. 

 

Figure 6.2 shows the surface morphologies of the plain Au–Ni coating, solid powder 

enhanced and sol-enhanced Au–Ni–TiO2 nano-composite coatings. The plain Au–Ni 

coating exhibited a quite rough and uneven surface. Large granular nodules with the 

size of ~1 μm were clearly seen. For the solid powder enhanced coating, 

agglomerated TiO2 particles (~500 nm – 1 μm) were incorporated in the Au–Ni 

coating, as identified by the arrows in Figure 6.2.b. In contrast, the sol-enhanced 

Ni–TiO2 composite coating had a much more uniform surface with TiO2 particles with 

a size of less than 200 nm. For the TiO2 solid particle enhanced coating, the 

concentration of Ti was 5.11 wt.%, which was at the same level as the sol-enhanced 

coating.  
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Figure 6.3 Cross-section morphologies of coatings: (a) plain Au–Ni coating, (b) solid 

powder enhanced Au–Ni–TiO2 composite coating, and (c) sol-enhanced Au–Ni–TiO2 

composite coating. 

 

The cross-section morphologies of the plain Au–Ni coating, the solid powder 

enhanced Au–Ni–TiO2 and the sol-enhanced Au–Ni–TiO2 composite coatings are 

shown in Figure 6.3. There were no pores or gaps at interface, indicating a good 

adhesion between the coatings and the substrate. The pulse electroplating coating had 

a thickness of ~1.80 μm with deposition rate of 0.09 μm/min. The large clusters of 

TiO2 particles were non-uniformly distributed in the coating matrix for the solid TiO2 

powder enhanced composite coating, as shown in Figure 6.3.b. The solid particle 

enhanced composite coating had a rough edge, which reflected a rough surface and 

was consistent with the surface morphology shown in Figure 6.2.b. In contrast, the 
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plain Au–Ni coating and sol-enhanced composites had a relatively even edge (Figures 

6.3.a and c). 

 

6.3.2.2 Phase Structure of TiO2 Enhanced Coatings 

 

 

 

Figure 6.4 XRD patterns of coatings: (a) traditional Au–Ni coating, (b) solid powder 

enhanced Au–Ni–TiO2 composite coating, and (c) sol-enhanced Au–Ni–TiO2 

composite coating. 

 

The XRD patterns of the as-deposited coatings are shown in Figure 6.4. The three 

types of coatings possessed a strong orientation along (111). The grain size was 

measured by the XRD line broadening analysis based on Au lattice plane (111). 

According to the results calculated from Scherrer formula, there was a slight change 

in the mean size of Au particles, which was calculated to be from 19.1±0.2 nm for the 

pulse plated Au–Ni coating to 17.4±0.2 nm for the TiO2 solid powder enhanced 

composite coating and 14.8±0.3 nm for the sol enhanced coating.  

 

6.3.2.3 Mechanical Property of TiO2 Enhanced Coatings 

This section presents the nano-hardness, wear track and wear volume loss of different 

concentrations of the TiO2 solid powder enhanced composite coating and the 
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sol-enhanced composite coating. Comparisons are also made between the coatings 

with optimized mechanical properties. 

 

6.3.2.3.1 TiO2 Solid Powder Enhanced Pulse Electroplated Coatings 

 

Figure 6.5 Nano-hardness of solid powder enhanced composite coatings with different 

TiO2 concentrations in the electrolyte. 

 

Figure 6.5 shows the nano-hardness of solid powder enhanced composite coatings 

with different TiO2 concentrations in the electrolyte. By adding 0.5 g/L or 1.25 g/L 

TiO2 solid powder into the traditional Au–Ni coating, the hardness was improved. The 

premium concentration of TiO2 solid powder was 0.5 g/L with a nano-hardness of 

3.12±0.16 GPa. 
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Figure 6.6 Wear tracks of pulse electroplated coatings: (a) Au–Ni, (b) Au–Ni–TiO2 

(0.5 g/L) and (c) Au–Ni–TiO2 (1.25 g/L). 

 

Figure 6.6 shows the wear tracks of pulse electroplated coatings with different solid 

powder concentrations in the electrolyte. The wear surfaces of the composite coatings 

were smooth with a shallow plough and without adhesion and abrasion pits, showing 
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good wear resistance. The enhanced wear resistance can be attributed to the improved 

hardness. 

 

Figure 6.7 Wear volume loss of solid powder enhanced composite coatings with 

different TiO2 concentrations in the electrolyte. 

 

Figure 6.7 shows the wear volume loss of solid powder enhanced composite coatings 

with different TiO2 concentrations in the electrolyte. The wear volume loss was 

changed greatly by the addition of TiO2 solid powder. Among them, the coating 

enhanced by 0.5 g/L solid powder showed the best wear resistance. The added TiO2 

solid powder was deposited with the Au–Ni coating during the pulse electroplating 

process. In the wear process, it is believed that the Au–Ni matrix was worn first. 

During the wear resistance test, the reinforced phase (particles) gradually came out 

and bore the applied force caused by friction pairs, so that the wear volume loss was 

decreased compared with Au–Ni coating [25].  
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6.3.2.3.2 TiO2 Sol Enhanced Pulse Electroplated Coatings 

 

Figure 6.8 Nano-hardness of sol-enhanced composite coatings with different TiO2 

concentrations in the electrolyte. 

 

Figure 6.8 shows the nano-hardness of the sol-enhanced composite coatings with a 

series of TiO2 sol concentrations in the electrolyte. The nano-hardness increased when 

the sol concentration increased from 0 to 12.5 mL/L. It decreased when the sol 

concentration changed from 12.5 mL/L to 50 mL/L. The premium sol concentration 

was 12.5 mL/L with a nano-hardness of 3.48±0.07 GPa. The increased hardness could 

be attributed to the uniform distribution of TiO2 nano-particles deposited in the 

coatings.  
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Figure 6.9 Wear tracks of pulse electroplated coatings: (a) Au–Ni–TiO2 (6.25 mL/L), 

(b) Au–Ni–TiO2 (12.5 mL/L), (c) Au–Ni–TiO2 (25 mL/L), and (d) Au–Ni–TiO2 (50 

mL/L). 

 

A surface morphology study of the coatings after the wear test was done by optical 

microscope. Figure 6.9 shows the image of the worn coating surfaces. From the 

micrograph, it can be observed that the wear tracks were mainly composed of 

longitudinal grooves and micro-furrow features along the sliding direction. The 

presence of grooves which indicate the micro-cutting and micro-ploughing effect of 

the counter face [26]. Thus, wear mechanism was found to be the abrasive wear. 

Graph analysis showed that the wear mechanism did not change with sol 

concentration variation within the experimental regime. The grooves and 

micro-furrow on the worn surface of the Au–Ni–TiO2 coating appeared to be shallow. 

 

During the sliding friction and wear process between the coating and the ceramic 

counterpart, grooves and furrows formed at the contact interface and metal debris 

caused the volume decreases. The wear volume loss was related to hardness, wear 
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type, surface roughness and ductility of the materials. The improvement of wear 

resistance could be attributed to hardness improvement. The wear volume loss is 

shown in Figure 6.10. 

 

Figure 6.10 Wear volume losses of sol-enhanced composite coatings with different 

TiO2 concentrations in the electrolyte. 

 

6.3.2.3.3 Comparison of TiO2 Solid Powder and Sol enhanced Pulse 

Electroplated Coatings 

The mechanical properties including nano-hardness, wear track width and wear 

volume loss of coatings are summarized in Table 6.2. Based on the study of the TiO2 

solid particle group and the sol group above, the mechanical property optimized 

coating of each group was chosen to make the comparison with the pulse 

electroplated plain Au–Ni coating. 
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Table 6.2 Mechanical property comparison of pulse electroplated coatings. 

 

Specimen 
Hardness 

(GPa) 

Wear track width 

(μm) 

Wear volume loss 

(×10
3
 μm

3
) 

Au–Ni 2.81±0.16 96±3 245.78±8.60 

Au–Ni–TiO2 (0.5 g/L) 3.12±0.16 65±3 76.29±3.05 

Au–Ni–TiO2 (12.5 mL/L) 3.48±0.07 58±2 54.2±2.17 

 

Both nano-hardness and wear resistance were improved for the composite coating 

enhanced by 0.5 g/L TiO2 powder and 12.5 mL/L TiO2 sol. It can be seen that the 

sol-enhanced coating is a further enhancement technique to obtain higher 

nano-hardness and good wear resistance. However, the improvement is very sensitive 

to the concentration of added solution. 

 

6.3.3 ZrO2 Enhanced Au–Ni Coatings by Pulse Electroplating 

6.3.3.1 Morphologies of ZrO2 Enhanced Coatings 
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Figure 6.11 Surface morphologies of coatings: (a) plain Au–Ni coating, (b) solid 

powder enhanced Au–Ni–ZrO2 composite coating, and (c) sol-enhanced Au–Ni–ZrO2 

composite coating. 

 

Figure 6.11 shows the surface morphologies and EDS analysis result of coatings. The 

coatings presented a typical granular morphology. It can be seen that the granular size 

of the composite coatings decreased from ~1 μm to ~500 nm compared with the plain 

coating. The agglomerate particle size was ~2 μm. The solid particles were distributed 

on the coating surface with the Zr composition of ~6.28±0.4% at the particle 

gathering locations. No obvious Zr peaks are shown in Figure 6.11 because of the 

very small particle size.  
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Figure 6.12 Cross-section morphologies of coatings: (a) plain Au–Ni coating, (b)solid 

powder enhanced Au–Ni–ZrO2 composite coating, and (c) sol-enhanced Au–Ni–ZrO2 

composite coating. 

 

Figure 6.12 shows the cross-section morphologies of the coatings. The thickness of 

the plain Au–Ni and solid particle enhanced coatings were ~1.80 μm, representing the 

same deposition speed of 0.09 μm/min. The sol-enhanced coating had a similar 

deposition speed of 0.09 μm/min. ZrO2 particles could not be observed in the 

sol-enhanced coating because of their tiny particle size.  
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6.3.3.2 Phase Structure of ZrO2 Enhanced Coatings 

 

 

Figure 6.13 XRD patterns of coatings: (a) traditional Au–Ni coating, (b) solid powder 

enhanced Au–Ni–ZrO2 composite coating, and (c) sol-enhanced Au–Ni–ZrO2 

composite coating. 

 

Figure 6.13 shows the XRD patterns of the coatings. The three types of coatings were 

mainly composed in the Au phase. The Au peaks were assigned to Au (111), Au (200), 

Au (220) and Au (311) at 38.275
o
, 44.466

o
, 64.662

o
, and 77.672

o
, respectively. No Zr 

peaks were found because of their low content and the relative high intensity of Au 

diffraction peaks in the coatings. The grain size was measured by the XRD line 

broadening analysis based on Au lattice plane (111). According to the results 

calculated from Scherrer formula, there was a slight change in the mean size of Au 

particles, which was calculated to be from 19.1±0.2 nm for the pulse plated Au–Ni 

coating to 16.7±0.3 nm for the solid powder enhanced Au–Ni–ZrO2 composite 

coating and 15.7±0.3 nm for the sol enhanced coating. It can be seen from Figure 6.13 

that the preferred orientation of Au–Ni plating was along the (111) crystalline plane. 

The intensity of other diffraction peaks was relatively weak.  
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6.3.3.3 Mechanical Property of ZrO2 Enhanced Coatings 

In this section, the nano-hardness, wear track and wear volume loss of the series of 

ZrO2 solid powder or sol enhanced composite coatings is presented. Comparisons are 

made between the two types of coatings and the plain pulse plated Au–Ni coating.  

 

6.3.3.3.1 ZrO2 Solid Powder Enhanced Pulse Electroplated Coatings 

 

Figure 6.14 Hardness of coatings with various ZrO2 solid powder concentrations in 

the electrolyte. 

 

Figure 6.14 show the nano-hardness of the series of ZrO2 enhanced Au–Ni–ZrO2 

pulse electroplated coatings. The hardness increased by adding ZrO2 solid powder 

into the plain electrolyte with a concentration from 0.5 g/L to 2.5 g/L. The hardness of 

the coating synthesized by adding 1.25 g/L ZrO2 solid powder was 3.14±0.11 GPa, 

indicating the premium solid particle concentration.  
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Figure 6.15 Wear tracks of pulse electroplated ZrO2 solid particle enhanced coatings: 

(a) Au–Ni–ZrO2 (0.5 g/L), (b) Au–Ni–ZrO2 (1.25 g/L) and (c) Au–Ni–ZrO2 (2.5 g/L). 

 

Figure 6.15 shows the wear track images of pulse electroplated coatings under an 

optical microscope. Compared with the plain Au–Ni coating, the wear resistance of 

the solid powder enhanced composite coatings improved to varying degrees. The wear 

resistance improvement could be attributed to the following reasons. On one hand, the 
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particles of micro meter level can restrain the plastic deformation of the matrix to 

limited degree. On the other hand, dispersed hard ZrO2 particles under the action of 

the wear load are pressed into the new soft coating surface and continue to accumulate, 

forming ceramic-like wear surfaces. In the tangential direction, under the action of the 

wear load, spherical particles act mainly in the form of rolling in ductile coatings. 

This pushes metal to the front or squeezes the material on both sides perpendicular to 

the direction of movement to form a smooth furrow [27]. Above all, the mechanical 

properties, especially wear resistance of soft matrix coating can be improved.  

 

Figure 6.16 Wear volume losses of coatings with various ZrO2 solid powder 

concentrations. 

 

Figure 6.16 shows the wear volume loss of the series of ZrO2 solid powder enhanced 

coatings. The wear volume loss declined with increasing ZrO2 concentrations from 

0.5 g/L to 1.25 g/L. Wear volume loss decreased to (83.5±3.7)×10
3 

μm
3
, which was 

consistent with the TiO2 enhanced coating’s changing trend. Compared with the plain 

Au–Ni coating, the particles in the composite coating enhanced hardness and reduced 

abrasive wear [27]. 
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6.3.3.3.2 ZrO2 Sol Enhanced Pulse Electroplated Coatings 

 

Figure 6.17 Hardness of coatings with various ZrO2 sol concentrations in the 

electrolyte. 

 

Figure 6.17 shows the nano-hardness of ZrO2 sol-enhanced coatings with various 

concentrations in the electrolyte. In the wide concentration range from 6.25 mL/L to 

50 mL/L, the nano-hardness increased in the low concentration range but decreased in 

the high concentration. The nano-hardness achieved a peak value of 3.31±0.11 GPa 

for the 12.5 mL/L ZrO2 sol enhanced coating.  
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Figure 6.18 Wear tracks of pulse electroplated ZrO2 sol enhanced coatings: (a) 

Au–Ni–ZrO2 (6.25 mL/L), (b) Au–Ni–ZrO2 (12.5mL/L), (c) Au–Ni–ZrO2 (25 mL/L) 

and (d) Au–Ni–ZrO2 (50 mL/L). 

 

Figure 6.18 shows the wear track images of ZrO2 sol enhanced coatings. 

Nano-particles dispersed in the coating enhanced the coating in many aspects. The 

hardness of the nano-particles themselves played a supporting role in the coating to 

improve its wear resistance [28]. Nano-particles, in this case, may well hinder 

dislocation motion [29]. 
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Figure 6.19 Wear volume losses of coatings with various ZrO2 sol concentrations. 

 

Figure 6.19 shows the wear volume loss of the coatings, enhanced by different ZrO2 

sol concentrations. Wear volume loss declined when the concentration ranged 

between 6.25 mL/L and 12.5 mL/L, but rose in the range from 12.5 mL/L to 50 mL/L. 

Compared with the plain Au–Ni coating, the wear volume loss of the ZrO2 

sol-enhanced coating decreased, representing an improved wear resistance property. 

Studies show that the small ZrO2 particles effectively prevent the ploughing effect 

between the friction pair, greatly reducing coating micro-cutting and micro-brittle 

flakes [30, 31].  

 

6.3.3.3.3 Comparison between ZrO2 Solid Powder and Sol enhanced Pulse 

Electroplated Coatings 

Table 6.3 shows a comparison of the mechanical properties between the plain Au–Ni 

coating and the ZrO2 solid powder or sol enhanced Au–Ni–ZrO2 composite coatings. 

The coatings with premium hardness and wear resistance of each type are listed in 

Table 6.3 for purpose of comparison.  
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Table 6.3 Comparison of the mechanical properties of pulse electroplated coatings. 

 

Specimen 
Hardness 

(GPa) 

Wear track width 

(μm) 

Wear volume loss 

(×10
3
 μm

3
) 

Au–Ni 2.81±0.16 96±3 245.8±8.6 

Au–Ni–ZrO2 (1.25 g/L) 3.14±0.11 67±3 83.5±3.7 

Au–Ni–ZrO2 (12.5 mL/L) 3.31±0.11 60±2 60.0±2.4 

 

It can be clearly seen from Table 6.3 that the hardness and wear resistance followed 

the same change trend, meaning that the higher the hardness induced, the better the 

wear resistance. Compared with the pulse electroplated Au–Ni coating, the hardness, 

wear track width and wear volume loss increased by 17.8%, 37.5% and 75.6% 

respectively for the composite coating with a ZrO2 sol concentration of 12.5 mL/L. 

 

Based on the above experimental results, it is clear that the sol-enhanced Au–Ni–ZrO2 

composite coating demonstrated improved hardness and wear resistance compared 

with the plain Au–Ni coating and the solid powder enhanced Au–Ni–ZrO2 composite 

coating. 

 

6.3.4 Pulse Electroplating Deposition Mechanism 

In a cycle of pulse electro-deposition, under the current conduction, the 

electrochemical polarization increases so that metal ions near the cathode region are 

sufficiently deposited to form fine crystals. When the current is turned off, 

discharging ions in the vicinity of the cathode interface are replenished quickly so that 

the ions return to the initial concentration, eliminating the concentration polarization 

and reducing the effective thickness of the diffusion layer [32-35]. 

 

According to the classical theory, working capacity for the metal ions nucleation in 

the electrode surface is as following [36-38].  
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                                                   (Eq.6.4) 

where, A is nucleation working capacity, ηk is over-potential, σ is surface stress, υ is 

crystal molar volume. 

 

The relationship between nucleation probability (W) and nucleation working capacity 

is as following [36-38].  

        
 

  
                                               (Eq.6.5) 

where, B and b are constant.  

 

It can be seen from Eqs. 6.4 and 6.5, the greater the cathodic polarization value ηk is, 

the smaller the nucleation working capacity is required and the greater chance of 

nucleation happens. By increasing the number of nuclei, the formed coating is denser 

with lower porosity and fine crystal size [36-38]. 

 

6.3.5 Comparison between DC Plating and Pulse Electroplating 

The thickness of DC/PC electroplated Au–Ni coating are 1.4 μm (electroplating time 

is 10 min) and 1.8 μm (total electroplating time is 20 min) respectively. Therefore, the 

deposition rate for DC/PC electroplated Au–Ni coating are 0.14 μm/min and 0.09 

μm/min.  
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Figure 6.20 XRD patterns of deposits obtained under direct current (DC) and pulse 

current (PC) conditions. 

 

It can be seen from Figure 6.20, by applying pulse power, the intensity of the 

preferred orientation of Au (111) crystalline plane is decrease and the Au (200) 

crystalline plane direction is slightly enhanced. It is conducive to crystal grain 

refinement [39]. According to Scherrer equation, the grain size of DC and PC plated 

coating are 20.3±0.4 nm and 19.1±0.2 nm.  

 

 

 

Figure 6.21 FESEM images of deposits obtained under direct and pulse current 

conditions. 

 

Figures 6.21.a and 6.21.b are the coating surface morphology images obtained under 

direct current condition and pulse condition. The coating obtained under the PC 
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condition is very compact. This is because during pulse electro-deposition process, 

when given a pulse current, the consumed ions at the interface between cathode and 

solution are replenished in the pulse intervals. In that case, higher peak current density 

and smaller grains can be obtained. In addition, the grain epitaxial growth is hindered 

because of pulse interval [22]. The changed growth trend is also conducive to form a 

dense crystallite coating.  

 

The mechanical property of coating prepared by DC/PC electroplating has been 

shown in Table 6.4. It can be seen the mechanical property has been improved by PC 

electro-deposition and adding the second phase into the conventional electrolyte. 

Among them, 12.5 mL/L TiO2 sol enhanced PC electroplated Au–Ni coating to the 

highest hardness of 3.48±0.07 GPa with the best wear resistance. This can be 

attributed to the dispersion strengthening induced by the second phase, and also grain 

refinement caused by the second phase addition and PC electro-deposition.  

 

Table 6.4 Comparison of the mechanical properties of DC/PC electroplated coatings.  

 

Specimen 
Hardness 

(GPa) 

Wear track width 

(μm) 

Wear volume loss 

(×10
3
 μm

3
) 

DC Au–Ni 2.55±0.13 95±3 238.2±8.3 

DC Au–Ni–TiO2 

(1.25 g/L) 
2.91±0.09 80±4 141.2±7.1 

DC Au–Ni–TiO2 

(12.5 mL/L) 
3.20±0.15 65±4 76.3±4.2 

DC Au–Ni–ZrO2 

(1.25 g/L) 
2.88±0.13 80±4 142.2±7.1 

DC Au–Ni–ZrO2 

(6.25 mL/L) 
2.89±0.07 80±4 142.2±7.8 

PC Au–Ni 2.81±0.16 96±3 245.8±8.6 

PC Au–Ni–TiO2 

(0.5 g/L) 
3.12±0.16 65±3 76.3±3.1 

PC Au–Ni–TiO2 

(12.5 mL/L) 
3.48±0.07 58±2 54.2±2.2 
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PC Au–Ni–ZrO2 

 (1.25 g/L) 
3.14±0.11 67±3 83.6±3.8 

PC Au–Ni–ZrO2 

(12.5 mL/L) 
3.31±0.11 60±2 60.0±2.4 

 

6.3.6 Strengthening Mechanism of Sol-enhanced Pulse Electroplating 

When a current pulse is applied into the electroplating process, a negatively charged 

layer will form around the cathode. For general direct current, this layer charges to a 

defined thickness and obstructs the ions from reaching the part. During the pulse 

electro-deposition, the output is turned off periodically and will cause this layer to 

discharge to an extent. It will prompt the ions to pass through the layer and deposit 

onto the substrate easier [1]. According to our previous study, the thickness of pulse 

plated Au–Ni–TiO2 (or ZrO2) coatings keeps the same level or only changes a little 

due to the short deposited time.  

 

The pulse plated Au–Ni coating shows a better mechanical property than that of direct 

current plated Au–Ni coating. By using pulse plating, the nano-hardness of Au–Ni 

coating increased from 2.55±0.13 GPa to 2.81±0.16 GPa, about 10% improvement. 

The mechanical property enhancement of pulse plated Au–Ni can be attributed to the 

low porosity and grain size effect. It was convinced that the pulse-plated Au–Ni 

samples have a compact microstructure and smaller grain size than the direct current 

plated one.  

 

As for the pulse plated composite samples, added to the low porosity and small grain 

size, the dispersed second reinforced phase also play a major role which determine the 

strengthening effect. Because of the high dispersed and fine particles, the pulse plated 

sol-enhanced Au–Ni–TiO2/ZrO2 coatings show a best mechanical property comparing 

with the pulse plated solid particle enhanced samples, DC plated sol-enhanced 

samples and Au–Ni samples. The nano-hardness of pulse-plated Au–Ni–TiO2 (12.5 
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mL/L) coating can reach to 3.48±0.07 GPa, about 11.5% improvement comparing 

with pulse plated solid particle enhanced samples, 8.8% improvement with direct 

current sol-enhanced samples and 36.5% improvement comparing with DC plated 

Au–Ni sample. Meanwhile, the pulse plated Au–Ni–ZrO2 (12.5 mL/L) coating shows 

a same tendency.  

 

The study in this chapter convinced that a dense structure and smaller grain size can 

be achieved by using pulse plating technology. By comprehensive utilization of 

different strengthening mechanism, pulse plating can further improve the mechanical 

property of sol-enhanced Au–Ni coatings. 

 

6.4 Summary 

The TiO2 sol reinforced Au–Ni–TiO2 composite coating was prepared by pulse 

electroplating. The morphology, phase structure and mechanical property of the 

Au–Ni–TiO2 composite coating were systematically investigated. The traditional 

Au–Ni–TiO2 composite coating was prepared by the solid powder mixing method for 

purpose of comparison. It was found that the fine TiO2 particles were highly dispersed 

in the coating matrix. Due to the strong dispersion strengthening effect and grain 

refinement, the sol-enhanced Au–Ni–TiO2 composite coatings had a high 

nano-hardness of ~3.48±0.07 GPa, compared to that of the pulse plated Au–Ni 

coating at ~2.81±0.16 GPa. At the same time, the novel sol-enhanced Au–Ni–TiO2 

composite coatings had a wear volume of (54.2±2.2)×10
3 
μm

3
, compared to that of the 

standard pulse electroplated Au–Ni coating at (245.8±8.6) ×10
3
 μm

3
. 

 

The ZrO2 sol reinforced Au–Ni–ZrO2 composite coating was prepared by pulse 

electroplating. The morphology, phase structure and mechanical property of the 

Au–Ni–ZrO2 composite coatings were systematically investigated. The traditional 

Au–Ni–ZrO2 composite coating was prepared by the solid powder mixing method for 
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purpose of comparison. It was found that the phase structure of the novel 

Au–Ni–ZrO2 composite coating was almost unchanged compared to that of the 

traditional Au–Ni–ZrO2 composite coating. However, due to the strong dispersion 

strengthening effect and grain refinement, the novel Au–Ni–ZrO2 composite coating 

had a high nano-hardness of ~3.31±0.11 GPa, compared to that of the traditional solid 

powder enhanced composite coating at ~3.14±0.11 GPa. The novel Au–Ni–ZrO2 

composite coating had a wear volume of (60.0±2.4) ×10
3
 μm

3
, compared to (83.6±3.8) 

×10
3
 μm

3
. 
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Chapter 7 Colour/Reflection Estimation, Electrical Resistivity 

Characterization and Corrosion Resistance Investigation 

7.1 Introduction 

Color is an important property attribute that dictates the quality and value of many Au 

products [1]. Au and Au alloy jewelry is generally appreciated because of its beautiful 

golden color. Au–Ni alloy is widely used in industry [2]. Au and Au alloy 

electroplated coatings with high corrosion resistance and good conductivity are 

widely used in electronic component parts for precision instruments, printed circuit 

boards and integrated circuits. Among them, Au–(5 – 10)%Ni (wt.%) alloy is used for 

light duty electrical contact materials and Au–9%Ni (wt.%) alloy is the most 

commonly used materials for electric brush products [3]. However, low hardness and 

poor wear resistance often limit their applications [4-9]. The present comparatively 

experimental and theoretical study will open a door to using this technology in real 

industrial applications. 

 

In our previous experiments, we have developed Au–Ni–TiO2 (or ZrO2) composite 

coating by direct current or pulse electroplating with a small amount of solid powder 

or transparent sol in the electroplating solution. The detailed electroplating process, 

formation mechanism and the effect of solid powder or sol concentration were 

presented in Chapters 4, 5 and 6. It was found that this sol method led to a highly 

dispersive distribution of TiO2 (or ZrO2) particles (~200 nm) in the coatings, avoiding 

the agglomeration of TiO2 (or ZrO2) particles. The mechanical properties were 

significantly improved correspondingly.  

 

This chapter presents systematic characterization of the color/reflection, electrical 

resistivity, and corrosion resistance property of the mechanical properties enhanced 
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Au–Ni–TiO2 (or ZrO2) composite coating. In order to achieve the above aim, typical 

specimens with good mechanical property were systematically compared.  

 

7.2 Experiments 

7.2.1 Electro-deposition of Coatings 

Specimens were pre-treated with the same process as described in chapters above. 

The stirring speed was 200 rpm for DC electroplated coatings and 500 rpm for pulse 

electroplated coatings because the apparatus was magnified from 80 mL to 200 mL. 

The DC electroplating was conducted under a current density of 1 A/dm
2
 for 10 min 

and PC electroplating was carried out under the average current density of 1 A/dm
2 

for 20 min. The Au–Ni bath composition and plating parameters used in the present 

work are listed in Table 7.1. The parameters for pulse electroplating are summarized 

in Table 7.2. 

 

Table 7.1 The bath composition and electroplating parameters. 

 

Composition and 

parameters 
KAu(CN)2 NiSO4 C6H8O7 K3C6H5O7·H2O pH Temperature 

Numerical value 2 g/L 2 g/L 10 g/L 13 g/L 3.8±0.2 40±2
o
C 

 

Table 7.2 The pulse electroplating parameters. 

 

Parameters 
Average current 

density 
Duty cycle Frequency Time 

Stirring 

speed 

Value 1A/dm
2
 1:9 500 Hz 20 min 500 rpm 

 

The solid powder enhanced composite coatings were manufactured by mixing a small 

amount of TiO2 powder with electrolyte before conducting the electroplating process. 

The sol-enhanced composite coatings were synthesized by dripping Ti (or Zr) 

contained sol at speed of ~2 mL/min before electroplating. The coatings with 

http://dict.youdao.com/search?q=numerical&keyfrom=E2Ctranslation
http://dict.youdao.com/w/value/
http://dict.youdao.com/w/value/
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optimum mechanical properties were chosen for color evaluation, electrical resistivity 

characterization and corrosion property investigation. Before conducting the test, the 

specimens were gently cleaned by ethanol so that the surfaces were free of dirt, oil, or 

other foreign matter that could influence the test results. 

 

7.2.2 Characterization of Coatings 

Human visual inspection is highly subjective, tedious and time-consuming [10, 11]. In 

order to evaluate the color of coatings by a more sensitive scientific method, the 

optical appearance images were measured by a lens capture system and the digital 

photographs were analyzed by the LensEye® Program (Version 10.12.4). This system 

has been widely used in the electronic, automotive, medical, printing, and research 

fields, as well as many other applications [12-16]. 

 

The specimens were placed in a light-box with D65 standardized lighting [17]. The 

lamps were attached at the top and underneath the bottom of light box to supply even 

illumination and prevent reflection. A color digital camera (Nikon D200) was 

fastened to a stand approximately 30 cm tall to capture images, and connected to a 

computer by a USB cable. The light-box door was closed when the photograph was 

taken.  

 

In this work, the measured CIE 1976 L*, a* and b* color values on a uniform surface 

of specimens were applied for color estimation. In the color space system, the L-value 

represented the lightness or darkness while the “a” and “b” axis of this color space 

system represented the amount of red-green and yellow-blue hues that made up the 

color of the specimen, as shown in Figure 7.1 [18]. After setting up the standard 

yellow color of the plain Au–Ni coating (L* = x0, a* = y0, b* = z0), the color variation 

was presented by ΔE, calculated by Eq.7.1 [19, 20]. The higher the ΔE, the more 

color variation occurs. The general tolerance range of the human eye is ΔE﹤3, which 
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means two color component can be regarded as the same color if ΔE is less than 3 

[21].  

           
         

         
        (Eq.7.1) 

 

The reflection of coatings was described by ΔG, which was calculated by software 

based on the difference between a non-polarized image and a polarized image. The 

more the ΔG is, the more reflective the coating has. The color and reflectance of 

different samples electroplated at various conditions were compared to study the 

effect of the dopant on the appearance of samples.  

 

 

 

Figure 7.1 Visualization of Lab color space system used to determine the samples 

colors (http://www.thyon.com/blog/gamut-lets-get-techni-color). 

 

The electrical resistivity of the specimens was measured by System Source Meter 

(Keithley 2602). The four-probe method was carried out over the sample surface. 

Four-probe is a common method and has been widely used to measure the electrical 

resistivity of continuous metal film in research and actual production [22-25]. The 

four-point probe measurement principle diagram is shown in Figure 7.2 [26]. The thin 

film electrical resistivity was calculated according to Eq.7.2 [26]. 

http://www.thyon.com/blog/gamut-lets-get-techni-color
http://dict.youdao.com/search?q=four&keyfrom=E2Ctranslation
http://dict.youdao.com/w/probe/
http://dict.youdao.com/w/method/
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              (Eq.7.2) 

where ρ is electrical resistivity, ω is the thickness of the thin coating, I is current and 

U is voltage.   

 

 

 

Figure 7.2 Four-point probe measurement principle diagram. 

(http://www.imagesco.com/articles/superconductors/four-point-electrical-probe.html)  

 

The corrosion property was characterized by a salt-fog spray cabinet (SALTRON 

MAX 50C) for a long duration test. The salt-fog spray test was conducted with 5 wt.% 

NaCl solution at 20
o
C in a continuous manner. The specimens were observed and 

surface images were captured at regular intervals, which were 2 h, 5 h, 10 h, 24 h, 48 

h and 72 h [27].  

 

7.3 Results and Discussion 

The color estimation, electrical resistivity investigation and corrosion characterization 

are studied in this section along with the mechanical property improved specimens.  

 



191 

 

7.3.1 Color/Reflection Estimation 

 

Figure 7.3 L*-values of coatings with different dopants. 

 

 

Figure 7.4 a*-values of coatings with different dopants. 
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Figure 7.5 b*-values of coatings with different dopants. 

 

 

Figure 7.6 ΔE-values of coatings with different dopants. 

 

The three figures above (Figures 7.3, 7.4 and 7.5) show the data gathered on the color 

measurements presented as Lab color space coordinates. Colors were analyzed to see 

if they were affected by dopants in the coating. Each figure shows one of the 3 values 

associated with the Lab color space system. Based on the L*, a* and b* value, ΔE was 

calculated to estimate the color appearance difference between the DC Au–Ni coating 

and other specimens. 
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The L* values kept at the level ~38.90 – 42.40 and presented a similar brightness, as 

shown in Figure 7.3. It can be seen from Figure 7.4 that in all samples a* values 

varied between ~2.91 and ~4.16. Figure 7.5 shows that b* values fluctuated in the 

range ~2.23 – 6.27. The trend was expected because the change in the yellow-blue 

axis could be attributed to the coating enhancement process. Figure 7.6 shows the 

inconspicuous color differences for different samples compared against the DC plated 

Au–Ni coating. Differentiation in the coatings’ appearance could not be distinguished 

with the naked eyes as demonstrated by a ΔE smaller than 3.  

 

Figure 7.7 ΔG-values of coatings with different dopants. 

 

Figure 7.7 shows the refection of coating surfaces with dopants. The small variation 

of ΔG made no obvious difference in the doped coatings and the plain DC plated 

Au–Ni coating. Dopants did not affect the discoloration and reflection of the coatings.  
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7.3.2 Electrical Resistivity Characterization 

 

Figure 7.8 Electrical resistivity of coating. 

 

Figure 7.8 shows the electrical resistivity of a series of Au–Ni coatings and composite 

coatings. It can be seen that the electrical resistivity value was consistent with other 

references [28]. The electrical resistivity value fluctuated between (3.18±0.03)×10
-5

 

Ω·cm and (3.33±0.03)×10
-5

 Ω·cm. The unobvious variation confirmed that the 

impact of dopant on sample electrical resistivity is small.  

 

The electrical properties of alloys can be affected by the lattice defect conditions of a 

conductor. Classical conduction theory indicates that many factors including chemical 

composition, impurity content, crystalline phase, temperature, stress state, etc., 

influence the electrical properties [29-30]. Alloying elements are often added into the 

pure metals in order to improve their mechanical properties. These added elements 

may cause lattice distortion when atoms are dissolved in the matrix, thus affecting the 

conductivity of the material. The mechanical property of alloys can be significantly 

improved by precipitation strengthening effect. However, the relatively large size of 

the precipitated phase will lead to an obviously decrease of their conductivity. On the 

contrast, the alloys which strengthened by nano-particle dispersion often have a 
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combination of improved mechanical property and good electrical conductivity, as 

was shown in Figure 7.9 [31]. 

 

 

 

Figure 7.9 Relationships between tensile strength and electric conductivity of Cu 

alloys and Cu composites [31]. 

 

It was shown in Figure 7.8 that electrical resistivity is in the same level. The only 

difference between Au–Ni coating and Au–Ni composite coating is the addition of 

the second phase. In our present research, the dispersed nano-particles introduced 

by either solid nano-particles addition or sol-enhanced method did not cause lattice 

distortion or change the solid solubility. The electrical resistivity of Au–Ni coatings 

and Au–Ni composite coatings mainly depends on matrix. The amount of the 

reinforcement phase is too little to modify the matrix. Therefore, electrical 

resistivity has not been changed. Although small amount of reinforcement phase 

has great influence on mechanical properties, it has little influence on electrical 

resistivity. 
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7.3.3 Corrosion Resistance Investigation 

Salt spray is a common and most destructive atmospheric corrosion. Corrosion of the 

metal material surface is due to penetration of chloride ions contained in salt spray 

through oxide layer and the protective layer on metal surface and it may cause 

electrochemical reaction with internal metal. On the other hand, the chloride ion 

containing certain hydration energy, so that it is easily adsorbed on the pores and 

cracks on metal surface and it replaces the oxygen in chloride layer. Therefore, the 

insoluble oxides become soluble chloride and the passivated surface turn to activated 

surfaces resulting in adverse reactions [33].  

 

Figure 7.10 shows the surface morphologies of coatings before (7.10.a) and after 

(7.10.b) a salt spray test for 72 h. The mechanical properties enhanced coatings and 

traditional coatings showed a good corrosion resistance. No corrosion pits or rust 

were observed on the surface of the specimens. 
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Figure 7.10 Surface morphologies of coatings before (a) and after (b) a salt spray test in 5 wt.% 

NaCl solution for 72 h: (D1) DC Au–Ni, (D2) Au–Ni–TiO2 (1.25 g/L), (D3) Au–Ni–TiO2 (12.5 

mL/L), (D4) Au–Ni–ZrO2 (1.25 g/L), (D5) Au–Ni–ZrO2 (6.25 mL/L), (P1) Pulse Au –Ni, (P2) 

Pulse Au–Ni–TiO2 (0.5 g/L), (P3) Pulse Au–Ni–TiO2 (12.5 mL/L), (P4) Pulse Au–Ni–ZrO2 (1.25 

g/L) and (P5) Pulse Au–Ni–ZrO2 (12.5 mL/L). 

 

Figure 7.11 shows the surface reflection of coatings before (7.11.a) and after (7.11.b) 

a salt spray test in 5 wt.% NaCl solution. The mechanical improved coatings and 

traditional Au–Ni coatings showed a mirror-like surface producing a clear reflection 

of the colourful packing box. The coatings gave clear reflection even after the salt 

spray test for 72 h.  
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Figure 7.11 Surface reflection of coatings before (a) and after (b) a salt spray test in 5 wt.% NaCl 

solution for 72 h: (D1) DC Au–Ni, (D2) Au–Ni–TiO2 (1.25 g/L), (D3) Au–Ni–TiO2 (12.5 mL/L), 

(D4) Au–Ni–ZrO2 (1.25 g/L), (D5) Au–Ni–ZrO2 (6.25 mL/L), (P1) Pulse Au –Ni, (P2) Pulse 

Au–Ni–TiO2 (0.5 g/L), (P3) Pulse Au–Ni–TiO2 (12.5 mL/L), (P4) Pulse Au–Ni–ZrO2 (1.25 g/L) 

and (P5) Pulse Au–Ni–ZrO2 (12.5 mL/L). 

 

The good corrosion resistance of coatings can be attributed to 3 main reasons as 

following. Firstly, compared with common metals, Au presents excellent corrosion 

resistance as a result of high electric potential. And Ni performs good corrosion 

resistance because of the formation of passive film. Although there is little research 

about the corrosion resistance of Au–Ni alloy, it can be seen that Au–Ni coatings 

present good corrosion resistance under salt spray test, which has been evidenced by 

absence of corrosion pits or rust. 
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Secondly and thirdly, the corrosion resistance of the alloy coatings is mainly 

determined by two factors: the microstructure and incorporation of particles [33]. In 

the present work, although coatings are as thin as 1 μm, they present a comparable 

dense microstructure without obvious cracks and pores. The dense structure of the 

coatings lasts long during the whole salt spray corrosion process. The galvanic 

reaction between internal metal and penetrated chloride ions is restricted as a result of 

that. On the other hand, the underneath Ni layer is around 10 μm, which is thick 

enough to further limit the diffusion of chloride ions to the brass substrate, which is 

easier get corroded. In terms of incorporated particles, considering they are small in 

size and few in amount, it is not easy to form galvanic cells between different phases.  

 

Based on the above salt spray experimental results, it can be concluded that the 

corrosion resistance of the sol-enhanced and powder enhanced composite coatings 

was comparable with the traditional Au–Ni coating. Because salt spray corrosion 

chamber can greatly improve the corrosion rate caused by high concentration of 

chloride salt, which is several times or dozens of times compared with the natural 

environment. The Au–Ni based composites present excellent corrosion resistance and 

they meet the use requirements under the general environment. 

 

7.4 Summary 

The coatings with improved mechanical property had the shining golden color. 

According to the color/reflection quantitative analysis, coatings showed minimum 

color/reflection differences, which means the difference could not be detected by the 

naked eye.  

 

The electrical resistivity of the specimens was at the same level and the values were 

extremely close to the Au–Ni coating. This is because the low concentration of solid 
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powder or sol did not significantly change the microstructures of the coatings, which 

had the benefit of allowing the current to flow through the specimens. 

 

The Au–Ni and the mechanical improved composite coatings had good corrosion 

resistance, which could be seen from the harsh salt spray test. There were no pits or 

corrosion products found on specimen surfaces. The mirror-like surfaces remained 

shining and smooth after the test.  
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Chapter 8 Industrial Scaling Up of TiO2 Sol Enhanced 

Au–Ni Coatings 

8.1 Introduction 

Au and Au–Ni coatings are widely used in many areas including jewellery, craftwork 

and electrical contacts [1-5]. However, their low hardness and poor wear resistance 

hinder their applications. Much effort has been devoted to improving the mechanical 

properties of the Au-based composite coating [6-10]; however, it is difficult to 

balance the mechanical properties, appearance, electric resistivity and corrosion 

resistance of Au–Ni coatings.  

 

The novel coating method we developed recently combines the sol-gel process and 

electroplating to synthesize nano-composite coatings. This method can lead to a 

highly dispersive distribution of oxide nano-particles in the coatings, resulting in 

significantly improved mechanical properties [11-20]. By using this method, we have 

developed sol-enhanced Au–Ni–TiO2 coatings at the lab scale and achieved good 

improvement over traditional Au–Ni coatings. As reported in the previous chapters, 

the mechanical properties of DC plated sol-enhanced Au–Ni–TiO2 coatings were 

increased by ~25% compared to traditional DC plated Au–Ni coatings and ~10% 

compared to DC plated solid powder enhanced Au–Ni coatings. 

 

In order to use this method to manufacture wear resistant Au–Ni coatings, we have 

conducted scaling-up experiments in a manufacturing company. In a real production 

line, monitoring and controlling the electrolyte are very important. This work aims to 

test the changes of the solution concentration during the coating process, and their 

effects on the thickness and mechanical properties of the coatings. 
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8.2 Experiments 

8.2.1 Preparation of Transparent TiO2 Sol 

Transparent Ti containing sol was prepared according to the method described in the 

literature [11, 21]: 8.68 mL titanium butoxide Ti(OBu)4, 97% and 2.82 mL 

diethanolamine (DEA) were dissolved in 35 mL ethanol. After 2 hours of magnetic 

stirring, a drop-wise mixture of 0.45 mL deionized water and 4.5 mL ethanol was 

added into the solution for the purpose of hydrolysis. 100 mL TiO2 sol was added into 

the Au–Ni solution (No. 6621 from MacDermid Co.) by a constant rate of~2 mL/min. 

The solution volume was about 2 L. After TiO2 sol was added into the bath and stirred 

for 15 min, the electroplating was conducted. 

8.2.2 Sol-enhanced Au–Ni Electroplating Coatings 

In the present study, both Au–Ni and Au–Ni–TiO2 coatings were electroplated onto 

Ni plated brass substrates (75×100×0.6 mm
3
). The thickness of Ni plating is around 

10 μm. Before electroplating, Ni plated brass substrates were first pretreated in an 

alkaline solution at 80C for 30 sec under a current density of 1 A/dm
2
, then 

electro-activated in hydrofluoric acidic solution at room temperature for 20 sec under 

2 A/dm
2
. After cleaning by distilled water and drying by air, 9 Au–Ni–TiO2 coating 

were electroplated one after another, each of them for 20 min in the same electrolyte, 

by using a device as sketched below. 
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Figure 8.1 Schematic diagram of Au–Ni and Au–Ni–TiO2 coating electroplating unit. 

 

The electroplating area on the samples was 75×100 mm
2
 for both sides. The solution 

was continuously bubble stirred during the electroplating process. The traditional 

Au–Ni coatings without the TiO2 addition were prepared by an identical process for 

comparison. 

 

8.2.3 Characterization of Coatings 

Variations in the Au and Ti ion concentration in Au–Ni and Au–Ni–TiO2 

electroplating solution were measured by Inductively Coupled Plasma–Mass 

Spectrometry (ICP–MS). The coating morphologies and composition were analyzed 

using FESEM and EDS.  

 

The nano-hardness and scratch resistance properties of Au–Ni/Au–Ni–TiO2 coating 

were tested by the nano-indentation method conducted on a Nano-indenter (Hystron, 

USA). The hardness was measured by a continuous stiffness measurement (CSM) 

module. The maximum load was 8000 μN as the displacement was at ~300 nm level. 

To obtain the normal displacement for characterization scratch resistance property, a 
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constant load scratch (CLS) test was performed. The scratch length and scratch load 

were 10 μm and 1000 μN, respectively.  

 

The wear property of coatings was tested using a micro-tribometer (Nanovea, USA) 

in air at ~25°C with a relative humidity of ~50% under dry, non-lubricated conditions. 

In order to ensure a scratch depth not more than the Au–Ni coating thickness, general 

wear tests were performed under a load of 0.25 N, a sliding speed of 2 m/min and a 

rubber ball with a contact radius of 6 mm for a total sliding distance of 20 m. Soft 

wear tests were conducted with a load of 3 N and a bb ball as friction pair. The wear 

tracks of the electroplating coatings were observed by a high-revolution optical 

microscope. 

 

8.3 Results and Discussion 

8.3.1 Ion Concentration in Electroplating Solution 

Figure 8.2 illustrates the variation of Au ion concentration in the electroplating 

solution. Before electroplating, the Au ion concentration was 2.04 g/L. As the number 

of electroplated samples increased, the Au ion concentration decreased gradually. 

After coating 9 samples, the Au ion concentration reduced to 0.87 g/L. 
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Figure 8.2 Au ion concentration variation of Au–Ni electroplating solution. 

 

Figure 8.3 shows Au and Ti ion concentration variation of Au–Ni–TiO2 electroplating 

solution. Au ion concentration in Au–Ni–TiO2 electroplating solution showed a 

similar tendency to the Au–Ni electroplating solution. Ti ion concentration dropped 

from 1.20 g/L to 0.87 g/L during the electroplating process. 

 

 

 

Figure 8.3 Au and Ti ion concentration variation of Au–Ni–TiO2 electroplating solution. 
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Figure 8.4 shows a comparison of Au ion concentration variation between Au–Ni and 

Au–Ni–TiO2 electroplating solution. It can be seen there was no significant difference 

between the two processes. 

 

 

 

Figure 8.4 Au ion concentration variations of Au–Ni and Au–Ni–TiO2 electroplating solution. 

 

In the industrial production, because of Au ion consumption, the deposition rate 

declined gradually during the electroplating process. This diminished the coating 

thickness. To achieve a uniform thickness coating and to improve product quality, the 

ICP–MS measurement was used to monitor the ion concentration change and produce 

a timely supply of corresponding ions. 

 

Figure 8.5 shows the Ti concentration variation in the Au–Ni–TiO2 coatings obtained 

by EDS. The Ti contents in the Au–Ni–TiO2 coatings decreased with the coating 

number, and at a relatively low level of 0.25–0.43 at.%. 
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Figure 8.5 Changing of Ti content in Au–Ni–TiO2 coatings. 

 

8.3.2 Microstructure of Coatings 

Figure 8.6 shows the cross-section morphology of coatings. The thickness of the 

Au–Ni–1 coating was 5.88 μm. A clear interface between Au–Ni coatings and the Ni 

coated brass substrate was observed. No abruption or cracks were observed at the 

interfaces of Au–Ni coatings, evidence of good adhesion between the substrate and 

coating. 

 

After several samples were electroplated, the Au ions were consumed gradually as 

evidenced in Figure 8.2, and this caused lower deposition speed. Therefore, the 

thickness of Au–Ni–9 coating decreased to 1.88 μm. The thickness of the 

Au–Ni–TiO2–1 coating was 7.76 μm, which was slightly thicker than that of the 

Au–Ni–1 coating. The thickness of the Au–Ni–TiO2–4 coating was 4.20 μm, which 

was also slightly thicker than that of the Au–Ni–4 coating. The thickness of 

Au–Ni–TiO2–7 coating decreased to 1.29 μm, which was thinner than that of 

Au–Ni–9 coating. The thickness variation indicated that the deposition rate of the 

Au–Ni–TiO2 coating was higher than the Au–Ni coating. The TiO2 sol accelerated the 

deposition rate of Au–Ni. 
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Figure 8.6 Cross-section morphologies of coatings: (A) Au–Ni–1, (a) Au–Ni–TiO2–1, (B) 

Au–Ni–4, (b) Au–Ni–TiO2–4, (C) Au–Ni–9 and (c) Au–Ni–TiO2–7. 
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8.3.3 Nano-hardness of Coatings 

 

 

Figure 8.7 Comparison of hardness between Au–Ni and Au–Ni–TiO2 coatings. 

 

Nano-indentation is used to measure the nano-hardness of thin coatings or films. 

Figure 8.7 shows the hardness of Au–Ni and Au–Ni–TiO2 coatings. Experiments 

showed that the hardness of Au–Ni–TiO2 coatings was higher than that of Au–Ni 

coatings. The highly dispersive TiO2 nano-particles had dispersion strengthening 

effect and grain refining strengthening effect on Au–Ni–TiO2 coatings. The related 

strengthening mechanism has been discussed in detail in Chapter 4.  

 

The hardness curves of Au–Ni and Au–Ni–TiO2 coatings showed the same tendency – 

decreasing slightly at the first stage and then increasing gradually. At the first stage of 

hardness increase, the thickness of the coatings was kept at a relatively high level, the 

hardness decrease being mainly due to the Ti concentration reduction. When the 

thickness of the coating was reduced to a certain level, the matrix effect (substrate 

effect) played a major role: the hardness increased because of the Ni coated matrix.  
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8.3.4 Scratch Resistance of Coatings 

 

 
 

Figure 8.8 The legend of the scratch test. 

 

Figure 8.8 shows the legend of the scratch test. During the test, applied normal force 

was loaded in the manner shown in Figure 8.8. The normal force gradually increased 

from 0 μN to 1000 μN in 10 sec, then kept at 1000 μN for 35 sec, and then gradually 

decreased to 0 μN in 10 sec. In order to investigate the normal displacement of Au–Ni 

and Au–Ni–TiO2 coatings under the same constant load, four tests were made on each 

sample and the data between 10 and 45 sec was selected. The results shown in Figure 

8.9 were obtained after the data was averaged. 

 

Figure 8.9 Comparison of normal displacement between Au–Ni and Au–Ni–TiO2 coatings. 
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Figure 8.9 presents the comparison of normal displacement between Au–Ni and 

Au–Ni–TiO2 coatings. When a constant load was applied to a sample, the harder the 

sample is, the smaller the normal displacement caused on the sample. The normal 

displacement of Au–Ni–TiO2 coatings was smaller than that of Au–Ni coatings, 

which was consistent with the hardness variation tendency discussed in Section 8.3.3.  

 

8.3.5 Wear Resistance of Coatings 

8.3.5.1 General Wear Tester  

 

Number Au–Ni Au–Ni–TiO2 

1 

  

3 
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5 

  

7 

  

9 

  

 

Figure 8.10 Wear track images of Au–Ni and Au–Ni–TiO2 coatings (Number 1, 3, 5, 7, and 9 

stands for the first, third, fifth, seventh and ninth sample). 

 

Figure 8.10 shows the wear track images of Au–Ni and Au–Ni–TiO2 coatings. The 

width of the wear track was a direct measure of the wear volume loss. For the first, 

third, fifth and seventh samples, the sol enhanced coatings have narrower wear tracks 

compared with traditional Au–Ni coatings by 7.4%, 7.0%, 14.3% and 5.6%. In 

general, the width of a wear track depends on the hardness, surface roughness and 

frictional coefficient of coatings. Because of the higher hardness, most of the 

Au–Ni–TiO2 coatings had a narrower wear track than the corresponding Au–Ni 

coatings.  
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8.3.5.2 Soft Wear Tester 

Figure 8.7 shows the changing trend of nano-hardness in the samples and it can be 

seen that the fourth coatings were different from the main trend. However the scratch 

resistance test and general wear resistance test showed the same trend. In order to 

confirm the wear resistance of the coatings and simulate the real application 

environment of the coatings, soft wear tests were conducted, and the results are shown 

below. 

 

 
 

Figure 8.11 Wear track images of Au–Ni and Au–Ni–TiO2 coatings: (A) 3 N, 5 min, 10 m, Au–Ni 

coating, (a) 3 N, 5 min, 10 m, Au–Ni–TiO2 coating, (B) 3 N, 10 min, 20 m, Au–Ni coating, and (b) 

3 N, 10 min, 20 m, Au–Ni–TiO2 coating. 

 

Figure 8.11 shows the wear track images of Au–Ni and Au–Ni–TiO2 coatings under 

different testing times. Because of the higher hardness, Au–Ni–TiO2 coatings had a 

narrower wear track width than the corresponding Au–Ni coating taking substrate 

effects into account. The wear track width of both Au–Ni and Au–Ni–TiO2 coatings 

increased with the testing time and slipping distance.  



217 

 

Without considering the elastic deformation of coatings during the wear process, the 

penetration depth (h) and wear volume loss (V) of coatings were calculated according 

to Eqs.8.1 [22] and 8.2 [23].  

              
 

            (Eq.8.1) 

    
 

   
        

 

  
  

 

 
    

  

 
         (Eq.8.2) 

where ω is the length of the wear track (mm), b is the width of the wear track (mm) 

and r is the radius of the rubbing ball (mm). 

 

 

Figure 8.12 Penetration depths of coatings. 

 

The penetration depth and wear volume loss was calculated and shown in Figure 8.12 

and Figure 8.13. When the coatings had worn for 5 min, the penetrate depth of Au–Ni 

and Au–Ni–TiO2 coatings was 3.11±0.16 μm and 2.02±0.10 μm, respectively. 

Compared with Figure 8.11, Figure 8.12 shows that the coating was still not worn out 

after slipping a distance of 10 m. Following the increase in testing time, the 

penetration depth was 4.46±0.13 μm and 3.58±0.11 μm, which means that the wear 

ball was not only in contact with the Au–Ni coating, but also the under-layer of Ni 

coating. If the wear test had continued, the results would have been affected by the Ni 

matrix. 
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The variation in the wear volume loss of coatings showed the same tendency as the 

penetration depth. 5 min and 10 m wear testing caused (5.7±0.3)×10
3 

μm
3 

and 

(3.0±0.15)×10
-3 

μm
3 

wear volume loss for Au–Ni and Au–Ni–TiO2 coatings, 

respectively. Assuming the density of Au–Ni coating was at the same level of 19.3 

g/cm
3
 as pure Au, the wear weight loss was around 55 – 116 μg. After the coating slid 

for 10 min and 20 m, the wear volume loss increased to (9.7±0.3)×10
3 

μm
3
 and 

(7.0±0.2)×10
3 
μm

3
. Correspondingly, the wear weight loss was around 131 – 193 μg. 

It was hard to distinguish this sensitive weight change even by using analytical 

balance in the experimental process. However, by virtue of a modified soft wear test 

system, the calculated penetration depth and wear volume loss could provide a visible 

quantification of wear property especially for the soft thin coating.    

 

 

Figure 8.13 Wear volume loss of coatings. 

 

 
 

Figure 8.14 Schematic of friction coefficient variation of soft coatings. 
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Regarding the same category of soft coatings as Au–Ni coatings, the friction 

coefficient variation process can be depicted as shown in Figure 8.14. Generally, the 

friction coefficient of the substrate was lower than that of the pure coating because of 

the higher hardness. At the first sliding distance, the friction coefficient was not stable 

because of the roughness. When the roughness layer was worn off, the friction 

coefficient, which was still higher than that of substrate, was able to reflect the wear 

property of the soft coating [22]. After the coating was penetrated, the indenter began 

to contact the coated substrate, while the friction coefficient was gradually decreased 

to the substrate level. 

 
 

Figure 8.15 Friction coefficients of coatings. 
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Through the instrumentality of the data collection software, we were able to acquire 

the real time frictional forces (f) during the wear test. Using Eq.8.3 [22], the real time 

friction coefficient was attained.  

                    (Eq.8.3) 

where f is the frictional forces between the ball and the sample measured by a strain 

gage sensor and N is the known load, which can be adjusted by the different weight 

applied. 

 

Figure 8.15.a and Figure 8.15.b show the friction coefficient of coatings in 

uni-direction and two-directions, respectively. The friction coefficient indicated the 

resistance between the material and the indenter penetration in the tangential direction. 

In our previous study, the coating was uneven and the coating roughness was around 

10 nm as investigated by the SPM of the Nano-indenter. At the beginning of wear 

testing, the friction coefficient increased gradually and fluctuated with the sliding 

distance. However, the friction coefficient could not depict the real wear property of 

Au–Ni coatings in the first ~2 m sliding distance due to the roughness. As the sliding 

distance grew, the friction coefficient was kept stable and increased slowly in the rest 

of the wear process. Au–Ni–TiO2 coating showed a lower friction coefficient than the 

Au–Ni coating. The lower friction coefficient could be attributed to the higher 

nano-hardness. 

 

It can be concluded that the friction coefficient, as well as the wear track width, wear 

track depth and wear volume loss, were able to give us precise keys to evaluate the 

related wear property of coatings. 

 

8.3.6 The Manufacture of Jewellery by Sol Technology 

In order to develop the real application of our sol-enhanced technology and promote 

the new product development, bracelets were manufactured in a small-scale. By using 
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the device we elaborated in Figure 8.1, two bracelets were electroplated with sol 

addition and two bracelets were electroplated without sol respectively. The average 

thickness of the bracelets was around 1 μm. The appearance of 2 types of bracelets 

was identical. In order to evaluate their quality and durability under the simulating 

actual environment, these 2 types of bracelets should be worn on the same arm of one 

person to ensure the same wear condition. Two volunteers were selected to wear these 

bracelets. The bracelet images are shown in Figure 8.16. During the course of wearing, 

the bracelets were rubbed by skin and clothes. Salt corrosion may occur on the 

coating surface due to the sweat as well. This long term macro-wear test will continue 

performing until the Au–Ni coatings were worn off. The simulating tests were 

executed for already one year and it seems that the bracelets are still brightness as 

new. This real wear-test is still ongoing in my group.  

 

 

 

Figure 8.16 Manufactured bracelets by sol technology. 

 

8.4 Summary 

Industrial facilities were used to make sol enhanced nano-coatings. Nine (9) 

Au–Ni–TiO2 coating samples were prepared continuously in an electrolyte by the 
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sol-enhanced electroplating method to compare the Au–Ni coatings. The consumption 

of Au and Ti ions in the solution has been measured by the ICP method. Their 

microstructure was studied by FESEM and EDS. A systematic investigation of the 

comparable mechanical properties including hardness, scratch depth and wear 

resistance, along with Au–Ni coating and Au–Ni–TiO2 coating, was conducted. The 

results indicated:  

 

The Au ion concentration decreased significantly during the electroplating process as 

expected. However, the Ti ion concentration decreased slowly in concentration, 

perhaps due to the solution evaporation and the small amount of Ti ions being 

consumed.  

 

Because of Au ion consumption, the deposition rate declined gradually during the 

electroplating process. It made the thickness of the coatings become thinner.  

 

The deposition rate of the Au–Ni–TiO2 coating was higher than that of the traditional 

Au–Ni coating, implying that the TiO2 sol accelerated Au deposition. The Ti content 

in the Au–Ni–TiO2 coatings gradually decreased and the concentration was kept at a 

relatively low level of 0.25 – 0.43 at.%. 

 

The hardness curves of Au–Ni and Au–Ni–TiO2 coatings showed the same 

tendency—an initial decrease followed by a gradual increase. Consumption of Ti 

containing sol should be a reason, but the effect of substrate needs to be considered.  

 

The scratch test showed that the normal displacement of Au–Ni–TiO2 coatings was 

smaller than that of Au–Ni coatings, which was consistent with the hardness variation. 

Most of the Au–Ni–TiO2 coatings (Specimens of number 1, 3, 5, 7) had a narrower 

wear track width than the corresponding Au–Ni coatings, which is consistent with 

hardness variation.  
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An application-specific modified wear test system – “soft wear tester” – was 

established for this type of soft coatings. A visible difference in wear track width can 

be seen from the micrographs. Wear track depth and wear volume loss were 

calculated. The related mechanism was discussed. The results of the present research 

provide us with a visible quantification method to characterize the wear property of 

soft coatings.  
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Chapter 9 Conclusions and Future Work 

This chapter summarizes all important findings in this thesis and recommendations 

for the future work.  

 

9.1 Conclusions 

(1) TiO2 solid particles were added into the standard Au–Ni electrolyte solution 

before the electroplating process to produce Au–Ni–TiO2 composite coatings on Ni 

plated brass. The coatings were found to have crystalline structure. The TiO2 particles 

(~25 nm) were agglomerated to a size of ~(0.5 – 1) μm and dispersed into the Au–Ni 

coating matrix. As a result, the nano-hardness of the solid particle enhanced 

Au–Ni–TiO2 composite coatings was increased to 2.91±0.09 GPa from 2.55±0.13 

GPa of the traditional Au–Ni coatings. Correspondingly, the scratch resistance and 

wear resistance of the composite coatings were also improved.  

 

(2) A transparent TiO2 sol was added into the standard electroplated Au–Ni solution 

at a controlled rate to produce Au–Ni–TiO2 nano-composite coatings on Ni plated 

brass. The coatings were found to have crystallite structure. The nano-sized TiO2 

particles were well dispersed into the Au–Ni coating matrix. As a result, the 

nano-hardness of the sol-enhanced Au–Ni–TiO2 composite coatings increased 

significantly to 3.20±0.15 GPa, compared with 2.91±0.09 GPa for the composite 

coatings produced with solid particle mixing methods and 2.55±0.13 GPa of the 

traditional Au–Ni coatings. Correspondingly, the scratch resistance and wear 

resistance of the composite coatings were greatly improved. It is believed that the 

strengthening effects led by both the grain refinement and high dispersion of TiO2 

nano-particles. 

 

(3) Au–Ni–ZrO2 composite coatings were electroplated on Ni plated brass by the solid 

particle mixing method. It was found that the ZrO2 particles were agglomerated to 
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(0.5 – 1) μm and dispersed in the Au–Ni matrix. The mechanical properties were 

systematically investigated as a function of powder concentration. The high 

concentration led to higher content of ZrO2 particles in the coating matrix. The 

mechanical properties of the composite coatings have been improved. It is believed 

that the strengthening effects were resulted from the dispersion of ZrO2 particles and 

grain refinement. 

 

(4) Sol-enhanced Au–Ni–ZrO2 nano-composite coatings were electroplated on a Ni 

plated brass substrate by adding transparent ZrO2 sol to the traditional electroplating 

Au–Ni solution. The mechanical properties of the composite coatings were 

systematically investigated as a function of sol concentration. The coating surfaces 

became much smoother and more compact when they were prepared with ZrO2 sol 

concentrations of 6.25 mL/L. Meanwhile, the mechanical properties of the composite 

coatings improved significantly. It is believed that the strengthening effects were 

resulted from the high dispersion of ZrO2 nano-particles and grain refinement. 

 

(5) Pulse power was applied to the traditional Au–Ni electroplating solution. The 

microstructures and mechanical properties of the sol-enhanced and particle enhanced 

Au–Ni–TiO2 composite coatings were studied and compared. It was found the TiO2 

particles (~200 nm) were highly dispersed in the coating matrix. It was found that the 

sol enhanced Au–Ni–TiO2 composite coatings possessed a smooth and compact 

microstructure, and showed higher mechanical properties, which were 3.48±0.07 GPa 

compared with 3.12±0.16 for the particle enhanced composite coatings and 2.55±0.13 

GPa for the traditional Au–Ni coatings. It is believed that the improved hardness is 

resulted from the high dispersion of TiO2 nano-particles and the pulse electroplating 

mechanism. 

 

(6) Pulse power was also applied to the traditional Au–Ni electroplating solution to 

synthesize Au–Ni–ZrO2 composite coatings. The microstructure and mechanical 

properties of the sol-enhanced and solid particle enhanced Au–Ni–ZrO2 composite 
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coating was studied and compared. The sol-enhanced composite coatings possessed a 

higher nano-hardness and better wear resistance than solid particle enhanced 

composite coatings. It is believed that the strengthening effects resulted from the high 

dispersion of ZrO2 nano-particles and the pulse electroplating mechanism. 

 

(7) The color/reflection estimation, electric resistance and corrosion test of the 

coatings with optimized mechanical properties were systematically investigated. It 

was found that the addition of a low concentration of solid particles and sol has no 

significant effect on the color/reflection, electrical resistivity or corrosion property. 

The mechanically enhanced coatings had good appearance, low electric resistance and 

good corrosion resistance as the original Au–Ni coating. This can be attributed to the 

low concentration of solid particles, which is the second phase in the matrix for solid 

particle enhanced coatings, and extremely small particle size (~200 nm) for sol 

enhanced composite coatings.  

 

(8) Scaling-up experiments were conducted systematically in a manufacturing 

company. Nine Au–Ni and Au–Ni–TiO2 coating samples were continuously prepared 

by the sol-enhanced electroplating method. Au ion concentration decreased 

significantly and Ti ion concentration decreased slowly during the electroplating 

process. The sol-enhanced coatings showed an improved nano-hardness, scratch 

resistance and wear resistance compared to standard Au–Ni coatings, which is 

consistent with our lab test results.  

 

(9) An application-specific modified wear testing system was established for soft 

coatings. A visible difference of wear track width can be seen from our sol enhanced 

and traditional coatings. Wear track depth and wear volume loss were calculated to 

quantify the wear resistance. The results of the present research provide us with a 

visible quantification method to characterize the wear property of soft coatings. 
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9.2 Future Work 

The following work is recommended for future investigations in order to industrialize 

the sol-enhanced composite plating technology. 

 

(1) A detailed study is required to reveal the co-deposition mechanism of the 

sol-enhanced composite plating. Such a study would offer a better understanding of 

the process of sol reaction in the electrolyte, and its effect on the nucleation and grain 

growth of the composite coatings. More detailed electrochemical studies can disclose 

the processes of co-deposition 

 

(2) The coating composition and microstructure can be investigated in more details. 

Such a study could help us better understand the strengthening mechanisms of 

nano-particles, and the relationship of deposition processing, electrolyte composition, 

coating microstructure and properties. With the arrival of a high performance T20 

transmission electron microscope (TEM), this study should be able to conduct. 

 

(3) Pulse electroplating technique produces more compact coatings with significantly 

improved mechanical properties. However, this technique is sensitive to its power 

related parameters. Therefore, a systematic investigation can be conducted to find out 

the optimized processing parameter and to further improve the coating properties, in 

an effort to apply this technique in wide industrial applications. 

 

(4) The sol-enhanced electroplating technique is an innovative idea that can be used in 

a wide range of metal/alloy based coatings. The coating matrix can be Au, Ag, Pt, Pd, 

Ni, Cu…, the reinforcement phase can be oxides of Ti, Zr, Al, Y…, and the substrate 

can be steel, Al, Cu, Mg, brass…. The properties that can be improved include 

hardness, wear resistance, surface wettability, corrosion resistance, high temperature 

oxidation resistance and other surface related properties. I believe that further 

exploring this technique will lead to wide industrial applications of this technique. 
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