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Solid lubrication shows promising potential for advanced applications in automotive and 

aerospace industries where the challenging environment of high vacuum and extreme 

temperature have rendered it unpractical for traditional liquid lubrication. Transition metal 

dichalcogenides (TMD) such as molybdenum disulphide (MoS2) and tungsten disulphide (WS2) 

are well-known solid lubricants and exhibit excellent friction reduction due to their unique 

lamellar structure. Incorporating these TMD particles into a metal matrix (e.g. nickel, cobalt, 

copper) via electrodeposition has been a facile and versatile method for self-lubricating 

composite coating synthesis. Electrodeposited Ni-MoS2 coatings demonstrate a lower 

coefficient of friction than electroplated nickel coatings. Under dry sliding conditions, the 

friction coefficient of electrodeposited nickel ranges from 0.4 to 0.6, while that of Ni-MoS2 

can be as low as 0.1. However, during electroplating, the conductive nature of co-deposited 

TMD particles resulted in an enhanced electric field in the vicinity of particle-absorbed sites. 

In consequence, more metal ions would be attracted towards these sites due to greater Coulomb 

force, which accelerated the reduction of ions at these locations and created composite coatings 

with non-compact and porous structures. These porous structures become a major challenge to 

achieving long-term durability as they can be easily sheared off during sliding contact motion. 

One of the research purposes of this thesis is to develop a robust electrodeposited metal-TMD 

coating achieved by densifying the structure of these existing coatings. 

On the other hand, TMD particles with low surface energy are also good candidates for 

developing superhydrophobic coatings through electro-co-deposition. However, the lack of 
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mechanical robustness and abrasion resistance has become the major challenge inhibiting their 

practical industrial applications. This work presents a strategy to develop robust nickel-based 

hybrid composite coatings via the co-deposition of TMD and reinforcing ceramic particles (i.e., 

SiC and TiO2). The size of the added ceramic particle was found to have a significant effect on 

the surface morphology, co-deposited WS2 content and wettability of the as-deposited hybrid 

composite coatings. Nickel-based hybrid coating deposited from an electrolyte containing WS2 

and micron-sized SiC particles showed a rough surface with uniformly distributed protrusions. 

The as-deposited nickel-hybrid coating exhibited excellent water repellence with a water 

contact angle of 166.2 ± 0.7° and a sliding angle of 3.2°. Moreover, the electrochemical tests 

in 3.5 wt% NaCl solution showed that the nickel hybrid coating exhibited good corrosion 

resistance (Ecorr = -0.14 V and Icorr = 4.29 × 10-7 A/cm2) and high corrosion inhibition efficiency 

(η = 97.1%.). Furthermore, the linear abrasion test proved that nickel hybrid superhydrophobic 

coating has one of the best abrasion resistance compared with literature (water contact angle 

remained above 150° after 2000 cm abrasion distance under the pressure of 2.2 kPa), indicating 

such coating has promising potential in robust industrial applications. 
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1 Introduction 
1.1 Background 

Friction, wear, and corrosion are the main causes leading to low machine efficiency, high 

energy consumption and component deterioration [1]. In the UK, corrosion and wear are 

estimated to cost the economy around £ 80 billion per annum [2]. In many cases, it may not be 

realistic to use high-performance materials for bulk components due to the high cost. 

Alternatively, enhancing the properties of component surfaces by depositing a layer of coating 

is a more practical and economical way to combat friction, wear and corrosion.  

Liquid lubricants such as grease and oil have been traditionally used to solve friction and wear 

issues. However, when the working environment becomes demanding (e.g. high vacuum and 

extreme temperature in the aerospace industry), liquid lubrication could be problematic. 

Alternatively, transition metal dichalcogenides (TMD) such as molybdenum disulphide (MoS2) 

and tungsten disulphide (WS2) show promising potential to reduce wear and friction in harsh 

working conditions. Since TMD materials are used in the form of powder and film, they are 

also known as solid lubricants. The successful cases of applying solid lubricants are mainly 

reported by vapour deposition techniques, though the disadvantages of high capital cost and 

low deposition rate limit their commercial promotion in a broad range of engineering 

applications [3]. 

On the other hand, incorporating solid lubricants (MoS2 and WS2) into a metal matrix (nickel, 

copper, nickel-cobalt) via electrodeposition has been successfully used for self-lubricating 

composite coating synthesis [4, 5]. However, during electroplating, the conductive nature of 

co-deposited MoS2 or WS2 particles resulted in the non-uniform growth of deposits, leading to 

a porous coating structure and limiting long-term durability[6, 7]. Therefore, this thesis aims 

to develop a robust coating achieved by densifying the structure of these existing coatings. 

The susceptibility to corrosion is largely dependent on the wettability of component surfaces. 

In general, surfaces with low wettability demonstrate excellent corrosion resistance due to the 

low chance of direct contact with corrosive liquid. As an extreme aspect of wettability, 

superhydrophobicity exhibits exceptional water repellency with contact angle (CA) greater 

than 150° and sling angle (SA) lower than 10°. The term “superhydrophobicity” was first 

reported in 1936, as Fogged published his observation that water droplets could form spherical 

shapes on the leaves of Triticum (wheat) plants [8]. Since then, natural non-wetting surfaces 

such as lotus leaves, strider legs and bird feathers [9, 10] have become the template for 
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researchers to mimic and develop artificial superhydrophobic surfaces. By studying these 

natural superhydrophobic surfaces, researchers concluded that hierarchical surface roughness 

and low surface energy are two key factors contributing to superhydrophobicity. Based on this 

finding, various biomimetic superhydrophobic surfaces have been developed through a 

strategy of first creating a hierarchical surface structure and then modifying the surface with 

low surface energy chemicals.  

TMD materials (i.e. MoS2 and WS2 particles) are also good candidates for fabricating 

superhydrophobic surfaces due to their low surface energy (65-120 mJ/cm2). Although they are 

traditionally used for self-lubrication [11, 12], the studies of co-deposition of MoS2 or WS2 

particles with composite coatings for preparing superhydrophobic surfaces have increased in 

the last five years. Successful cases include Ni-WS2 [13], Ni-P-WS2 [14], Ni-Co-WS2 [15] and 

Cu-MoS2 [16].  However, a major challenge is that such coatings have very poor abrasion 

resistance. MoS2 and WS2 are soft solid lubricant materials. The co-deposition of these particles 

may result in weak mechanical robustness of composite coatings. Consequently, during real 

applications, the delicate hierarchical surface structure could easily be damaged even with a 

slight fingernail scratch, therefore shortening their service life. To overcome this challenge, 

adding a third-phase hard ceramic particle into the metal-TMD system to develop hybrid 

composite coatings seems feasible. The method of mixing different particles has been used in 

electrodeposited metal-TMD coatings for self-lubricating applications [17, 18], while almost 

no study has explored hybrid composite coatings in superhydrophobic applications. 

 

1.2 Motivation and objectives 

The electro-co-deposition of solid lubricant particles (MoS2 or WS2) with metal is a facile and 

economical method to prepare self-lubricating coatings. However, the conductive nature of co-

deposited MoS2 or WS2 particles resulted in the non-uniform growth of deposits, leading to a 

porous coating structure and limiting long-term durability. The aim of this work is to develop 

a robust self-lubricating coating achieved by densifying the structure of these existing coatings. 

On the other hand, electrodeposited metal-TMD coating also exhibits superhydrophobicity, 

which can be used for anti-corrosion applications. However, lack of abrasion resistance is the 

major challenge for commercial promotion. Therefore, this work also aims to enhance the 

abrasion wear resistance of superhydrophobic coatings by including third-phase ceramic 

particles into existing metal-TMD coating systems. In this research, nickel was selected as the 

metal matrix for composite electroplating due to its excellent mechanical properties and 
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corrosion resistance. Moreover, the co-deposition of particles with nickel further tailors its 

surface properties, making it suitable for demanding applications such as those in the aerospace 

and automotive industries. 

Specifically, the objectives of this project are:  

(1) Develop nickel single-particle composite coatings by electro-co-deposition of TMD 

particles (MoS2 or WS2) with nickel and examine their surface morphologies, coating 

structures, surface wettability and self-lubrication performance. 

(2) Investigate the effect of electroplating parameters including particle size, deposition 

time and surfactant concentration on developed composite coatings. 

(3) Develop nickel hybrid composite coatings by adding ceramic particles (SiC or TiO2) 

into existing nickel-TMD particle coating systems and investigate the effect of 

different particle combinations on the surface morphologies, surface topographies and 

structures of the composite coatings.  

(4) Investigate surface wettability and self-lubricating performance of developed nickel 

hybrid composite coatings.  

(5) Evaluate the long-term durability and abrasion resistance of developed 

superhydrophobic composite coatings.  

(6) Investigate the corrosion resistance of electrodeposited superhydrophobic coatings and 

elucidate the corrosion mechanism.  

  

1.3 Thesis structure 

This thesis is divided into seven main chapters, namely Chapter 1 – Introduction; Chapter 2 – 

Literature review; Chapter 3 – Experimental methodology; Chapter 4,  5 and 6 – Result and 

discussion; Chapter 6 – Conclusions and future work.  

Chapter 2 is a literature review. First, it provides an overview of electrodeposition. Then, the 

review focuses on studies of self-lubricating coatings and superhydrophobic coatings. Finally, 

previous attempts to densify coating structures are summarised.  

Chapter 3 describes the methodologies of composite coating deposition, surface and structural 

characterisation, surface wettability test, electrochemical test and tribological test.  

Chapter 4 presents the results and discussion of superhydrophobic coatings. The effect of 

particle size, deposition time and different particle combinations on the surface morphologies, 
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surface topographies, coating structures, surface wettability electrochemical performance and 

abrasion resistance were investigated.  

Chapter 5 presents the tribological performance of composite coatings. Effects of process 

parameters, including particle concentration, surfactant CTAB (cetyltrimethylammonium 

bromide) concentration and different particle combinations were studied. 

Finally, conclusions and future work are presented in Chapter 6, followed by the reference list. 

  



 5 

2 Literature review 
2.1 Overview of electrodeposition 

Coatings can be deposited by the reduction of metal ions in an aqueous solution. Generally, the 

reduction of ions can be realized by two main methods, namely electrodeposition and 

electroless deposition. In the electrodeposition, the coating is deposited by passing an electric 

current between two electrodes immersed in an electrolyte. The positively charged electrode is 

known as the anode, while the negatively charged electrode is the cathode. The electrolyte 

contains metal ions to be plated. When an electrical potential or voltage is applied between the 

electrodes, these metal ions migrate towards the cathode and are reduced to form a metal layer. 

At the cathode surface, two possible reactions, namely metal reduction (equation 2.1) and 

hydrogen evolution (equation 2.2), might take place at the cathode.  

                                                          M Z++ze-→M  ………………………...………………2.1 

                                                           2H++2e-→H2…………………………..…………….2.1 

Based on the material of the anode, two possible oxidation reactions might take place. If the 

anode is made of the same metal as the one being deposited on the cathode surface, the metal 

will be oxidised to metal ions, which go into the electrolyte. 

                                                              M → M Z++ ze-…………………………….……..2.2 

If the anode is made of a material that resists electrochemical oxidation (e.g. platinum, lead), 

the water will be oxidised to oxygen gas, which escapes from the electrolyte. 

                                                         2H2O → 4H ++O2+4e-……………………...………. 2.3 

In the above equations (2.1 to 2.4), M z+ is the metal cation to be plated; z is the number of 

electrons required for metal reduction, e- is the electron; M is the metal deposited at the cathode, 

H+ is the hydrogen ion in the electrolyte; H2 is the hydrogen gas evolved at the cathode; H2O 

is the water to be oxidised; O2 is the escaped oxygen.  

Numerous pure metal (e.g. nickel, copper, zinc etc.) and alloy (e.g. nickel-phosphorus, tin-

copper etc.) coatings can be produced via electrodeposition. Based on Faraday’s law, the 

deposition rate (dx/dt) can be predicted and calculated by the following equation.  

                                            dx
dt

= M × I
ρ × A × n × F

...............................................2.4 
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Where M  is the Molar mass of metal deposited on the cathode, I is the current density, ρ is the 

density of metal, A is the area of deposition, n is the number of electrons involved in reduction 

reaction, and F is the Faraday’s constant (96,487 C/mol). From equation 2.5, it can be noted 

that current density and deposition time are the basic parameters affecting coating thickness.  

However, in actual electrodeposition, especially on shaped components (or cathodes), the 

coating thickness will not normally be uniform. The actual thickness at any point on the cathode 

surface is referred to as the local thickness [19]. The local thickness depends primarily on the 

current density at that point. The current distribution is determined by geometric factors such 

as the shape of the cathode and the location of the cathode relative to the anode. In general, 

cathodes can be divided into two categories based on their geometries, namely parallel plate 

cathode and irregular shape cathode. The current density distribution in a cell with a parallel 

plated cathode is shown in Figure 2.1 (a). It can be noted that a uniform current density 

distribution is present over the entire electrode surface up to the very edge of the electrode, 

where the current density increases abruptly. This phenomenon is also called the “edge effect”, 

which is believed to be caused by the current flow partially passing around the rectangular 

space between the electrodes [20]. The increased current density at the edges can attract more 

metal ions, which leads to a higher deposition rate at the edge than the central area. In 

consequence, the coating in the central part of the cathode may be compact and flat, whereas 

the occurrence of dendrites is observed at the edges. When an irregular shape cathode is used, 

the current density distribution becomes even more complicated. As shown in Figure 2.1 (b), 

the current density is higher on prominences and areas closer to the anodes. Conversely, the 

current density becomes lower in recesses and areas facing away from the anodes. These 

variations in current density inevitably mean that the coating deposited on the prominences is 

thicker than the coating deposited on the recessed areas. Therefore, to obtain a smooth coating 

with uniform thickness, a parallel plate cathode will be used in this research.   

According to the research conducted by Tan and Lim [21], the “edge effect” can be mitigated 

by appropriate bath agitation. For laboratory research, magnetic stirring, ultrasonic agitation 

and rotating disk electrode are applied for bath agitation. These techniques demonstrate high 

reproducibility due to their controllable hydrodynamics. For industrial applications, air 

agitation is commonly used. However, its reproducibility is relatively low due to localised 

turbulence near air outlets.  
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Figure 2.1 (a) current density distribution on a parallel plate cathode, dash line is the current 
line, R is the specific resistivity of the electrolyte, l is the distance between two electrodes, j 

is the current density, li is the length of the i-th current line, and ji is the current density 
corresponding to the i-th current line; (b) current density distribution on an irregular shape 

cathode, the solid line is the current line. [20, 22]. 

 

Compared with other coating technologies, electrodeposition has the advantages of (i) low cost, 

(ii) easy operation, (iii) not requiring high working temperature and (iv) reliable stability [23]. 

However, electrodeposition has the following disadvantages. 

(1) Substrate material must be conductive. 

(2)  Current distribution can be non-uniform, leading to inhomogeneous. 

(3) The disposal of electroplating solutions is a cause of environmental concern. 

Opposite to electrodeposition, electroless deposition requires no power source. Instead, the 

bath solution needs to contain a reducing agent, normally hypophosphite ions (H2PO2
−), to 

react with metal ions. Since electroless deposition is not a line-of-sight process, uniform 

coating thickness and desired deposition rate can be realised by controlling bath composition, 

temperature and proper bath agitation [24, 25]. Additionally, by not requiring conductive 

material as substrates, the range of electroless deposition options expands beyond those for 

electrodeposition. However, the major disadvantage of using electroless deposition is the low 

deposition rate, which makes it unsuitable for depositing thick coatings.  

Apart from pure metal and alloy electrodeposition, many studies have also reported that the 

coating properties can be further enhanced by co-depositing second-phase particles with the 
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growing metal matrix. In the following subsection, composite electrodeposition and its 

working mechanism will be reviewed.  

 

2.1.1 Composite electrodeposition 

The advantages of composite electrodeposition are very clear since it offers an elegant method 

to combine the properties of two different materials in a controlled manner [26]. Historically, 

the origin of this technique can be traced back to 1928 in a study of a copper-graphite coating 

for car engine components [27]. Then, a major development has been witnessed in this subject 

throughout the 1960s and 1970s. Most studies in this period focused on the development of 

wear-resistant coatings by embedding hard ceramic particles such as SiC and WC into nickel 

or cobalt layers. Nowadays, the science and technology of composite electrodeposition has 

matured into a sub-field of material surface finishing. A wide range of micron or submicron 

particles with various properties has been co-deposited with metal matrix to enhance coating 

qualities. For instance, soft lubricants such as graphite [28], WS2 [29, 30], MoS2 [7, 31] are co-

deposited to improve self-lubrication, metal oxides, including Al2O3 [32-34] and TiO2 [35, 36], 

are incorporated to obtain better corrosion resistance. Section 2.2 and Section 2.3 will provide 

a detailed review of self-lubricating coatings and superhydrophobic coatings produced by 

composite electrodeposition techniques for the purpose to combat wear and corrosion issues. 

Compared with other composite coating fabrication methods (e.g., powder metallurgy, pressure 

infiltration, stirring casting, etc.), composite electrodeposition has the advantages of low cost 

and easy operation. The process of composite electrodeposition is schematically depicted in 

Figure 2.2.   

 

 

Figure 2.2 Schematic diagram of composite electrodeposition.  
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2.1.2 Theoretical models of composite electrodeposition 

Many theoretical models have been proposed to understand the mechanism of composite 

electroplating. Table 2.1 provides an overview of the existing models. In general, many models 

suggest that the particle incorporation during electrodeposition can be divided into five 

consecutive steps: (1) ionic clouds are formed on the surface of particles due to adsorption of 

metal ions and surfactants, (2) convection of particles towards cathode induced by bath 

agitation, (3) diffusion through a hydrodynamic boundary layer, (4) diffusion through a 

concentration layer, and (5) particle embedment with the reduction of metal ions. Figure 2.3 

schematically illustrates the co-deposition process of particles. It should be noted that, during 

electro-co-deposition, particles in close proximity to the cathode are consumed more rapidly 

than they can be replenished through convection and diffusion. Therefore, a decrease in particle 

concentration can be observed from bulk electrolyte to the cathode surface. Although many 

existing models have included mathematical expression to predict the incorporated particle 

content, the necessary process parameters to achieve particular coatings are still hard to be 

determined without experimental trials.  

 

  

Figure 2.3 Processes involved in the co-deposition of particles into growing metallic layers 

[37]. 
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Table 2.1 Theoretical models developed to describe the growing mechanism of composite 
electrodeposition after Low, Wills and Walsh [38]. 

Author & 

year 

Description, hypothesis and limitations of the model  Coatings of 

investigation 

Ref 

Guglielmi, 

1972 

- Particle incorporation consists of two successive steps. The 

first step produces a layer of loosely adsorbed particles, and 

the second step produces irreversible adsorption of particles on 

the electrode with the assistance of an electrical field.  

- The quantitative (mathematical) treatment of the proposed 

model is developed and verified by experiments. 

- However, the model does not take the hydrodynamic effect 

of the plating bath into consideration.  

Ni-TiO2 

Ni-SiC 

[39] 

Celis, Roos 

and Buelens, 

1972 

- Particle incorporation would only be achieved when a certain 

amount of adsorbed ions, depending on the plating system 

itself, is reduced.  

- Model uses probability to determine the amount of particles 

that are likely to be embedded under a given current density. 

- Mass transport of particles is proportional to the mass 

transport of ions to the working electrode.   

Cu-Al2O3 

Au-Al2O3 

[40] 

Fransaer, 

Celis and 

Ross, 1992 

- Trajectory theory is applied to describe the co-deposition of 

non-Brownian particles.  

- Particles in the electrolyte are driven by adhesion force, 

hydrodynamic force and friction force. Particle incorporation 

can be realised when the friction force is greater or equal to the 

shear force (one type of hydrodynamic force). 

Cu-

polystyrene 

[41] 

Hwang and 

Hwang, 1993 

- An improvement of Guglielmil’s model. 

- Three modes of current density (low, intermediate and high) 

are used to distinguish the metal ions reduction around 

particles. 

-Particle incorporation consists of three steps: forced 

convection of particles to the cathode, loose adsorption of ions 

on the particle surface and irreversible particle embedment due 

to the reduction of adsorbed ions.  

Co-SiC [42] 

Vereecken, 

Shao, and 

Searson, 

- Particle incorporation is simulated by a kinetic model based 

on the particle diffusion process.  

Ni-Al2O3 [43] 
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Author & 

year 

Description, hypothesis and limitations of the model  Coatings of 

investigation 

Ref 

2000 - Under certain conditions, the gravitational force can affect 

the kinetics of particle co-deposition significantly. 

- However, this model is only valid when the particle size is 

smaller than the thickness of the diffusion layer.  

Bercot, Pena-

Munoz 

and Pagetti, 

2002 

- The modification of Guglielmi’s model by considering the 

bath agitation.  

- However, the model uses magnetic stirring as bath agitation, 

which is not an adequate method to carry out fundamental 

study due to poor reproducibility.  

Ni-PTFE [44] 

 

 

2.2 Self-lubricating coating  

Friction and wear can result in catastrophic machinery failure. In order to cope with the 

demanding working environments, many engineering components require superior surface 

properties, especially wear resistance, compared to their bulk [45]. One approach to combating 

wear is self-lubricating coatings. Since the shear strength of the self-lubricating coating is much 

smaller than that of the substrate, the friction between the component surface and counter body 

can be significantly reduced. Therefore, self-lubricating coatings can provide lubrication and 

reduce wear without any external lubrications [46]. Nowadays, the most common way to 

develop self-lubricating coatings is using solid lubricants. In the following subsections, 

different types of solid lubricants and the methods of applying them will be reviewed.  

 

2.2.1 Solid lubricants and low friction materials 

Traditionally, liquid lubricants and greases are used to combat friction and wear in most 

tribological applications. However, under extremely severe operating conditions, liquid 

lubricants can no longer provide sufficient lubrication. For instance, in aerospace applications, 

where temperature of jet engine components can exceed 500 °C, liquid lubricants often fail due 

to evaporation and oxidation. Similarly, in vacuum environments, such as those in satellite or 

spacecraft mechanisms, liquid lubricants evaporate due to low pressure. Furthermore, in 

nuclear reactors, liquid lubricants degrade under radiation. Alternatively, solid lubricants have 

shown promising potentials to reduce friction and wear under these harsh environments [47]. 
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By definition, solid lubricants can be described as materials that provide lubrication under dry 

conditions [48, 49]. When present at a sliding interface, they can provide low friction and 

prevent wear damage between the sliding surfaces. In general, solid lubricants can be 

categorised into several subclasses based on the properties and crystal structures (Table 2.2). 

 

Table 2.2 Typical solid lubricants and their self-lubricating capability [47]. 

Classification Key examples Friction 

coefficient 

Main features 

Lamellar solids WS2 

MoS2 

Boric acid (H3BO3) 
 

0.002-0.25 

0.01-0.2 

0.02-0.2 
 

- Layered crystal structures. 

- High load bearing capacity. 

- Effective in harsh environment. 

- Susceptible to moisture.  

 

Soft metals Sliver (Ag) 

Lead (Pb) 

Gold (Au) 

Indium (In) 

Tin (Sn) 
 

0.2-0.35 

0.15-0.2 

0.2-0.3 

0.15-0.25 

0.2 

- Ideal for electrical contact and 

sliding components due to good 

electrical conductivity.  

- Prone to wear under extreme 

pressures due to soft nature.  

Organic 

materials or 

polymers 

PTFE 

Waxes 

Soaps 
 

0.04-0.15 

0.2-0.4 

0.15-0.25 

- Weak intermolecular force 

provides intrinsic lubrication.  

- Ideal lubricants for bearing, 

bushing, gasket and seal. 

- Limited load bearing capacity 

and thermal stability.  

 

Carbon-based 

solids 
Diamond 

Diamond-like carbon 
 

0.02-1 

0.003-0.5 
 

- Excellent wear resistance due to 

high hardness. 

- Resistant to most chemicals, 

suitable for harsh environment. 

- High cost of production. 
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Classification Key examples Friction 

coefficient 

Main features 

Bulk or thick-

film (>50 µm) 

composites 
 

Metal-, polymer- and 

ceramic matrix 

composites consisting 

of graphite, WS2, MoS2, 

Ag, etc. 
 

0.05-0.4 - Tailored for specific applications 

by adjusting composition of 

lubricants and matrix.   

- Not ideal for weight sensitive 

applications as bulk materials can 

be heavy.  

 

 

2.2.2 Lamellar solids and their lubrication mechanism 

Among all the solid lubricants mentioned above, lamellar solids such as TMDs (MoS2, WS2), 

graphite and boric acid (H3BO3) are the class that has been mostly studied and applied in both 

academia and industry. Their lubrication mechanism can be explained by unique crystal 

structures. As shown in Figure 2.4, lamellar solids are composed of stacked layers. Within 

each layer, atoms are closely packed and strongly bonded to each other (covalent bonds). 

However, the layers themselves are relatively far apart, and the forces that bond them (van der 

Waals) are weak. When shear forces are applied, the weak interlayer bonding results in an easy 

slip of layers over each other, leading to a low coefficient of friction [50]. On the other hand, 

strong covalent bonds within each layer will provide these solids with very high in-plane 

strength to resist wear damage and prolong service life. Moreover, lamellar solids can be 

sheared to form a tribofilm during sliding contact, which helps separate sliding surfaces and 

reduces direct wear between sliding surfaces [51].  

 
Although graphite, boric acid, and TMDs (MoS2, WS₂) are all classified as lamellar solid 

lubricants, their applications and optimal working environments differ significantly. Graphite 

exhibits enhanced self-lubricating properties in the presence of moisture. The adsorbed water 

molecules act as boundary lubricants, facilitating the sliding between its layers. However, in 

dry or vacuum environments, the absence of moisture reduces graphite’s lubricating efficiency 

[52]. In contrast, moisture is detrimental to TMDs, as it promotes the formation of oxides, 

which are abrasive and impair lubrication. Boric acid, unlike the other two, performs 

effectively in both humid and dry conditions but decomposes above 300°C into boron oxides, 

which lack lubricating properties. Compared to graphite and boric acid, TMDs are particularly 
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suitable for extreme conditions, excelling in high vacuum, high-pressure environments, and 

temperatures up to 1100°C in inert atmospheres [3]. 

 

Figure 2.4 Schematic illustration of layered structures of (a) graphite, (b) boric acid, and (c) 
molybdenum disulphide (representing transition-metal dichalcogenides) [46]. 

 

2.2.3 Methods of applying solid lubricants  

Solid lubricants can be applied to a tribological surface in a variety of forms. The application 

method usually depends on the complexity of the component being lubricated and the desired 

location of the solid lubricants. In the following paragraphs, some commonly used methods 

and their characteristics will be provided.   

Burnishing is the oldest and simplest method of applying solid lubricants onto substrate 

surfaces. In this method, solid lubricants are manually rubbed onto the component surface to 

form a lubrication layer [53]. The advantages of burnishing method include its simplicity, cost-

effectiveness, and versatility. It is a straightforward process requiring minimal equipment, 

making it suitable for small-scale or localized applications. However, burnishing is the least 

effective in regard to bonding [54]. Obvious stratification can be observed between the solid 

lubricant layer and the metal surface. Therefore, this process is only suitable for applications 

where lubrication requirements and wear life are not stringent.  

Another application method is to blend solid lubricants with epoxy resins, plastics and 

polymers to form thick composite coatings with anti-friction properties. Compared to the direct 

use of solid lubricants (burnishing), blending solid lubricants with epoxy resins can provide 

stronger adhesion between substrates and coatings. However, the bonding materials usually 
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possess low mechanical strength and poor wear resistance, which may restrict their usage in 

high demanding applications  [55]. 

Vapour deposition techniques, including physical vapour deposition (PVD) and chemical 

vapour deposition (CVD), are more advanced methods for developing thin films of solid 

lubricants. The PVD process begins with the vaporisation of solid lubricant atoms from target 

materials. These vaporised atoms are then transported through a vapour chamber and deposited 

as a thin film on the substrate [56]. The advantages of PVD include precise thickness control, 

a dense surface structure, and strong adhesion to the substrate, which are essential for high 

demanding applications. However, the PVD process also presents challenges of high initial 

equipment costs and process complexity, requiring stringent control of deposition parameters. 

The CVD process, on the other hand, relies on the reaction of precursors in the vapor phase to 

form a solid lubricant film on the heated substrate surface. Although self-lubricating coatings 

prepared by CVD offer the advantage of uniform coating coverage, especially on complex 

geometries, the residual stresses in the deposited coating, arising from differences in thermal 

expansion between the substrate and the coating, can deteriorate the coating’s performance and 

longevity. 

Different from the techniques discussed above, composite electroplating is a versatile method 

to fabricate self-lubricating coatings by co-depositing solid lubricants with metals. The 

deposited metals such as nickel, copper, and aluminium can provide excellent strength and 

stiffness. The incorporated solid lubricants can be slowly released onto the wear track to 

achieve a very low friction coefficient. Owing to the advantages of precise control, cost-

effectiveness, and promising potential for industrial applications, electrodeposition is an 

effective method for developing self-lubricating coatings. However, the challenges associated 

with composite electroplating cannot be ignored. Apart from the general drawbacks of 

electroplating discussed in Section 2.1, composite electroplating faces specific challenges, such 

as particle agglomeration in the electrolyte, poor adhesion between the coating and substrate, 

and a limited incorporation rate of solid lubricant particles. The following section will review 

the electrodeposited self-lubricating coatings and some related research in this field. 

 

2.2.4 Electrodeposited self-lubricating coating 

The electrodeposition of metal-solid lubricant composite coatings have been extensively 

studied in the past two decades. WS2 and MoS2 are the most commonly used solid lubricant 
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particles to be co-deposited. For example, Lecina et al. [57]  electrodeposited a Ni-WS2 coating 

with a stable coefficient of friction (CoF) of 0.4 against steel. Redlich et al. [58] reported that 

co-depositing WS2 particles with nickel resulted in a friction reduction of 60% compared to 

pure nickel coating. Cardinal et al. [59] demonstrated that the friction coefficient of Ni-W-

MoS2 coating could reach as low as 0.14 with an appropriate amount of particle embedment. 

Recently, the research group at the University of Southampton has successfully deposited a 

series of self-lubricating coatings including, Ni-P/WS2 [14], Ni-P/MoS2 [4], Ni-Co/WS2 [15] 

and Ni-MoS2 [6], showing a friction coefficient less than 0.2. A self-lubrication mechanism 

has been proposed to explain the friction reduction of composite coatings mentioned above 

[15]. Once counterpart (either ball or cylinder) starts sliding against composite coating, the 

contact area on the coating surface will experience severe plastic deformation due to high shear 

stress. Then, the incorporated solid lubricant particles can be released from their fixed positions 

and adhere to the contact area. With the accumulation of these released particles, a densely 

packed lubricating layer (or tribofilm) will be formed between sliding surfaces, which can not 

only reduce friction force but also improve wear resistance and oxidation resistance by 

avoiding direct metal to metal contact. However, excessive accumulation of detached solid 

lubricant particles should be avoided as it can result in unstable tribofilm. Instead of reducing 

friction, the unstable tribofilm may lead to loss of lubrication when dislodged. 

 

The amount of embedded solid lubricant and the coating structure are two main factors 

influencing self-lubricating performance. According to He et al. [4, 14, 15]’s studies, the lower 

friction coefficient of Ni-P/WS2 and Ni-P/MoS2 and Ni-Co-WS2 coatings were realised at 

higher particle content (Figure 2.5 a-c). A similar finding was also reported by Shourije and 

Bahrololoom [60]. In their research, the increase of MoS2 content led to a decrease in the 

friction coefficient from 0.35 to 0.08. The significant friction reduction was attributed to the 

high abundance of solid lubricants, which can be continuously released from the coating system 

during sliding motions. In addition, the SEM images and EDS analysis of wear tracks on both 

coating surface and counterpart revealed that the wear loss and frictional oxidation could be 

suppressed due to the formation of complete tribofilm.  
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Figure 2.5 Friction coefficient of electrodeposited composite coating with different solid 

lubricant content (a) Ni-P/WS2, (b) Ni-P/MoS2, (c) Ni-Co/WS2 (d) Ni-MoS2 [4, 6, 14, 15]. 

 

However, increasing particle content alone may not always lead to improved tribological 

performance. Many studies also pointed out that self-lubricating properties are largely 

dependent on the composite coating structure. Zhou, Wang and Walsh [6] prepared self-

lubricating Ni-MoS2 coating with the assistance of two different particle dispersion methods, 

namely magnetic stirring and high shear mixing. As shown in Figure 2.5 (d), Ni-MoS2 

composite coating using particle dispersion via high-shear mixing showed lower particle 

content (8.7 wt%) but better self-lubricating property (CoF = 0.08) compared to those of Ni-

MoS2 composite coatings using particle dispersion via magnetic stirring (particle content = 30 

wt%, CoF = 0.16). The lower friction coefficient by high shear mixing can be attributed to 

compact and dense coating structure which provides firm support for the MoS2 particles to 

allow an effective shear to occur. On the other hand, although Ni-MoS2 coating prepared with 

magnetic stirring showed higher MoS2 content, the porous and sponge-like structure induced 

by particle agglomeration makes coatings easily be fractured and damaged during the sliding 

contact. Similar results have also been reported by Cardinal et al. [59] and Cheng et al. [7]. In 

both studies, high particle incorporation rates resulted in rough coating surfaces and porous 
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coating structures, which deteriorated the tribological performance. Therefore, it can be 

concluded that solid lubricant content in the composite coating alone should not be regarded 

as the only criteria for assessing coating quality. The coating structure also plays an important 

role in determining anti-friction performance. In Section 2.4, a detailed literature review of 

methods to densify electrodeposited coating structures will be given.  

 

2.2.5 Wear mechanism 

Wear is defined as the removal of material when two solid surfaces come into contact. 

Understanding wear mechanism is important for developing self-lubricating coatings. By 

identifying the dominant wear, such as adhesive wear, abrasive wear and oxidative wear, 

researchers are able to optimise self-lubricating coatings by tailoring their composition, coating 

structures and solid lubricant distribution. The mechanisms of several types wear will be 

reviewed in the following paragraphs.  

Adhesive wear is characterised by material transfer from one surface to another due to the 

shearing of surface asperities at the contact interface. This type of wear originates from the 

adhesive bond. When the adhesive bond at the contact interface is greater than the cohesive 

bond within the weaker material of the contact pairs, material transfer occurs [61]. Adhesive 

wear usually leads to severe wear damage on the sliding surfaces.  

Abrasive wear occurs when a harder surface or abrasive particles sliding or rolling against 

softer surface. There are two types of abrasive wear, namely two-body abrasive wear and three-

body abrasive wear. The former occurs when the asperities of hard surface cut through the 

softer surface, while the latter arises when loose abrasive particles become entrapped at the 

contact interface, removing materials from both sliding surfaces [62].   

Oxidative wear occurs due to the formation and subsequent removal of oxide layers on the 

surfaces in contact during sliding motion. The process begins with the formation of a thin oxide 

film due to frictional heating. With continuous sliding contact, this oxide layer may crack, and 

flake off, exposing fresh material that undergoes further oxidation [63]. The removal of the 

oxide layer generates wear debris, which can induce additional abrasive wear. 
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2.3 Superhydrophobic Coatings  

Superhydrophobic coatings have attracted attention from both academia and industry. Due to 

their excellent water-repellent properties, such coatings have been widely applied in the fields 

of anti-corrosion [64], anti-fouling [65], anti-icing [66], and energy savings [67]. In this section, 

the studies about superhydrophobicity will be reviewed. However, before that, it is necessary 

to review basic knowledge of surface wettability and wetting models as they can help to 

understand the fundamental principles and mechanisms of superhydrophobic surfaces. 
 

2.3.1 Surface wettability and wetting models  

Surface wettability is the ability of a surface to get wetted by a liquid. Normally, when a water 

droplet is placed on a surface, it will either form a sphere or wet the surface. To characterise 

and quantify the wetting state of a solid surface, the concept of contact angle is introduced. As 

shown in Figure 2.6, the contact angle θ is defined as the angle formed by the intersection of 

the solid, liquid, and solid-gas interface. In general, a small contact angle is formed when the 

liquid is distributed on the surface (hydrophilic, θ < 90º), while a large contact angle is formed 

when there is a low contact area between solid and liquid (hydrophobic, θ > 90º). 

 

According to previous research [68, 69], surface energy and surface roughness are two primary 

factors influencing solid surface wettability. Surface energy, by definition, characterises the 

amount of energy required to overcome the molecular cohesive forces within a bulk material 

to create a unit area of new surface. Surface energy arises because the molecules at the surface 

are surrounded by fewer molecules compared to those within the bulk material, resulting in an 

imbalance of forces. Surface energy is quantified in terms of energy per unit area – joules per 

square meter (J/m²). Surface energy is determined by the chemical composition of the surface, 

and the decrease of surface energy usually leads to a hydrophobic surface. On the other hand, 

a surface with rough texture tends to have a hydrophobic property. Because in such surface air 

can be easily entrapped in the grooves between surface protrusions. When water is placed on 

the surface, the entrapped air will avoid further penetration of water. Therefore, water droplets 

will form sphere shapes and can easily roll off from the surface [70].  
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Figure 2.6 Illustration of contact angle formed by water droplets on a smooth homogeneous 
solid surface [71].   

 

To further explore the mechanism of the surface wetting state, three classical models have been 

proposed. The first model was introduced in 1805 by Young [72]. For a drop of water placed 

on an ideal flat surface (Figure 2.7 a), the contact angle is determined by the surface free 

energy of a solid and derived in Equation (2.6):  

 

                                                                   cosθ = 
γsv-γsl

γlv
…………………………………..... 2.5 

 
Where θ is the water contact angle. γsv, γsl, γlv is the surface tension of solid surface, solid-liquid 

interface, and liquid surface, respectively. The Young equation ambiguously relates the water 

contact angle to the interfacial tensions (energies). However, since real surfaces usually vary 

in the surface conditions, most scenarios regarding contact angles in practice cannot be fully 

explained by the Young equation. Wenzel [73] then proposed an equation relating the contact 

angle to surface roughness and surface energies. As shown in Figure 2.7 (b), Wenzel’s model 

assumes full contact between the liquid and solid phase in the homogeneous regime. The 

calculation of the contact angle can be expressed in Equation (2.7): 

 

                                                        cosθw= r γsv-γsl
γlv

 = rcosθ.…………………………....…... 2.6 

 
Where θw is the apparent Wenzel contact angle, which measures the apparent contact angle 

influenced by the roughness of solid surfaces. r corresponds to the “roughness factor”, defined 

by the roughness area ratio of the actual surface with respect to the geometric surface. Wenzel 

equation predicts that a higher roughness will increase the contact angle for a hydrophobic 

surface (θ > 90°). But for hydrophilic surface (θ < 90°), contact angle values will be lower with 

increasing roughness [74].  
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However, Wenzel’s model is only workable for the homogenous interfacial areas and cannot 

be applied to the non-homogeneous interfaces. In this regard, Cassie and Baxter [75] in 1944 

provided another model for heterogeneous surfaces (Figure 2.7 c). Their model consists of two 

parts. The first part includes fSL (area fraction of solid in contact with liquid) and θy (static 

contact angle on the smooth surface). The second part includes fLA (area fraction of air in contact 

with liquid) and θA (contact angle of a droplet with the gas phase, which can be considered up 

to 180°). Hence, in Cassie and Baxter’s equation, the contact angle θ is defined as Equation 

(2.8): 

 

                                              cosθ= fSLcosθy+ fSAcosθA………………………….…...……..2.8 

 

 

Figure 2.7 Schematics of different wetting models [4]. 

 

The above wetting models are significant to characterise the wetting states of coatings with 

different surface conditions. For hydrophilic coatings which can be completely wetted, the 

Wenzel model (for θ < 90°) is suitable to calculate the contact angle value. While for 

hydrophobic coatings of which the surfaces are heterogeneous due to air entrapment, the 

Cassie-Baxter model (for 90° < θ < 180°) can be applied to predict the contact angle.  
 

2.3.2 Superhydrophobic surfaces inspired by nature  

A typical superhydrophobic surface has water contact angles greater than 150° and sliding 

angles (the minimum tilt angle that allows water droplets to roll off) less than 10°. Extremely 

low wettability is achievable on such superhydrophobic surfaces. In 1936, the triticum (wheat) 

plant was the first reported organism with a water contact angle above 150° [10]. Since then, 

nature has become the source of many valuable templates used to design synthetic hydrophobic 

surfaces. The most representative organisms exhibiting superhydrophobicity include natural 
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plants and insects. The following paragraphs will briefly describe the wetting mechanism of 

several typical superhydrophobic surfaces in nature.  

Among all kinds of plants showing superhydrophobicity, lotus is the most notable one as its 

leaves can prevent being polluted and contaminated even when the lotus is growing from 

muddy water, thus giving the name to the “lotus effect”. Barthlott and Neinhuis’ work [76] in 

1997 attributed the “lotus effect” to the presence of hierarchical structures on the surface. The 

SEM images in Figure 2.8 showed that the hierarchical surface structure is built by convex 

cells (> 1μm) and a much smaller superimposed layer of hydrophobic three-dimensional wax 

tubules (typically below 200 nm). According to the Wenzel-Cassie model, when the water 

droplet is placed on such hierarchical structures, air bubbles can be entrapped in the cavities of 

convex cell sculptures, which can avoid further water penetration. Therefore, water droplets 

can easily roll off the lotus leaves. Similar hierarchical structures have also been observed on 

taro leaves and rice leaves, which makes them extremely water-repellent.  

 

 

Figure 2.8 (a) self-cleaning behaviour of lotus leaves (b) the related microstructures as 
observed by scanning electron microscopy, (c) protrusions and (d) the wax tubules on them 

[77]. 
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Unlike the lotus leaves mentioned above, another kind of plant surface with high water contact 

angle but the high sliding angle is existing as well, such as red rose petal. Water droplet can 

form a high contact angle on the rose petal surface, but it is very difficult to move freely. This 

special phenomenon is called the “rose petal effect” and can be explained by its microstructure. 

As shown in Figure 2.9 (a), the rose petal surface is composed of a periodic array of 

microtubercle structures with an average diameter of 16 µm and a height of 7 µm. The high 

magnification SEM image in Figure 2.9 (b) reveals that these microtubercle structures have a 

layer of nanoscaled cuticular folds (average size of 730 nm) on their top. Similar to the “lotus 

effect”, rose petal surface exhibits superhydrophobicity owning to these hierarchical micro- 

and nanostructures. However, the different microstructure size of the lotus leaf and the rose 

petal results in different dynamic wetting. That is, water droplets can effortlessly roll off the 

surface of a lotus leaf (Figure 2.9 c), while they stay pinned to the surface of a red rose petal 

(Figure 2.9 d). Feng et al. [78] proposed a Cassie impregnating wetting model to explain this 

different dynamic wetting phenomenon. As shown in Figure 2.9 (e-f), the microstructure and 

nanostructure of the rose petal are both larger than those of lotus leaf, so the liquid tends to 

impregnate into the microscaled grooves but not into the nanoscaled cuticular folds, forming 

the Cassie impregnating wetting state. When the surface is inclined to any angle or even upside 

down, the liquid immersed in the micro-scale grooves will adhere to the petal surfaces, showing 

strong adhesion. 
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Figure 2.9 (a-b) SEM images of rose petal with low and high magnification; (c) water droplet 
formed on a rose petal; (d) water droplet adheres to the overturned petal surface; (e) 

schematic of Cassie impregnating wetting state on rose petal; (f) schematic of Cassie-Baxter 
wetting on lotus leaf [78]. 

 

Water striders are a type of insect with the ability to walk freely on the water for a long (Figure 

2.10 a). The non-wetting feature was first believed to be due to a surface tension effect caused 

by secreted wax [79]. However, the water contact angle made with the cuticle wax secreted on 

a strider’s leg is about 105° [80], which is not enough to explain its extreme water repellence. 

According to the research conducted by Gao and Jiang [81], the superhydrophobic mechanism 

of the water strider leg is also attributed to the special hierarchical micro/nanostructure. As 

shown in Figure 2.10 (b), strider's leg consists of numerous oriented setae, which are needle-



 25 

shaped, with diameters in a few to tens of micrometres.  Most setae are roughly 50 µm in length 

and arranged at an inclined angle of about 20° from the surface of the leg. The high-magnified 

SEM image in Figure 2.10 (c) reveals that the seta surface has groove structures with depth 

and width of about 100 nm. When strider leg touches water, tiny air bubbles trapped in these 

grooves can form a cushion at the leg/water interface that prevents the legs from being wet. 

 

 

Figure 2.10 (a) Image of water strider walking on the water surface; (b) SEM image of a 
strider leg showing numerous setae; (c) high magnification SEM image showing nanoscaled 

grooves [82]. 

 

Inspired by the wetting mechanisms of organisms discussed above, it can be suggested that the 

realization of superhydrophobicity is due to the combination of surface hierarchal structure and 

low surface energy. Therefore, methods to fabricate artificial superhydrophobic surface are 

based on two basic rules, namely reducing material surface energy and creating surface micro-

/nanostructures. In the following section, a review of currently available methods for 

fabricating superhydrophobic surfaces will be provided.  

 

2.3.3 Fabrication methods of superhydrophobic coatings 

Nowadays, superhydrophobic coatings can be fabricated via many advanced techniques such 

as lithography, sol-gel transitions, chemical vapour deposition (CVD), template, etching and 

electrochemical process. Table 2.3 provides brief descriptions of these fabrication methods. 

Electrochemical processes seem to combine both ease of implementation and the possibility to 

obtain various surface morphologies among all these methods. Moreover, the electrochemical 

process can avoid expensive equipment and a specialised reaction environment compared to 

other techniques [9]. Combined with the advantages mentioned in the previous self-lubricating 
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coating section, the electrochemical process is ideal for fabricating coatings with self-

lubrication and superhydrophobicity. On the other hand, additive manufactureing, as an 

innovative technology, exhibits advatanges of accurate control, surface robustness, and high 

printing efficiency in terms of developing superhydrophobic surfaces. Although the capital 

investment of additive manufacturing might be a concern, a continuing falling trend in entry 

cost has been witnessed, making this technology affordable for industrial applications. The 

following section will provide a review of electrodeposited superhydrophobic coatings 

 

Table 2.3 Fabrication methods of superhydrophobic surfaces [77] 

Fabrication 

method 

Process description Pros and Cons 

 

Lithography 

Similar to an inked stamp, a pattern 

is transferred from master to a 

surface, producing several copies.  

 

- High degree of control and 

precision, suitable for research. 

- Require specialised equipment 

and post treatment, not suitable 

for large-scale production. 

 

 

Sol-gel 

A chemical precursor, when 

undergoing hydrolysis and 

polycondensation reactions, is 

converted into a glassy material, 

which forms a layer on the 

substrate. Sol-gel is a low cost and 

simple controlled process, but the 

process is time-consuming. 

- Cost effective as the materials 

(silicon oxide, titanium oxide, 

etc.) are affordable and the 

process can be performed with 

low-cost equipment. 

- Time consuming as it requires 

several steps and post-treatment 

 

CVD 

The phase of a chemical precursor is 

changed into the vapour phase and 

is allowed to react with the heated 

surface (substrate) to form a thin 

layer of film. CVD is able to 

achieve extreme wettability (contact 

angle = 170º).  

- Ability to develop uniform 

coatings on complicated or 

irregular surfaces. Prepared 

surfaces are durable due to 

chemical bonding.  

- High reaction temperature is 

required, leading to energy 
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Fabrication 

method 

Process description Pros and Cons 

consumption. By-products are 

hazardous to environment. 

 

 

Etching 

When a surface is exposed to an 

etching medium, chemical reactions 

selectively erode/remove materials.  

 

- Lower cost compared to CVD 

and lithography.  

- Limited control on surface 

uniformity and environmental 

and health concern. 

 

Electroplating It is an electrochemical reduction 

process where metal ions are 

reduced into metals and deposited. 

This method can produce various 

surface morphologies and be used 

on a large surface. 

 

- Cost effective for metal 

coatings. Suitable for large-

scale industrial application. 

- Limited to conductive 

substrates. Post-treatment such 

as fluorination is required to 

reduce surface energy. 

 

Additive 

manufacturing 

Selective laser melting (SLM) 3D-

printed technology adopts high 

energy to selectively melt and fuse 

metallic powders, layer by layer, 

based on computer aided design 

(CAD).  

 

- Precise control of surface 

texture. Suitable for a wide 

variety of materials (e.g. 

polymers, metals and ceramics). 

- High cost due to specialised 

equipment. Post-treatment is 

required as the freshly prepared 

surface is hydrophilic. 
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2.3.4 Superhydrophobic surfaces by electrodeposition 

Electrodeposition has been successfully applied for the preparation of superhydrophobic 

coatings (e.g. nickel [83, 84], copper [85] and cobalt [86]). As a mature coating technique, 

Electrodeposition is advantageous in the aspects of low cost, high deposition rate, reliable 

repeatability, and accurate control [26, 87]. In the past decade, numerous successful cases of 

electrodeposited superhydrophobic surfaces have been reported. By controlling deposition 

parameters such as bath composition [88, 89], current density [90, 91], deposition time [92-94], 

deposition potential [85, 95-98], and bath temperature [99], hierarchical surface structures can 

be developed on electrodeposited pure metals (e.g. Ni, Co, Au, Cu) and alloys (Ni-Co, Ni-Zn, 

Cu-Zn). However, the freshly prepared surfaces of electrodeposited metals and alloys exhibited 

hydrophilic nature due to high surface free energy[91, 97]. To achieve the transition from 

hydrophilic to superhydrophobic, the freshly electrodeposited coatings need to be stored in 

ambient air to allow the adsorption of low surface energy airborne hydrocarbons [100]. This 

process of wettability transition is time-consuming. It usually takes several days to weeks to 

reach superhydrophobic states, which will limit the economic efficiency for practical 

applications [83, 88, 90, 93, 95, 101-103]. To accelerate the transition process, many 

researchers applied post-treatment method, in which the freshly deposited surfaces were 

modified by low surface energy chemicals such as silane, fluorinated compounds and organic 

acids. However, the additional post-treatment complicates the manufacturing process and can 

be harmful to the environment as these chemicals are usually non-biodegradable [104]. 

Moreover, chemicals such as fluorinated and silane compounds are proven to have threats to 

human health. The frequent exposure or inhalation can cause skin and eye irritation and even 

kidney damage to the operators [105, 106]. It is therefore necessary to develop 

superhydrophobic coatings by electrodeposition without long-term wettability transition 

process or additional surface modification.  

Since long-term storage or post-treatment is to lower the surface energy, the co-deposition of 

low-surface-energy particles with metals during electroplating could achieve similar effects. 

Table 2.4 below summarises the surface energy of different types of materials. From Table 

2.4, it can be noted that the surface energy of transition metal dichalcogenides (TMD) such as 

molybdenum disulphide (MoS2) and tungsten disulphide (WS2) are lower than other types of 

materials. The low surface energy makes them good candidates to fabricate superhydrophobic 

composite coatings. Although TMD materials are traditionally used as solid lubricants to 
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combat friction [11, 12], the studies of electrodeposited metal-TMD composite coatings for 

superhydrophobic surfaces has increased in the last five years.  

Zhao et al. [13] reported that Ni-WS2 coating with WCA of 158.3° and SA of 7.7° could be 

successfully prepared by one-step electrodeposition. The wettability of deposited Ni-WS2 

surface is determined by two factors, namely the embedded WS2 content and surface 

morphology. As shown in Figure 2.11 (a), superhydrophobicity can only be achieved when 

the WS2 content is greater than 4 wt%. This is because co-deposited WS2 is the main substance 

to reduce the surface energy of coating. The direct method to enhance WS2 content is increasing 

particle concentration in the electroplating bath. SEM image under low magnification reveals 

that the Ni-WS2 coating surface consists of numerous protrusions (Figure 2.11 b). Under high 

magnification, it can be observed that each protrusion has a diameter of microscale and consists 

of densely packed particles in the nanoscale (Figure 2.11 c and d). Such surface microstructure 

is very similar to a lotus leaf. Therefore, when the droplet is placed on the Ni-WS2 coating 

surface, an air layer could remain in the micro gaps to prevent water penetration (Figure 2.11 

e). Similar superhydrophobic surfaces were also reported on electrodeposited Ni-P-WS2 [14] 

and Ni-Co-WS2 [15]. Recently, Prado and Virtanen [16] claimed that Cu-MoS2 coating 

prepared with electrodeposition showed superhydrophobicity. The as-deposited Cu-MoS2 

could maintain hydrophobic even after 20 min immersion into water. The excellent water 

repellence was ascribed to the unique hierarchical structure where a great amount of air can be 

trapped to achieve the Cassie-Baxter wetting state. 

 

Table 2.4 Summary of surface energy of different materials 

Material Approximate surface energy (mJ/m2) Ref 

Molybdenum Disulphide (MoS₂) 46.5 [107] 

Tungsten Disulphide (WS₂) 38.5 [108] 

Silicon Carbide (SiC) 718 [109] 

Titanium Dioxide (TiO2) 88.9 [110] 

Tungsten Carbide (WC) 126.3 [111] 

Nickel 1821 [112] 
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Figure 2.11 (a) Relationship between particle content and surface wettability; (b), (c) and (d) 
are surface morphology of superhydrophobic Ni-WS2 coating under low and high 

magnification; (e) is a schematic illustration of contact area, in which air is entrapped 
between protrusions of coating surface [13] 
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The co-deposition of solid lubricants with metal matrix seems to be a promising method for 

preparing superhydrophobic surfaces, however the weak hierarchical surface structure inhibits 

the long-time stability and industrial applications. According to Zhou et al. [113], most 

electrodeposited superhydrophobic coatings are porous and fragile. As a consequence, 

superhydrophobicity can be diminished quickly if the hierarchical micro and nano structures 

are worn by surface abrasion. To address this challenge, it is essential to densify the coating 

structure of superhydrophobic surfaces. The following section will explore various methods 

for densifying electrodeposited composite coatings. 
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2.4 Densification of electrodeposited coating structures 

A major challenge of both pure metal and composite electroplating is that porous and rough 

coatings might be formed during the plating process. Many studies indicate that porous coating 

structures may severely deteriorate coating qualities from several aspects. Firstly, service lives 

might be shortened as porous coatings are prone to wear during sliding contact motion. 

Secondly, mechanical properties (e.g., hardness and adhesive strength) could deteriorate 

because the porous structures are fragile and tend to be exfoliated under bending test. Thirdly, 

the corrosion process would be aggravated since corrosive media could easily penetrate the 

porous coating and reach the substrate.  

In order to enhance the durability and coating properties, it is necessary to form smooth coating 

surfaces and dense coating structures. Many previous studies have agreed that the operational 

parameters can significantly influence the appearances and structures of electrodeposited 

coatings. According to a review article by Walsh, Wang and Zhou [87], these operational 

parameters can be classified into four categories, i.e. electrode (material, geometry, surface 

finish, etc.), electrolyte (composition, pH, agitation, additives, etc.), particle (material, size, 

shape, conductivity, etc.), and current (current type, current density, current distribution). There 

are many review papers available discussing the influence of each parameter on the final 

coating properties [26, 38, 114, 115]. However, none of them gives a detailed review of how 

to densify the electroplated coatings by adjusting operational parameters. Therefore, the 

following sections will provide a comprehensive review of different methods to smoothen the 

coating surface and densify the coating structure. The working mechanisms and their effects 

on final coating properties will also be discussed.  

 

2.4.1 Origins of coating porosity and methods to densify coating structure 

The origins of porous electroplated coatings and possible methods to densify coating structures 

are summarised in Figure 2.12. Generally, the porous coating structures can be attributed to 

three main reasons: hydrogen evolution, particle agglomeration, and the disturbance of the 

electric field due to particle conductivity. In electroplating, metal deposition is always 

accompanied by hydrogen evolution since the reduction potential of hydrogen ion is more 

positive than metal ion [116]. The evolved hydrogen might adhere to the cathode surface. 

Therefore, some areas would be blocked from metal deposition. As a consequence, the coating 

structure would become porous. Additionally, in composite electroplating, due to the high 
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surface free energy of submicron-sized particles and high ionic strength of electrolyte, particles 

tend to form large agglomerates in the plating bath. This prevents a homogeneous particle 

dispersion and may negatively affect particle co-deposition. Unstable particle dispersion can 

also lead to porous deposits, which are susceptible to wear and corrosion [6]. For the co-

deposition of conductive particles such as graphite, carbon nanotubes (CNTs), MoS2, WS2 and 

WC, the phenomenon of porous coating is more severe. During electroplating, the electric field 

in the vicinity of conductive particle absorbed sites will be enhanced. More metal ions would 

be attracted towards these sites due to greater Coulomb force, which accelerated the reduction 

of ions at these locations and created composite coatings with non-compact and porous 

structures [59, 117, 118]. 

Similar to the categorization of operational parameters proposed in a previous review article 

[87], the methods to densify coating structures may also be classified into four aspects, namely 

current regime, particle modification, surfactant addition and particle dispersion and bath 

agitation. In the following subsections, each method will be discussed and critically reviewed. 

 

 

Figure 2.12 Origins of porous coating structures and possible methods to densify 
electrodeposited coating structures 
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2.4.2  Current regime 

Pulse electrodeposition has been extensively applied for the deposition of metals, alloys and 

composite materials. Different from conventional direct current (DC) electrodeposition, which 

uses continuous and constant current throughout the plating process, the current in pulse 

methods is alternated swiftly between two different values. Based on the applied current 

waveform, pulse electrodeposition can be divided into two groups: (1) pulse current (PC) 

plating and (2) pulse reverse current (PRC) plating. In PC plating, each pulse can be divided 

into two periods, namely TON and TOFF (Figure 2.13 a). TON is the period during which the 

current is applied. TOFF is the period during which zero current is applied. Similar to PC plating, 

PRC plating is also comprised of two periods, which are cathodic time (TC) and anodic time 

(TAA). During the cathodic time, cathodic current density (IC) is applied, and during the anodic 

time, anodic current (IAA) is applied (Figure 2.13 b).  

 

 
Figure 2.13 (a) Waveform of PC plating, IP is the peak current, IA is the average current, TON 
is the period with applied current, TOFF is the period with no applied current; (b) Waveform 
of PRC plating, IC is the cathodic current density, IAA is the anodic current density, TC is the 

cathodic time, TAA is the anodic time [119]. 

 

The quality of deposits prepared by pulse electrodeposition is determined by three independent 

variables (i) period with current applied (TON), (ii) period with no current applied (TOFF) and 

(iii) peak current density (IP), which is more complicated than conventional DC plating where 

the current density is the only one parameter.  

By convention, the duty cycle (γ), which corresponds to the TON percentage in a cycle, is used 

as a standard parameter in PC. It can be calculated by [119]:  

 

                                               Duty cycle (γ) = TON
TON + TOFF

= TONf…………….......….……….. 2.7 
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Where f is frequency, which is defined as the reciprocal of the cycle time (T).  

 

                                      Frequency (f) = 
1

TON + TOFF
=     1 

T .…………………...………. 2.8 

 

In practice, TON varies from μs to ms, and PC will deposit metal at the same rate as DC provided 

the average pulse current density equals the latter. The average current density (IA), in pulse 

plating, is defined as:  

 

                                         IA = peak current (IP) × duty cycle(γ) ………………..………. 2.9 

 

In the case of the PRC technique, the average current (𝐼𝐴) is as given below.  

 

                                                             IA= ICTC - IAATAA

TAA + TC
……………………...………… 2.10 

Where IC is the cathodic current density, IAA is the anodic current density, TC is the cathodic 

time, TAA is the anodic time. In PRC, the duty cycle (γ’) is given as below. 

 

                                                               γ'= TC

TC  +  TAA
……………………………………. 2.11 

 

2.4.2.1  Pulse current plating 

Pulse current plating has long been applied to fabricate smooth and dense pure metal and alloy 

coatings. Nemes et al. [120] reported that PC plated Zn coatings exhibited smoother surface 

and increased compactness than DC plating. The enhanced compactness also led to an increase 

in hardness and corrosion resistance. Similar findings were also reported by Mangolini,  

Magagnin and Cavallotti [121]. In their research, Mn-Cu coatings prepared by PC plating 

showed brighter and more homogeneous morphologies compared with coatings deposited with 

DC plating. Tury, Lakatos-Varsányi and Roy [122] studied the influence of PC parameters 

towards Ni-Co coating and found that the most protective and compact coating was deposited 

at low current densities and at high off-time. The mechanism of surface morphology 

improvement and structure densification can be briefly explained as follows. In electroplating, 
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some cathode areas with higher current density would become more depleted of ions than low-

density regions. Thus, a non-uniform and rough surface might be deposited. The application of 

the PC technique can help alleviate this issue by enabling ions migration from concentrated 

regions to the depleted regions during TOFF. When pulse TON reoccurs, more evenly distributed 

ions are available for deposition. Accordingly, smooth and flat surface morphology can be 

obtained. 

Similarly, it has also been widely reported that composite electrodeposits produced by PC 

electrodeposition are less porous than those obtained by conventional DC plating. Stroumbouli 

et al. [123] reported that the application of the PC technique could deposit compact Ni-WC 

coatings with a high concentration of embedded particles and uniform distribution (Figure 2.14 

a). However, composite coatings prepared under the same plating condition except using DC 

condition exhibited a structure full of voids and a “dendrite-like” nickel crystal growth (Figure 

2.14 b). The formation of pores might be attributed to the simultaneous production of molecular 

hydrogen on the cathode.  The authors suggested that the application of pulse current facilitate 

the removal of hydrogen during TOFF. 

 

 
Figure 2.14 Cross-section of Ni-WC composite coating (a): under PC condition frequency f = 

0.1 Hz, duty cycle γ =50%, average current density IA = 7 A/dm2, (b): comparative study 
under DC plating [123]. 
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2.4.2.2  Pulse reverse current plating 

The phenomenon of coating densification is enhanced by applying the PRC technique. During 

the anodic time of PRC, protrusions on the coating surface can be selectively dissolved to 

ensure a uniform deposit. Leisner and his co-workers [124] reported that PRC plated chromium 

coating showed dense coating structure, refined grains, enhanced hardness and reduced surface 

crack density than that plated with DC at the same density. Furthermore, by conducting a 

comparative study, Shao et al. [125] observed that Ni coatings produced by PRC plating 

exhibited smoother surface, denser structure, higher hardness and better wear resistance than 

Ni coatings prepared with PC plating.  

 

For composite electroplating, Weston et al. [126] successfully deposited porosity-free Co/IF-

WS2 nanocomposite coatings by PRC technique with the addition of sodium dodecyl sulphate 

(SDS). Authors proposed a model to understand the particle behaviour and co-deposition 

mechanism. As shown in Figure 2.15, WS2 particles are negatively charged in the 

electroplating bath by the adsorption of anionic surfactant SDS on their surfaces. Thus, during 

the anodic phase, the imposition of a positive pulse attracts the particles electrophoretically 

towards the working electrode surface, where they might be adsorbed (Figure 2.15 (1)). In the 

meantime, the roughness of the coating surface can be reduced since the positive charge in the 

anodic phase could dissolve cobalt protrusion formed previously (Figure 2.15 (2)). When the 

PRC shifts to the cathodic phase, the polarity of the current is then rapidly reversed (Figure 

2.15 (3)). The Co deposition occurs, and therefore, the particles can be incorporated into the 

metal matrix (Figure 2.15 (4)). The continuous behaviours of attraction, dissolution and 

incorporation during PRC lead to compact and smooth composite coating with desired particle 

content. However, Authors also pointed out that PRC parameters, especially cathodic time (Tc), 

should be carefully controlled. Either excessive or insufficient TC would result in insufficient 

particle content or increased pores in composite coatings 
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Figure 2.15 Model of particle co-deposition in PRC plating with surfactant SDS [126]. 

 

Although PC and PRC have been recognised as effective method to densify coating structures, 

their applications in practical use might be limited due to the following two factors. The first 

is the complicated nature of the PC and PRC (three independent variables). Researchers should 

design and plan ahead with a series of procedures to follow in order to obtain the desired 

coating qualities. The second is the high cost of a pulse rectifier, which is much greater than a 

DC power supply. Additionally, highly regulated and sophisticated design makes the capital 

cost even higher.  

 

2.4.3  Particle dispersion and bath agitation 

According to Walsh and his co-workers [25, 81], particle dispersion and bath agitation are 

significant operational parameters that influence final coating properties.  After comparing the 

effects of different particle dispersion methods on the tribological properties of metal-MoS₂ 

coatings, Zhou, Wang and Walsh [6], concluded that coatings prepared in electrolytes agitated 

using ultrasonic or ball milling techniques exhibited a lower coefficient of friction compared 

to those produced with magnetic stirring. The improved tribological performance is attributed 

to the more homogeneous particle dispersion achieved through ultrasonic and ball milling 

agitation, which facilitates the formation of a dense coating structure. Thus, it can be speculated 

that selecting appropriate particle dispersion methods is crucial for developing smooth and 

dense composite coatings. Similar to particle dispersion, the aim of bath agitation is to keep 
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particle suspended and transport them to the cathodes for co-deposition. Numerous studies also 

claimed that different agitation methods might result in changes in coating appearances and 

properties. In the following subsections, particle dispersion and bath agitation methods that 

show potential to achieve smooth and dense composite coatings will be discussed. 

 

2.4.3.1 Ultrasonic bath agitation 

Ultrasonic vibration is an effective processing method to agitate the solution and generate well-

dispersed particles [127]. When ultrasound is applied to a liquid media, the phenomenon 

termed acoustic cavitation occurs [128]. Similar to many mechanical waves, sound waves that 

propagate through a liquid result in alternating positive pressure (compression) and negative 

pressure (rarefaction) cycles, with rates depending on the frequency. During the negative part 

of the acoustic cycles, high-intensity ultrasonic waves create small vacuum bubbles or voids in 

the liquid. When the bubbles attain a volume at which no more energy can be absorbed, they 

will collapse violently during a positive pressure cycle (Figure 2.16). At this point, the 

implosion of cavitating bubbles could produce intense local heating (about 5000 K), high 

pressure (about 1000 atm), along with enormous heating and cooling rates (>109 K/sec) and 

the formation of liquid jet streams (about 400 km/h) [129]. The cavitation induced mechanical 

events such as micro-jetting and micro-turbulence are the basis for the application of particle 

dispersion and solution agitation.  

 

 
Figure 2.16 Schematic of acoustic cavitation induced by ultrasound [130]. 
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In the field of electroplating, ultrasound has been applied for bath agitation since the 1950s. 

An early review by Walker and Walker [131] concluded that the use of ultrasound in 

electroplating of metals or alloys could bring about many benefits, not only in terms of the 

electrodeposition itself (improvement of current efficiency, enhancement in mass and charge 

transfer) but also in terms of the final properties of the deposits. It has been widely reported 

that electrodeposits produced in the presence of ultrasound are less porous than those obtained 

by conventional bath agitation methods. García-Lecina et al. [132] studied the effect of 

ultrasonic agitation (24 kHz, 38 W/cm2) on the microstructure of pure nickel deposits. They 

found that pure nickel coating prepared with ultrasound assistance exhibited reduced porosity 

and enhanced hardness. In a research conducted by Barnes and Ward [133], a series of bath 

agitation methods including (a) solution circulation, (b) mechanical stirring, (c) air bubbling, 

(d) ultrasonic agitation and (e) ultrasonic agitation + mechanical stirring were studied, and their 

effects towards the porosity level of final gold coatings were compared. Table 2.5 gives the 

results obtained. It is worth noting that the combination of ultrasound and mechanical stirring 

during gold plating from acid cyanide baths exhibited a dramatic reduction in residual porosity, 

enabling pore-free gold coating to be deposited. 

 

It is widely believed that the reduction in porosity is achieved by the acoustic cavitation in the 

electrolyte near the cathode surface. According to Kristof and Pritzker [134], as bubble collapse 

occurs near the solid surface, a drag force created on the portion of the void nearest the surface 

will cause the bubble to move toward the surface. This asymmetric force results in an effective 

microjet oriented toward the surface, which in turn suppresses the out-of-plane growth of the 

films. Therefore, lateral growth rather than three-dimensional growth on the cathode surface 

would be promoted, which helps to form coatings with improved smoothness and compactness. 

Many other researchers also ascribed the reduction of porosity level to the accelerated removal 

of hydrogen from the cathode surface [135, 136]. During the electroplating, some cathode areas 

are shielded from the deposition by the generated hydrogen bubbles. With the ultrasound 

application, the adhered hydrogen bubbles can be removed, promoting a uniform coating 

deposition. What’s more, Prasad et al. [136] revealed that the reduction in porosity might also 

be attributed to a fine-grained, densely packed coating structure formed from the electrolytes 

subjected to ultrasound.  
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Table 2.5 Porosity density of gold plating under various bath agitation method  [133]. 

Type of agitation Porosity density (pores per cm2) 

No agitation 15-76 

Solution circulation 3-49 

Mechanical stirring 3-86 

Air bubbling 2-12 

Ultrasonic agitation 1-18 

Ultrasonic agitation + mechanical stirring 1-8 

 

Ultrasound has also been widely applied in composite electroplating. A review article 

concluded that the implementation of ultrasound could promote particle dispersion in the 

electroplating bath and densify the final coating structures [137]. As mentioned in the previous 

section, the co-deposition of particles with conductive and semi-conductive nature such as WS2 

and MoS2 would disturb the electric field on the cathode, making metal ions preferentially 

deposit on the particle surface. Consequently, composite coatings with a rough surface and 

porous structure would be formed. A few researchers attempted to overcome this issue by 

applying ultrasonic agitation during the plating process. A recent study conducted by  Cheng 

et al. [7] reported that Ni-MoS2 coating prepared by ultrasonic agitation exhibited low surface 

roughness with few pores and defects. However, Ni-MoS2 coating deposited under the same 

plating condition except using conventional magnetic stirring as bath agitation method 

demonstrated continuous dendritic gap and loose structure (Figure 2.17). A similar ultrasonic 

agitation effect was observed when co-depositing inorganic fullerene-like WS2 (IF-WS2) 

nanoparticles in the nickel matrix [57]. By applying ultrasound, Ni/IF-WS2 coating showed a 

more uniform and compact structure than those prepared in the silent plating bath.  

Researchers of both studies (Ni-MoS2 and Ni/IF-WS2) attributed the porous structure and 

dendritic growth pattern to the insufficient agitation level of magnetic stirring. The 

hydrodynamic flow generated by magnetic stirring is not strong enough to avoid re-

agglomeration of previously dispersed particles during electroplating. Accordingly, the 

agglomerated MoS2 or WS2 particles adsorbed on the cathode surface would exacerbate the 

non-uniform distribution of current, preventing the uniform reduction of nickel ions across the 

cathode surface, finally forming many pores and defects. On the contrary, when ultrasound is 
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applied to the plating bath, the phenomenon of acoustic cavitation could generate high-energy 

liquid jet streams due to the violent collapse of bubbles. This high-energy liquid jet stream 

could suppress the particle agglomeration and keep the suspended particles in a small volume. 

Small-sized MoS2 or WS2 particles, corresponding to a lower degree of current disturbance, 

offer nickel ions an opportunity to deposit uniformly and efficiently. The uniform nickel 

deposition promotes the formation of uniform and compact coating structures. Moreover, the 

high-energy liquid jet stream could scatter the mutual absorbed particles, reducing the 

continuous deposition of particles and optimizing the particle dispersion in final composite 

coatings. Therefore, the co-deposition of MoS2 or WS2 particles with ultrasound assistance 

acquires a compact structure with well-dispersed particles in the metal matrix.  

 

 

Figure 2.17 Cross-sectional image of Ni-MoS2 coatings via (a) magnetic stirring of 120 rpm 
and (b) ultrasonic agitation of 40 KHz, 60 W/cm2 [7]. 

 

2.4.3.2 High shear mixing 

As shown in Figure 2.12, particle agglomeration is one of the origins of porous and fragile 

coating structures. In addition to the ultrasonic agitation mentioned above, High shear mixing 

has also been recognised as an advanced mechanical agitation method that shows promising 

potential to aid particle dispersion. This technique is traditionally applied to homogeneously 

disperse second phase particles into metal or polymer matrix [138-140]. A recent study carried 

out by Pullicino et al. [141] stated that mixing speed and time are two important parameters of 

high shear mixing. They also found that a high mixing speed (3000 rpm) combined with a long 

mixing time (2 h) could reduce the size of agglomerates by 30 % compared to that of 1000 rpm 
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and 1 h mixing time. Figure 2.18 below illustrates the equipment set-up and working principle 

of the high shear mixer. During operation, the vortex generated by the rotation of the blade can 

draw large agglomerates into the mixing head. In the meantime, due to the large velocity 

difference, an extremely high shear zone is formed at a close-clearance gap between the high-

speed rotor blade and stator, thereby breaking down large agglomerates at the exit holes of the 

stator.  

 

 

Figure 2.18 (a) high shear mixing set-up, (b) details of high shear mixer work head and (c) 
particle breakdown at the work head [6]. 

 

Although the high shear mixing shows great potential to achieve a homogeneous particle 

suspension plating bath, only one research has applied it to composite coating fabrication. Zhou, 

Wang and Walsh [6] compared the effects of high shear mixing and magnetic stirring as particle 

dispersion method towards Ni-MoS2 coating. Cross-sectional SEM images reveal that Ni-MoS2 

composite coating using particle dispersion via magnetic stirring shows extensive porosities 

throughout the coating structure, with some cavities of over 50 µm (Figure 2.19 a). On the 

contrary, Ni-MoS2 composite coating using particle dispersion via high-shear mixing exhibits 

a compact coating structure Figure 2.19 (b). Non-lubricated roller-on-plate tests have been 

conducted to evaluate the tribological performance of Ni-MoS2 coatings prepared via different 

particle dispersion methods. Results show that Ni-MoS2 coating prepared with high-shear 

mixing exhibited lower friction coefficient and better wear resistance (CoF = 0.08, wear track 

depth = 12 µm) than those of Ni-MoS2 coating prepared with magnetic stirring (CoF = 0.16, 
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wear track depth = 80 µm). Authors attribute the enhanced self-lubrication and wear resistance 

to a compact and uniform coating structure which provides firm support for the MoS2 particles 

to allow an effective shear to take place. Moreover, the smooth surface of Ni-MoS2 coating 

prepared via high shear mixing can promote complete tribofilm formation during sliding 

contact motion, which reduces direct contact between the coating and bearing steel, hence the 

reduction in friction and wear depth. 

In recent years, the use of high shear mixing to achieve uniform particle dispersion has 

extended beyond laboratory-scale applications. The scaling up of high shear mixing processes 

has proven effective across various industries. Successful examples include the preparation of 

battery electrode slurries for energy storage applications, the creation of stable emulsions in 

lotions in the pharmaceutical industry, and the dispersion of pigments in the paint sector. 

However, the commercialisation of scaled-up high shear mixers still faces two major 

challenges: (1) high energy consumption and (2) rapid degradation of the mixing components. 

 

 

Figure 2.19 Cross-sectional images of (a) Ni-MoS2 coating from a bath in which particle 
dispersion is achieved by magnetic stirring, (b) Ni-MoS2 coating via particle dispersion from 

high shear mixing [6]. 
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2.4.3.3 Ball milling treatment 

It is well known that the top layer of metals or alloys could be refined by means of surface 

mechanical attrition treatments such as shot peening [142], grinding [143] or milling[144]. 

Whether the same effect could be brought to electroplating by mechanical attrition has attracted 

attention from both academia and industry. In 1972, Eisner and his co-workers [145] first 

combined mechanical attrition with conventional electroplating to achieve ultra-high-speed 

metal plating. In their research, two different methods of introducing mechanical attrition have 

been proposed. The first method was driving a plate to rub against the cathode during 

electroplating. However, this could lead to excessive work hardening and made the final 

coating brittle. The second method introduced mechanical attrition by ball milling in a vibrating 

tub. The result showed that a dense Ni coating could be obtained even at a high deposition rate 

of 25 µm per minute. Therefore, ball milling is deemed as an appropriate mechanical attrition 

technique that has been further applied in later studies.  

A number of pure metal/ alloy coatings (e.g. Ni, Cu, Cr, Ni-P) and composite coatings (e.g. Ni-

P-SiC, Ni-P-multiwalled carbon nanotubes) have been successfully deposited with the 

assistance of ball milling [146-155]. Although the core of this technique remains the same, 

which is using mechanical disturbance to make ceramic or glass balls abrade on the sample 

surface, the equipment setup varied for each study. Figure 2.20 summarises the types of 

equipment setup utilized in ball milling assisted electroplating techniques from the literature. 

For the single-sided plating or small samples plating, horizontal and vertical vibration-induced 

ball milling is commonly used (Figure 2.20 a). In this setup, the plating bath is placed on the 

top of a vibrator which provides a sinusoidal vibration in either horizontal or vertical direction. 

When the plating bath is vibrated, glass/ceramic balls can roll horizontally or bump vertically 

on the sample surface, providing mechanical attrition to the coatings simultaneously during the 

plating process. Vibrating amplitude and frequency are two main parameters determining the 

properties of final coatings [146, 148]. However, drawbacks of this setup include fluctuation 

in thickness, difficult to scale-up and non-uniform coating quality [152]. On the other hand, 

stirring induced ball milling (Figure 2.20 b) and rolling drum induced ball milling (Figure 

2.20 c) can perform double-sided plating and thick sample plating. However, these two settings 

are limited to electroless plating [155]. For the cylinder-shaped sample, rotating cylinder 

electrode induced ball milling (Figure 2.20 d) is employed to refine coating surface.  
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Figure 2.20 Ball milling assisted electroplating setup (a) Milling induced by a horizontal or 
vertical vibrator, (b) Milling induced by solution stirring, (c) Milling induced by a rolling 

drum, (d) Milling induced by rotating cylinder cathode [147, 149, 152, 155]. 

 

In the last two decades, many research groups have studied the effect that ball milling during 

the electro- or electroless- plating process may have on the characteristics of the resulting 

coatings. Table 2.6 below summarises some findings from numerous studies. Ni and its alloys 

are the main metal materials used for investigation. Compared with conventional electroplating, 

ball milling assisted Ni, Ni-P, and Cu coatings exhibited less porosity and more compact 

structures even at much higher current density (above limiting current) [146-148, 151-153]. As 

a result of coating densification, properties such as hardness, tensile strength, and corrosion 

resistance enhanced to a large extent. In addition, Zhu et al. [149] also claimed that with ball 

milling, the residual stress in electrodeposited hard chromium evolved from tensile to 

compressive (between 1000 to 1600 MPa), which would be beneficial to resist crack formation 

and increase microhardness. To get a better understanding of the ball milling mechanism in 

electroplating, authors proposed two models of electrocrystallisation. In the following 

paragraph, descriptions of these two models will be presented.   
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Table 2.6 Coatings prepared with the assistance of ball milling 

Coating type Substrate Deposition 

technique 

Ball milling parameters Effect of ball milling on final coatings Ref 

Pure Ni Carbon steel Direct current 

plating 

- Ball milling induced by a 

horizontal vibrator; 

 

- Glass ball (d = 1, 5, 7 mm); 

 

- Vibration frequency from 3.0 

to 5.0 Hz; 

 

- Ni coating deposited under the ball milling has a smooth 

surface, refined grains and pore-free structure. 

- Ball milling allowed high deposition rate even at high 

current density (above limiting current). 

- Compared with the process without ball milling, Ni 

coating deposited with ball milling exhibits a higher 

hardness value and better corrosion resistance 

[146] 

Pure Ni Carbon steel Direct current 

plating 

- Ball milling induced by a 

horizontal vibrator; 

 

- Glass ball (d = 1 and 5 mm); 

 

- Vibration frequency from 0 to 

6.0 Hz; 

 

- With ball milling, the coating became smooth and pore-

free. 

- Electrodeposited Ni grains were refined by ball milling, 

leading to improvement in the hardness, tensile strength 

and corrosion resistance.  

-Increasing vibration frequency resulted in higher 

hardness and corrosion resistance due to grain refinement, 

compressive stress, and coating structure densification. 

[147] 

Pure Cu Carbon steel Direct current 

plating 

- Ball milling induced by a 

vertical vibrator; 

 

- Glass ball (d = 1, 3, 5, 7 mm); 

- Ball milling led to a compact and pore-free Cu coating.  

 

- With high current density (40 and 50 A/dm2), ball 

milling changes the Cu coatings from a loose, dendritic 

[148] 



 48 

Coating type Substrate Deposition 

technique 

Ball milling parameters Effect of ball milling on final coatings Ref 

 

- Vibration frequency from 3.0 

to 5.0 Hz; 

structure with many gaps to a compact structure with a 

lower level of porosity. 

Hard Cr A cylindrical 

300M steel 

Pulse current 

plating 

- Rotating cylinder cathode; 

 

- Ceramic ball (d = 1mm); 

 

- Rotation speed from 140 to 

320 rpm 

 - With ball milling, a crack-free coating was achieved, 

with a smooth and mirror-like surface. 

- Ball milling led to lower current efficiency (14-17%) 

compared with no ball milling process (18-20%) 

- Ball milling resulted in compressive residual stress of 

1446 MPa in the circumferential direction and 1343 MPa 

in the axial direction. 

-Hardness value decreased with increasing level of ball 

milling (higher rotation speed). 

[149] 

Ni-P Magnesium 

alloy 

Electroless 

plating 

- Ball milling induced by a 

continuous stirring solution; 

 

- Alumina ball (d = 1-1.5 mm); 

- Ball milling resulted in Ni-P coating with smooth 

morphology, compact structure, and pore-free surface. 

- The phase of the deposited Ni-P transformed from 

amorphous to crystallized with the assistance of ball 

milling.  

-Ball milling could form an alloy layer at the interface 

between coating and substrate.  

- Ball milling improved adhesion, hardness and corrosion 

resistance of Ni-P coating. 

[150] 
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Coating type Substrate Deposition 

technique 

Ball milling parameters Effect of ball milling on final coatings Ref 

- Ball milling avoided surface cracking as a result of the 

heat treatment of Ni-P deposits. 

Ni-P Carbon steel Direct current 

plating 

- Ball milling induced by a 

horizontal vibrator; 

 

- Glass ball, diameters (d) of 1, 5 

and 7 mm (many balls of d = 1 

mm with a total weight of 12 g, 

ten balls of d = 5 mm and five 

balls of d = 7 mm). 

 

- Vibration frequency of 4.5 Hz 

- Ni-P coatings assisted by ball milling were smoother in 

surface, thinner in thickness, harder in hardness, more 

positive in corrosion potential, and greater in polarisation 

resistance compared with the Ni-P coatings deposited 

without ball milling.  

- Ball milling mad the Ni-P deposits crystallized in-situ 

during the plating process, thereby avoiding 

crystallization-induced cracking after heat treatment.  

- Ball milling made the fast electrodeposition of Ni-P at 

high current density. 

[151] 

Ni-P Magnesium 

alloy 

Electroless 

plating 

- Ball milling carried out in a 

rolling drum; 

 

- Ceramic balls but size not 

given; 

- Ni-P coating deposited by ball milling had a crystallized 

Ni-P solid solution structure.  

- Compared with conventional electroless plating, Ni-P 

coating prepared with ball milling had finer grains, better 

corrosion resistance and higher hardness. 

- Costing thickness was reduced by ball milling. 

- After heat treatment, cracks appeared seriously in the 

conventional electroless plated Ni-P coating after same 

heat treatment could be eliminated by ball milling. 

[152] 
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Coating type Substrate Deposition 

technique 

Ball milling parameters Effect of ball milling on final coatings Ref 

Ni-P Magnesium 

alloy 

Direct current 

plating 

- Ball milling induced by a 

horizontal vibrator; 

 

- Glass ball (d = 1, 5 mm) 

 

- Vibration frequency of 3 Hz 

- With ball milling, gaps and pores sharply reduced in size 

and number, and no cavities can be found.  

- The interface between coating and substrate evolved 

from clear to ambiguous with the assistance of ball 

milling, indicating a better adhesion  

- Mechanical attrition helped to remove oxides and 

hydroxides film on the substrate and expose the fresh 

substrate, eliminating the need for traditional 

pretreatment. 

[153] 

Ni-P-SiC Carbon steel Direct current 

plating 

- Ball milling induced by a 

horizontal vibrator; 

 

-Glass ball (d = 1, 5, 7 mm); 

 

-vibration frequency of 4.5 Hz; 

 

- Ni-P-SiC coating with ball milling exhibited higher 

particle content than conventional coating.  

- Under the assistance of ball milling, the adhesion 

between coating and substrate improved.  

- During heat treatment, cracks and defects produced in 

conventional coatings can be avoided by ball milling.  

- Ball milling combined with heat treatment improved 

both hardness and corrosion resistance to a large extent.   

[154] 

Ni-P-

multiwalled 

carbon 

nanotubes 

Carbon steel Electroless 

plating 

- Ball milling induced by a 

stirring bath; 

 

- Glass ball (d = 2 mm); 

- Ball milling significantly promoted particle 

incorporation in Ni-P matrix. 

- Composite coating assisted by ball milling showed 

rougher surface than conventional coating. 

[155] 
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Coating type Substrate Deposition 

technique 

Ball milling parameters Effect of ball milling on final coatings Ref 

 

- Glass ball quantity in bath 

solution = 1600 g/L; 

 

- Before plating, multiwalled 

carbon nanotubes were treated 

by ball milling for particle 

dispersion; 

- After heat treatment, Ni-P- multiwalled carbon 

nanotubes coating assisted by ball milling became porous, 

and the embedded CNTs turned blurred, which is likely 

caused by the oxidation of CNTs.  

- The hardness of ball milling assisted composite coating 

was only 12 % of that in the conventional coating after 

heat treatment.  

- Ball milling assisted composite coating showed a better 

anti-friction property (CoF = 0.15) than conventional 

coating (CoF = 0.66). 
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The formation of the smooth and compact metal coating prepared by ball milling can be 

explained by the fundamentals of electroplating. The metal electroplating can be divided into 

four important steps, namely mass transport, interface reaction, nucleation and grain growth. 

Ning and He [148] developed a model to analyze the effect of ball milling based on the above 

steps. Figure 2.21 schematically compares the structure of metal coating deposited under 

conventional conditions with that prepared under ball milling assistance. It can be noticed that 

the conventional electrodeposited metal develops a fine grain layer (or the grain nucleation 

zone) at the initial stage (Figure 2.21 a). However, as plating goes on, a large grain layer (or 

the grain growth zone) is formed, resulting in a rough and uneven coating surface (Figure 2.21 

b). This phenomenon can be explained by the formation of a concentration gradient of metal 

ions in the boundary layer. Prior to electroplating, the solution composition in the bath solution 

is homogeneous, which means the metal ions concentration in the boundary layer is the same 

as that in the bulk solution. As a potential is applied to the plating system, a current is distributed 

homogeneously across the cathode surface, and metal ions are immediately reduced and 

nucleated to form a fine-grained coating zone. In the meantime, a concentration gradient of 

metal ions is established in the boundary layer due to the depletion of metal ions. As plating 

goes on, the metal grains proceed to grow. Since the shape and size of grains are irregular, the 

current distribution on the cathode surface is no longer uniform. Current density tends to be 

higher on larger grains, resulting in preferential grain growth of big grains and porous and 

rough coating surface [156].  

 

On the other hand, as ball milling is applied to the electroplating process, the concentration 

gradient of metal ions in boundary layers is disturbed due to the rolling or bumping motion of 

glass balls. Therefore, the current distribution on the cathode surface keeps uniform, and the 

nucleation of grains processes at a high rate. Consequently, the condition for grains to grow 

speedup is hindered, resulting in a fine microstructure of the coating. Besides, the deposited 

metal can be further peened or cold-worked by the moving glass balls. Mechanically ball-

rolling might in-situ mechanically polish the surface during the electroplating process. Any 

protruding summits were worn out by the mechanically ball-rolling, thereby yielding a dense 

and compact coating structure (Figure 2.21 c and d). 
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Figure 2.21 Model on the formation of electrodeposits: (a) Initial stage of conventional 
electroplating, (b) Grain growth stage of conventional electroplating, (c) Initial stage of ball 

milling assisted electroplating, (d) Grain growth stage of ball milling assisted el [148]. 

 

Zhu et al. [149] proposed another model which involves hydrogen disentanglement from lattice 

to explain the effects of ball milling on the complete elimination of cracks for hard chromium 

coating. It is widely believed that the electroplating of chromium is always accompanied by 

hydrogen evolution because the standard electrode potential of the hydrogen is more positive 

than chromium [157-160]. As the hydrogen atoms co-deposited with chromium are entangled 

in the crystal lattice, the residual tensile stress will rise considerably. As a result, the chromium 

deposit contains a network of cracks throughout the entire deposit, owing to a high residual 

tensile stress (Figure 2.22 a-c).  

On the contrary, during electroplating with ball milling, the ceramic balls can mechanically 

polish the growing chromium deposits. As shown in Figure 2.22 d, the ceramic balls polish 

the electrodeposited chromium and apply pressure to the lattice.  When the balls roll over the 

region containing entangled hydrogen, the hydrogen atoms escape as hydrogen gas, and their 

positions could be occupied by chromium atoms under the squeezing and pressing of the beads 

(Figure 2.22 e and f). Therefore, the cracks induced by hydrogen entanglement disappear 

completely, and a smooth and compact chromium coating is obtained. 
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Figure 2.22 Model of electrocrystallisation process of cracked chromium under conventional 
electroplating (a-c) and crack-free chromium electrodeposited with the assistance of ball 

milling [149]. 

 

Besides the electroplating of pure metals, ball milling has also proven to be beneficial in Ni-P 

alloy plating and composite plating. The research group at the University of Science and 

Technology Beijing carried out a series of studies of Ni-P alloy coatings and Ni-P-particles 

composite coatings under ball milling assistance [150-152, 154, 155]. They reported that ball 

milling assisted Ni-P coating exhibited a smoother surface (with “cauliflower-like” cluster size 

below 200 nm) than conventional Ni-P coating (cluster size of 5-20 µm). Additionally, small 

pores could be observed in the conventional Ni-P coating under high magnification, whereas 

no pores were formed on the surface of Ni-P coating prepared with the assistance of ball milling 

(Figure 2.23 a and b). As is known, heat treatment is a common method to increase the 

hardness of Ni-P deposits by the forming Ni3P phase for precipitation strengthening [161-164]. 

However, after heat treatment at 400 ℃ for 1 h, cracks were observed on the conventional Ni-

P coating (Figure 2.23 c). On the other hand, Ni-P coating prepared with ball milling assistance 

remained unchanged after heat treatment (Figure 2.23 d). This beneficial effect of ball milling 

can be attributed to the phase transformation of Ni-P deposits and be verified by the XRD 

pattern shown in Figure 2.23 (e). During heat treatment, the amorphous phase in conventional 

Ni-P coating could be transformed into crystallized Ni and Ni3P phases. Since the crystallized 

phase has a higher density than the amorphous phase, a tensile stress field might be generated 
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due to the volume shrinkage and the mechanical constraint of the substrate. As a consequence, 

cracks are formed in the Ni-P coatings during heat treatment. In contrast, Ni-P coating prepared 

with ball milling has already exhibited a crystalline phase of Ni. Therefore, the heat treatment 

has a little effect on its surface morphology. Furthermore, the Ecorr of ball milling assisted Ni-

P coating is higher than that of conventional Ni-P coating (Figure 2.23 f), indicating that ball 

milling enhances the corrosion resistance. This enhancement can be explained by the compact 

and crack-free coating structure, which avoids corrosive liquid from reaching the substrate.  

Although ball milling has been proven as an effective method to refine coating surface and 

enhance coating property, very few studies have applied ball milling into composite 

electroplating. The researches available in the literature are electroplated Ni-P-SiC coating and 

electroless plated Ni-P-multiwalled carbon nanotubes coating [154, 155]. Both studies reveal 

that ball milling could promote particle incorporation. However, surface morphology for each 

coating varies a lot. For Ni-P-SiC coating, ball milling improved coating/substrate adhesion 

and reduced the number of pores and cracks. Conversely, ball milling led to a rougher surface 

compared with conventional electroless plating. The different surface morphologies might be 

explained by different plating techniques applied and different properties of embedded particles 

(e.g. conductivity). 

In summary, ball milling in electroplating or electroless plating can bring numerous benefits to 

the final coatings. However, there are still some aspects of ball milling, which requires further 

exploration. Firstly, the parameters such as glass ball diameters and filling volume in the 

electrolyte, vibrating frequency, etc., should also be optimized to improve the coating 

performance further. Secondly, comprehensive modelling of ball milling should be developed 

to quantify the effects. Lastly, whether this method can be applied to densify self-lubricating 

composite coating such as Ni-MoS2 or Ni-WS2 is worthwhile to be investigated.  
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Figure 2.23 SEM images of surface morphology (a) conventional Ni-P coating, (b) Ni-P 
coating prepared with the assistance of ball milling, (c) conventional Ni-P coating after heat 
treatment, (d) Ni-P coating with ball milling after heat treatment; (e) XRD pattern and (d) 

polarization curves [152] 
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2.4.4 Additives and surfactant 

As mentioned, particle agglomeration may easily occur in the electrolyte bath due to high 

surface free energy. The high ionic strength of electrolyte could further aggravate the 

agglomeration phenomenon. As a consequence, the final composite coating would exhibit 

inhomogeneous composition and rough surface, which results in poor mechanical properties. 

Until now, there are two major ways attempting to alleviate the above problem. The first is the 

physical method which includes particle dispersion and bath agitation discussed in Section 

2.4.3. The second is adding additives or surfactants into a bath solution which can be classified 

as a chemical method. In this section, the second method of using surfactants of additives will 

be reviewed. But before that, it is necessary to give a brief introduction of surfactants.  

Surfactants (also known as surface-active agents) are amphipathic molecules that consist of a 

polar or ionic hydrophilic head and a non-polar hydrophobic tail. In the bath solution containing 

suspended particles, the hydrophobic tail preferentially adsorbs on the particles, whereas the 

hydrophilic head sticks out towards the bulk solution. Such an arrangement of surfactant 

adsorption reduces the surface energy of particles, thereby avoiding particle agglomeration. 

Furthermore, based on the nature of the hydrophilic part, surfactants can be classified into non-

ionic, cationic and anionic types. In the latter two types, either positive or negative charge can 

be imparted to the particle, which will induce electrostatic repulsion between particles and 

further promote particle dispersion. From literature, cationic and anionic surfactants have been 

most frequently used in the plating solution. However, a few studies also claimed that a 

combination of cationic and anionic surfactant is beneficial to develop high-quality composite 

coatings with smooth surface morphologies and dense structures. In the following sub-sections, 

different surfactant usage will be reviewed based on their categories.  

 

2.4.4.1  Cationic surfactant 

Cationic surfactants have been extensively used to assist particle dispersion in both electro- 

and electroless plating solution. By far, the most frequently added surfactants include 

cetyltrimethylammonium bromide (CTAB) [165-172], Benzyl ammonium salts (BAS) [173], 

and Hexadecylpyridinium bromide (HPB) [174, 175]. In composite electroplating, the 

dispersion particles can be influenced by the particle surface charge. The adsorption of cationic 

surfactants can shift the surface charge to more positive values. As shown in Figure 2.24 (a), 

in a composite electroplating bath, particles are surrounded by a layer of liquid (fixed layer), 
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and the boundary of this layer is the slipping plane. The potential difference between the 

slipping plane and the bulk solution called zeta potential (ζ) is measured to quantify the change 

of surface charge induced by surfactants. Particle dispersibility can be evaluated by the 

magnitude of zeta potential. In general, particles with an absolute value of the zeta potential 

below 8 mV are unstable and prone to agglomerate. In contrast, particles with an absolute value 

higher than 30 mV are well-dispersed [176]. Figure 2.24 (b) illustrates the particle co-

deposition process with the assistance of cationic surfactant. When the cationic surfactant is 

adsorbed on the particle surface, zeta potential will shift to a more positive value due to the 

formation of a positive charge around the individual particles (Figure 2.24 c). This shift of zeta 

potential value can produce a stable dispersion via electrostatic repulsion and promote the 

migration of particle towards cathode under an electric field. 

 

 

Figure 2.24 (a) Surface charge condition of suspended particles in the plating bath solution, 
(b) schematic illustration of particle co-deposition with the assistance of cationic surfactant, 

and (c) cationic surfactant adsorption on particle surface [177, 178] 

 

In the last two decades, the effect of cationic surfactant has been investigated by many studies 

(Table 2.7). Nickel is the main metal matrix used, and the most commonly employed particles 

include SiC, TiO2, Al2O3 etc.  

It is widely believed that the addition of cationic surfactant promotes particle dispersion, avoids 

particle agglomeration and enhances particle co-deposition rate. The co-deposition behaviour 

of 250 nm SiC particles into the Ni matrix with the assistance of CTAB has been investigated 
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by Ger  [165]. In Ger’s study, CTAB addition (0.028-0.084 mol/L) decreased particle size 

distribution from 1600-2300 nm (without surfactant) to 100-300 nm and increased SiC co-

deposition content up to 11.5 vol%. Similar findings have also been reported by Kilic et al. 

[167] and Guo et al. [168]. As shown in Figure 2.25, both Zeta potential and embedded content 

exhibited a similar increasing trend with the addition of CTAB (Figure 2.25 a and b). Cross-

sectional images also revealed that CTAB could increase the content of homogeneously 

distributed SiC in the Ni matrix (Figure 2.25 c and d) [167].  

 

 

Figure 2.25 Effect of CTAB concentration on (a) particle zeta potential in plating solution 
and (b) particle content in final coatings; Cross-sectional images of Ni-SiC coatings  
deposited prepared with CTAB concentration of (c) 0 mg/L and (d) 400 mg/L  [167] 

 

In contrast to the above, cationic surfactant addition in plating solution has also been found to 

decrease the particle co-deposition in the metal matrix. The research carried out by Mohajeri, 

Dolati and Rezagholibeiki [169] found that particle content in electrodeposited Ni-WC coating 

decreased from 4.2 vol% to 0.05 vol% with the addition of  CTAB (0.001 to 0.01 g/L). The 

contradictory finding was attributed to the low amount of surfactant used, which cannot supply 

enough surface charge on the particle surface for electrostatic repulsion. This was further 

confirmed by zeta potentials measured in the range of -10 to 10 mV. As stated previously, 

particles are unstable and tend to form large agglomerates when the absolute value of zeta 

potential is lower than 8 mV. According to the trajectory model proposed by Fransaer, Celis 

and Roos [41], the co-deposition of large agglomerates (size >1 µm) are difficult since the 
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removal force (hydrodynamic forces and shear flow) in the agitated plating bath is greater than 

the adhesion force between particles and cathode. Therefore, a sufficient concentration of 

cationic surfactant is necessary to achieve homogeneous particle dispersion and a high particle 

co-deposition rate. However, excessive cationic surfactant addition may inhibit particle 

incorporation. Ning et al. [172] investigated the effect of CTAB on the Cu-TiO2 coating 

prepared with a jet electroplating technique. In their research, the maximum TiO2 content in 

the composite was 11.45 wt% at an optimum concentration of 0.03 g/L CTAB. Further increase 

in CTAB concentration slightly decreased TiO2 co-deposition rate. This phenomenon could be 

explained as follows. When the CTAB concentration exceeds the optimum value, partial of 

them could be adsorbed on the cathode surface. This adsorption would create a large repulsive 

force between particles and cathode, thereby reducing the deposition rate of TiO2.  

From the above review, it can be concluded that the addition of cationic surfactant promotes 

particle dispersion, avoids particle agglomeration by forming a layer of positive charge around 

suspended particles in the plating solution. The particle content would be increased due to the 

enhanced electrophoretic migration under the electric field. However, the concentration of 

cationic surfactant should be carefully controlled. Too high or too low concentration will lead 

to either decrease in particle content or severe particle agglomeration.  

Besides particle dispersion and particle co-deposition rate, cationic surfactant addition can also 

influence mechanical properties, tribological performance, and electrochemical properties of 

final composite coatings. Ger [165] observed that the microhardness of electrodeposited Ni-

SiC coating increased from 375 Hv at 0.5 g/L CTAB to 550 Hv at 1.5 g/L CTAB. Similar 

hardness enhancement was also observed by Hou et al. [166] and Kilic et al. [167]. In general, 

increased hardness can be explained in three aspects. Firstly, the hardness of electrodeposited 

Ni-SiC coating is highly correlated to the content of embedded particles since SiC belongs to 

hard ceramic particles. By increasing CTAB concentration, composite coating with higher SiC 

content could be realized. Secondly, the increased amount of co-deposited SiC in the Ni matrix 

can restrain the growth of the Ni grains and reduce the distance between particles within the 

metal matrix, leading to grain refinement and dispersion hardening of final coatings. Lastly, 

the enhanced hardness might be a result of the hardened metal matrix. According to a parallel 

study conducted by Hou et al. [166], the addition of CTAB in Ni sulfamate bath significantly 

increased the hardness of pure nickel deposit. The mechanism for this hardening effect is not 

yet understood.  
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Opposite to the above research findings, Guo et al. [168] reported that CTAB addition could 

deteriorate both mechanical and electrochemical properties of Ni-CNTs coating. The 

microhardness value of Ni-CNTs coating prepared with 0.6 g/L CTAB was 40 Hv, which was 

much lower than Ni-CNTs coating without surfactant (160 Hv). The decrease in microhardness 

could be explained by the poor combination of CNTs with the Ni matrix. CTAB addition in 

the plating bath developed a layer of positive charge on the suspended CNTs particle surfaces, 

which may impair the combination of CNTs with Ni coating and decrease the strengthening 

effect. This poor combination was also testified by the adhesion test. For Ni-CNTs coating 

prepared with CTAB, cracking happened after the first bending cycle. Moreover, polarisation 

measurement showed that the corrosion potential of Ni-CNTs coating prepared with CTAB (-

0.82 V) was more negative than the coating without surfactant (-0.41 V), indicating poor 

corrosion resistance. The decreased boundary adhesion between carbon nanotubes and nickel 

matrix by the cationic surfactant CTAB should be responsible for the poor electrochemical 

behaviours since the electrochemical activity at loose and defective boundaries is higher.  

Besides CTAB, Wang [173] reported that the addition of another type of cationic surfactant 

BAS could reduce the conductivity of MoS2 particles in Ni Watts plating solution. Therefore, 

more Ni2+ ions could deposit homogeneously over a wider area rather than on preferred 

conductive positions. The homogeneous deposition resulted in a smoother co-deposition layer 

with lower porosity. Although the researcher did not conduct coating characterization such as 

microhardness measurement and tribological test, it can be expected that Ni-MoS2 coating 

prepared with BAS could exhibit higher hardness, better tribological performance and lower 

corrosion rate.   
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Table 2.7 Effect of cationic surfactant on the composite coatings 

Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

Ni-SiC Direct current 

plating 

250 nm; 

 

0-20 g/L; 

Cationic; 

 

Cetyltrimethyl 

ammonium bromide 

(CTAB); 

 

0-1.5 g/L; 

 

Agglomerate size 

measured by a 

dynamic light 

scattering method; 

 

SiC particle size in 

the Ni bath (1.6-2.3 

µm) was greater than 

in DI water (200-300 

nm) due to high 

ionic strength. 

Increased 

with 

increasing 

ratio of added 

surfactant to 

SiC 

concentration; 

 

Up to 11.5 

vol%; 

- CTAB addition resulted in a 

higher percentage of uniformly 

distributed SiC particles. 

- Ni-SiC coating exhibited higher 

hardness with an increasing ratio 

of added surfactant to SiC 

concentration; 

- The adsorption of CTAB on the 

SiC particle surface increased the 

adhesion force to the cathode, 

which allowed larger particles to 

be embedded.  

[165] 

Ni-SiC Direct current 

plating 

0.1-1.0 µm; 

 

20 g/L; 

Cationic; 

 

Cetyltrimethyl 

ammonium bromide 

(CTAB); 

 

0-0.4 g/L; 

Measured by Zeta 

potential; 

 

Increased with 

CTAB 

concentration; 

 

Increased 

with CTAB 

concentration; 

 

Up to 11.5 

vol%; 

- Introducing CTAB into bath 

solution not only increased SiC 

content in the composite coating 

but also led to a non-

agglomerated particle dispersion; 

[167] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

 From -3.0 to 20.0 

mV; 

- Increasing CTAB concentration 

resulted in the lattice distortion of 

the Ni matrix; 

- The hardness and wear 

resistance of Ni-SiC coating was 

enhanced with increasing CTAB 

addition up to 0.3 g/L in the 

electrolyte, but a further increase 

in CTAB concentration 

deteriorated both properties.  

Ni-carbon 

nanotubes 

Direct current 

plating 

Size not 

given; 

 

0.1-0.3 g/L; 

Cationic; 

 

Cetyltrimethyl 

ammonium bromide 

(CTAB); 

 

0.6 g/L; 

N/A; 4.75-10.84 

wt%; 

- CTAB increased particle content 

in the Ni-CNTs coating. 

- Ni-CNTs coating with CTAB 

became rough and loose.  

- CTAB decreased the grain size 

of the deposited coating.  

- The addition of CTAB resulted 

in low coating hardness and poor 

coating/substrate adhesion. 

[168] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

- CTAB deteriorated the corrosion 

resistance of Ni-CNTs coatings.  

Ni-WC Direct current 

plating 

50 nm; 

 

10-40 g/L; 

Cationic; 

 

Cetyltrimethyl 

ammonium bromide 

(CTAB); 

 

0.002 to 0.2 g/L 

Measured by Zeta 

potential; 

 

Increased with 

CTAB 

concentration; 

 

From -10 to 26 mV; 

Decreased 

from 4.2 % to 

0.05 % in the 

range of 

0.001 to 0.01 

g/L CTAB; 

- Particle content in the coating 

decreased with increasing CTAB 

(0.001 to 0.01 g/L). 

- The size of the “nodular shape” 

Ni-WC on the coating surface 

decreased with the addition of 

CTAB. 

[169] 

Ni-P-carbon 

nanotubes 

Electroless 

plating 

Diameter: 

40-60 nm; 

 

Length: 5-15 

µm; 

 

0-0.05 g/L 

Cationic; 

 

Hexadecyl 

trimethylammonium 

Bromide (CTAB); 

 

0.075 g/L; 

 

 

Measured by UV-

vis; 

 

Absorbance peak at 

400 nm wavelength; 

 

Maximum 

absorbance at the 

0.075 g/L CTAB to 

25 mg/L CNT ratio; 

N/A; - The addition of CTAB promoted 

particle dispersion in the 

electroless bath, and the optimum 

dispersion was achieved at the 

0.075 g/L CTAB to 25 mg/L CNT 

ratio; 

 

- Agglomerates and bundles of 

CNTs could be observed on the 

[170] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

coating surface even at the 

optimum surfactant ratio. 

Ni-P-

nanodiamond 

Electroless 

plating 

4-5 nm; 

 

0.1 g/L 

Cationic; 

 

Cetyltrimethyl 

ammonium bromide 

(CTAB); 

 

0-0.004 g/L 

N/A; N/A; - Surface morphology was rough, 

and some cracks can be observed 

when CTAB was added into the 

bath solution. 

- An abrupt composition change 

was found at the interface of the 

substrate and coating due to high 

cathodic reactivity of CTAB. 

Therefore, poor adhesion was 

noticed.  

- The addition of CTAB in bath 

solution deteriorated wear 

resistance of coating due to the 

crack formation.  

[171] 

Cu-TiO2 Jet 

electroplating 

 

120 nm; 

 

50 g/L; 

Cationic; 

 

Measured by Zeta 

potential;  

 

Up to 11.5 

wt% at 0.03 

g/L CTAB;  

- CTAB addition led to an 

increase of TiO2 content in the 

composite coating up till the 

[172] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

 (modified 

DC plating); 

Cetyltrimethyl 

ammonium bromide 

(CTAB); 

 

0.01-0.05 g/L; 

 

 

Increased with 

CTAB 

concentration;  

 

From -6.5 to 8.9 

mV; 

concentration of 0.03 g/L after 

which particle content decreased; 

- Cu-TiO2 deposited with CTAB 

became homogeneous; 

- With optimum CTAB 

concentration (0.03 g/L), both 

hardness and wear resistance were 

enhanced obviously. 

 

Ni-MoS2 Direct current 

plating  

4.5 µm; 

 

5-50 g/L 

Cationic; 

 

Benzyl ammonium 

salts (BAS); 

 

0.1 g per g/L MoS2; 

 

Measured by Zeta 

potential; 

 

Increased with 

increasing surfactant 

concentration; 

 

-35 to 30 mv 

20.0-35.0 

vol%; 

- The adsorption of BAS reduced 

the conductivity of MoS2. A 

smooth co-deposition layer with 

low porosity was obtained. 

- The improvement by surfactant 

was limited. Pores were still 

observable from cross-section 

views. 

[173] 
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2.4.4.2 Anionic surfactant 

Anionic surfactants are the most widely used class of surfactants in industrial applications due 

to their relatively low cost of manufacture. They are practically used in almost every type of 

detergent [179, 180]. In the past few decades, many researchers applied anionic surfactants as 

effective particle dispersive agents in composite electroplating. Different from cationic 

surfactants discussed previously, the hydrophilic groups of anionic surfactants possess a 

negative surface charge. Therefore, particles adsorbed by anionic surfactants could form a 

negative surface charge in plating solutions. Although the particles with negative surface 

charge might be excluded by cathode in the electroplating system, electrostatic repulsion 

between particles induced by the adsorption of anionic surfactants can effectively avoid particle 

agglomeration. The well-dispersed particles can approach the cathode surface by bath agitation 

and be incorporated into the coating. According to the research conducted by Mohajeri, Dolati 

and Rezagholibeiki [169], the adsorption mechanism of negatively charged particles can be 

explained by the second stage of the Guglielmi model [39]. In an electroplating bath, the 

negatively charged particles can be surrounded by a layer of metal ions due to the electrostatic 

attraction. When these particles approach the cathode surface, they can be embedded into 

deposit by the reduction reaction of the metal ion layer. So far, the most extensively used 

anionic surfactant in composite electroplating is sodium dodecyl sulphate (SDS) [168-172, 

181-185]. Table 2.8 summarises the usage of SDS in direct current plating, electroless plating 

and pulse current plating.  

The concentration of anionic surfactant SDS in the plating solution should be maintained at an 

optimum level to achieve stable particle dispersion and high content of particle embedment. 

Either too low or too high SDS addition could result in particle agglomeration or deterioration 

of plating bath, thereby hindering particle co-deposition. Kartal et al. [182] investigated the 

effect of SDS addition towards pulse current plated Ni-WC coating. They observed that the 

zeta potential of suspended particles in the plating solution constantly decreased from -10 mV 

to -30 mV with increasing SDS concentration (0-0.2 g/L). In addition, WC content in the 

composite coating increased to 24.2 wt% up to the optimum SDS concentration of 0.1 g/L. 

However, a further increase in SDS concentration led to a sharp decrease in the incorporated 

particle content. The increasing trend of particle incorporation in the range of 0 to 0.1 g/L SDS 

could be explained by the more negative zeta potential value, indicating a sufficient repulsive 

electrostatic force between individual particles to avoid agglomeration. However, when SDS 

concentration increased beyond optimum value, extra molecules could play an electrolyte role 
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and increase the plating bath's ionic strength, which would decrease electrostatic repulsion and 

increase the amount of agglomerated particles. In another study carried out by Zarebidaki and 

Allahkaram [170], particle dispersibility in the electroless Ni-P-CNTs plating bath was 

evaluated using the UV-vis spectroscopy method. It has been found that particle dispersibility 

improved with increasing SDS concentration up to an optimum value of 0.025 g/L. Above this 

value, particle dispersibility deteriorated, and authors attributed this to the micelle formation 

of surfactants. At high concentrations, surfactant molecules form micelles in solution. In other 

words, at high concentration of surfactants, portions of surfactants extend into the liquid phase 

and interact with each other. This interaction causes flocculation and decreases the dispersion 

of nanotubes at high surfactant concentration.  

Apart from particle dispersibility and the amount of incorporated particle, surface 

morphologies of composite coatings are also highly related to the addition of anionic 

surfactants. Guo et al. [168] and Yasin et al. [181] reported SDS addition could lead to a coarse 

surface with bulge morphologies. In these two studies, particles used for co-deposition are 

carbon nanotubes and graphene, which all belong to conductive particles. As mentioned in 

Section 2.4.1, the co-deposition of conductive particles is prone to form a rough and porous 

coating structure. In solution with SDS, negative functional groups might be adsorbed on the 

conductive particle surfaces, promoting the metal ions reduction on these particles and 

aggravating the bulged deposition. In contrast, Abdoli and Rouhaghdam [171] observed that 

electroless Ni-P-diamond coatings prepared with high SDS concentration (3 or 4 mg/L) 

exhibited smoother surface morphologies than the ones modified with CTAB or low 

concentration of SDS (0.4 mg/L). A similar result was also observed by Jiang et al. [185]. They 

reported that the addition of 0.1 g/L SDS could develop a smooth and homogeneous surface 

morphology with a dense and compact coating structure.  

It is well known that the incorporation of second phase particles into electrodeposited coating 

could result in an enhancement in mechanical properties (i.e., hardness and adhesion strength), 

tribological performance, and corrosion resistance. The addition of anionic surfactant during 

the plating process can further improve these properties [168, 171, 172, 181-183]. Guo et al.  

[168] reported that the hardness of Ni-CNTs coating increased form 160 Hv to 280 Hv when 

0.6 g/L SDS was added into the plating bath. Yasin et al. [181] claimed that the addition of 

SDS could enhance hardness, adhesion strength and corrosion resistance of Ni-graphene 

coating. (Figure 2.26). Both research groups stated that the adhesion strength between 

embedded particles and metal matrix plays an important role in the strengthening effect. At 
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high SDS concentration, the negative surface charge formed on the particle surfaces could 

attract more Ni2+ ions and develop a good combination between Ni deposition layer and 

particles. This improved combination may reduce voids and defects of composite coatings, 

thereby achieving better electrochemical properties.  

 

 

Figure 2.26 Effect of SDS on the (a) microhardness, (b) adhesion strength, (c) polarisation 
curves in 3.5 % NaCl solution and (d) impedance of Ni-graphene coatings (graphene 

concentration is 0.2 g/L except (a)) [181]. 

 

However, a few researchers also claimed that excessive SDS concentration could deteriorate 

coating properties [182-184]. For example, the hardness and wear resistance of Ni-WC coating 

increased with increasing SDS concentration up to 0.1g/L. Further SDS addition led to a 

decrease in both properties. In another study of pulse current Cr-WC coating, the author 

attributed the phenomenon of decreased wear resistance to the embrittlement of coating when 

excessive SDS was added into the plating bath [182]. Therefore, it can be concluded that the 

concentration of SDS addition should be carefully controlled to achieve the best performance 

of the composite coating. 
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Table 2.8 Effect of anionic surfactants on the composite coatings 

Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

Ni-carbon 

nanotubes 

Direct current 

plating 

Size not 

given; 

 

0.1-0.3 g/L 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0.6 g/L; 

N/A; 4.58-4.91 

wt%; 

 

 

- SDS decreased the co-deposited 

CNTs content slightly.  

- Coatings deposited with SDS 

became more homogeneous and 

smoother than coatings without 

surfactant. 

- SDS decreased the grain size of 

deposited coatings.  

- Ni-CNTs coatings deposited 

with SDS showed higher hardness 

and better coating/substrate 

adhesion than coatings without 

surfactant. 

- The addition of SDS slightly 

increased the corrosion resistance 

of the coating.  

[168] 

Ni-WC Direct current 

plating 

50 nm; 

 

10-40 g/L; 

Anionic; 

 

Measured by zeta 

potential;  

 

Increased and 

reached a 

peak of 10 % 

- Particle content in the coating 

increased first, then decreased 

[169] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

Sodium dodecyl 

sulphate (SDS); 

 

0.002 to 0.2 g/L 

Decreased with 

increasing SDS 

concentration; 

 

From -25 to -30 mV; 

at 0.005 g/L 

SDS, then 

decreased 

with further 

SDS addition. 

with increasing SDS 

concentration (0.001 to 0.01 g/L). 

- The addition of SDS enhanced 

the microhardness and corrosion 

resistance of the final coating.  

Ni-P-carbon 

nanotubes 

Electroless 

plating 

Diameter: 

40-60 nm; 

 

Length: 5-15 

µm; 

 

0-0.05 g/L  

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

2.0 g/L; 

Measured by UV-

vis; 

 

Absorbance peak at 

400 nm wavelength; 

 

Maximum 

absorbance at the 2 

g/L SDS to 25 mg/L 

CNT ratio; 

N/A; - With the addition of SDS, the 

co-deposited CNTs were 

distributed evenly in the Ni-P 

matrix, and no agglomeration was 

observed. 

 

- Optimum ratio of SDS to CNTs 

resulted in uniform particle 

dispersion in the final coating, 

which yielded the highest 

hardness. 

[170] 

Ni-P-

nanodiamond  

Electroless 

plating 

4-5 nm; 

 

0.1 g/L; 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

N/A; 6.5 vol% at 

optimum SDS 

concentration 

- Particle content in the coating 

increased with increasing SDS 

concentration; 

[171] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

 

0-0.004 g/L 

 

- Surface morphology evolved 

from rough to smooth with 

increasing SDS concentration; 

- Ni-P-diamond deposited with 

high SDS concentration (3 or 4 

mg/L) showed the highest 

hardness and wear resistance, as 

well as the lowest friction 

coefficient.   

Cu-TiO2 Jet 

electroplating 

 

 (modified 

DC plating); 

120 nm; 

 

50 g/L; 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0.05-0.15 g/L; 

 

 

Measured by Zeta 

potential;  

 

Decreased with SDS 

concentration;  

 

From -6.5 to -15.6 

mV; 

Up to 8.9 

wt% at 0.05 

g/L SDS; 

- SDS addition led to an increase 

of TiO2 content in the composite 

coating up till the concentration of 

0.05 g/L after which particle 

content decreased; 

- Cu-TiO2 deposited with SDS 

became homogeneous; 

- With optimum SDS 

concentration (0.05 g/L), both 

hardness and wear resistance was 

enhanced obviously. 

[172] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

Ni-graphene Direct current 

plating 

Size not 

given; 

 

0.1-0.3 g/L; 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0-0.4 g/L; 

N/A 7.0-24.0 wt% - Particle content in Ni-graphene 

coating increased with increasing 

SDS concentration.  

- The addition of SDS increased 

the roughness of Ni-graphene 

coating to a large extent.  

- SDS reduced grain size and 

changed preferred orientation of 

Ni-graphene coating. 

- The microhardness, adhesion 

and corrosion resistance of the Ni-

graphene coating are found to 

increase with the increasing 

concentration of SDS.  

[181] 

Ni-WC Pulse current 

plating 

< 1 µm; 

 

20 g/L; 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0-0.2 g/L; 

Measured by Zeta 

potential; 

 

Decreased with 

increasing SDS 

concentration; 

15.0 – 24.2 

wt% 

- Particle content in Ni-WC 

coating reached a peak at 0.1 g/L 

SDS. 

- A dense Ni-WC coating was 

obtained with an SDS 

concentration of 0.1 g/L 

[182] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

 

From -10 to -30 mV 

- SDS of  0.1 g/L concentration 

led to the smallest grain size. 

- The addition of SDS increased 

hardness and enhanced 

tribological performance of Ni-

WC coating.  

Cr-WC Pulse current 

plating 

70 nm; 

 

10 g/L; 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0-2.0 g/L; 

N/A; 

 

0.5-2.0 wt% - WC content in the coating 

increased with increasing SDS 

concentration up to 1.0 g/L. But 

WC content remained constant 

with a further increase of SDS 

concentration. 

- Cr-WC coating became 

smoother and denser with the 

fewer particle agglomerates when 

SDS was added into the bath 

solution.  

- The hardness of coating 

increased with increasing SDS 

concentration. 

[183] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

- Appropriate amount of SDS 

enhanced wear resistance of Cr-

WC coating (0.2-1.0 g/L), but 

excessive SDS (2 g/L) embrittled 

Cr-WC coating.  

Ni-Al2O3 Direct current 

plating 

Nano-sized; 

 

10 g/L 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0.05-0.3 g/L 

N/A; Increased and 

reached a 

peak at 0.125 

g/L; 

 

Quantity not 

given;  

- Particle content increased with 

increasing SDS concentration up 

to 0.125 g/L. However, further 

SDS increase led to micelle 

formation and a decrease in 

particle incorporation.  

-  Increasing SDS concentration 

up to an optimum value (0.125 

g/L) resulted in more uniform 

particle distribution, higher 

hardness and better corrosion 

resistance.   

[184] 

Ni-Al2O3 Direct current 

plating 

150 nm; 

 

10 g/L; 

Anionic; 

 

Measured by particle 

size distribution and 

sedimentation test; 

Al: 8.6 wt%;  

 

 

- The addition of SDS resulted in 

higher Al2O3 content compared to 

coating without surfactant.  

[185] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

Sodium dodecyl 

sulphate (SDS); 

 

0.1 g/L; 

 

Particle size in bath 

solution was larger 

than raw material, 

indicating particle 

agglomeration; 

 

Al2O3 particle settled 

quickly as long as 

the stirring stopped, 

indicating poor 

particle dispersion. 

 

- Ni-Al2O3 coating deposited 

with SDS showed a smooth and 

homogeneous surface morphology 

with a dense and compact coating 

structure. No pores could be 

observed.  
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2.4.4.3 Combination of cationic and anionic surfactant 

In the previous two sections, the effects of cationic and anionic surfactants on composite 

coatings have been reviewed. Both types of surfactants have their merits and drawbacks (Table 

2.9). Instead of using a single type of surfactant in the composite plating process, numerous 

studies also found that combined cationic and anionic surfactants could enhance both particle 

incorporation and compactness of the composite coatings [174, 175, 185, 186]. However, the 

mechanism of combined surfactants addition has not been clearly explained in the literature. 

Therefore, in this section, it is necessary to review combined surfactants and explore their 

potential applications in composite electroplating.  

 

Table 2.9 Merits and drawbacks of cationic and anionic surfactants 

Surfactant 

type 

Merits Drawbacks 

Cationic * Avoid particle agglomeration; 

* Enhance particle co-deposition rate; 

* Poor particle/ metal matrix bonding; 

* Excessive amount embrittle coating; 

Anionic * Smooth and dense coating in most cases; 

* Strong particle/ metal matrix bonding; 

* Low particle content due to repulsion; 

* Micelle formation and increased ionic 

strength at excessive surfactant addition; 

 

Table 2.10 lists a few studies with combined cationic and anionic surfactants in composite 

electroplating. Generally, compared with coatings deposited from the bath with single 

surfactant addition, combined surfactants led to smoother surface morphologies and denser 

coating structures. As a result, properties such as hardness, wear-resistance and corrosion 

resistance could be enhanced. The following paragraphs will provide detailed reviews of two 

typical studies in which the effect of combined SDS and HPB on Ni-Al2O3 coating has been 

investigated.  

Chen et al. [174] studied surface morphology, hardness and wear resistance of Ni-Al2O3 

coatings prepared from bath solutions containing various HPB concentration and fixed addition 

of 0.1 g/L SDS. They observed that the amount of co-deposited Al2O3 particles increased from 

8.3 vol% with no HPB addition to 14.7 vol% with 0.3 g/L HPB addition. The increment of 

particle embedment can be ascribed to positive charge developed around individual particles, 

as indicated by increasing zeta potential. However, the hardness and wear resistance enhanced 



 78 

with increasing HPB concentration up to an optimum value of 0.15 g/L, beyond which a 

decreasing trend was observed in both properties. By conducting a parallel study of HPB effects 

on pure Ni coatings, the deteriorated hardness and wear resistance were observed by the Ni 

matrix embrittlement at excessive HPB concentration. In a later study, the effect of combined 

surfactants towards Ni-Al2O3 coating was further investigated by Jiang et al. [185]. The macro-

and micro- surface morphologies, along with EDS results, are illustrated in Figure 2.27. 

Similar to the research carried out by Chen et al. [174], Jiang et al. also revealed that SDS 

addition alone helped to form a smooth and dense surface morphology but less particle 

incorporation compared with Ni-Al2O3 coating deposited without surfactant (Figure 2.27 a 

and b), while HPB addition alone deteriorated the coating quality with obvious exfoliation 

(Figure 2.27 c). Homogeneous particle distribution of high Al2O3 content could only be 

realized by combined addition of SDS and HPB (Figure 2.27 d).  

 

 

Figure 2.27 Marco- and micro- surface morphologies of electroplated Ni-Al2O3 coatings 
prepared from Hull Cell: (a) no surfactant, (b) 100 mg/L SDS only, (c) 300 mg/L HPB only 

and (d) 100 mg/L SDS + 300 mg/L HPB, EDS results shown at the corner [185]. 
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To understand the adsorption mechanism of combined HPB and SDS, Jiang et al. [185] also 

carried out zeta potential measurement in both static water-diluted Watts bath and dynamic (or 

stirring) Watts bath. In the static bath, zeta potential increased with increasing HPB addition 

(Figure 2.28 a), which agrees with Chen et al.’s findings [174]. However, in the dynamic bath, 

zeta potential values fluctuated within -0.8 mV to 0.8 mV at various HPB concentrations 

(Figure 2.28 b). Moreover, particle migrations under the electric field were slow and moving 

directions were random (Figure 2.28 c and d). Therefore, the authors proposed that the 

directional electrophoresis migration of particles across the bath was limited due to the high 

ionic concentration in the bath environment. The high particle content with smooth and dense 

features of Ni-Al2O3 coatings was explained by the enhanced affinity between Al2O3 

containing bath solution and the cathode (or growing metal). As shown in Figure 2.28 (e), 

surfactant addition effectively reduced the contact angle on both the Cu substrate and Ni 

coating. The low contact angle indicates low surface tension at the solid/liquid interface, which 

favours particles/ metal matrix combination and gas escapement during electrodeposition. As 

a result, better wettability due to surfactant addition greatly improved the coating quality with 

a smooth and dense feature. 
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Figure 2.28 Zeta potential of Al2O3 measured in (a) static water-diluted Watts bath, (b) 
dynamic undiluted Watts bath; (c) and (d) are random particle movement under electric field; 
(e) is contact angle of Al2O3 containing Watt's bath on Cu substrate and Ni coating with SDS 

and/or HPB addition, respectively [185]. 
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Table 2.10 Effect of combined surfactants on the composite coatings 

Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

Ni-Al2O3 Direct current 

plating  

0.8 µm; 

 

20 g/L; 

Cationic; 

 

Hexadecylpyridinium 

bromide (HPB); 

 

0-0.3 g/L; 

+ 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0.1 g/L; 

Measured by Zeta 

potential; 

 

Increased with 

increasing HPB 

concentration;  

 

From -4.9 to 20.0 

mV. 

Increased 

with HPB 

concentration; 

 

Up to 14.7 

wt%; 

- The combination of HPB and 

SDS improved the amount of co-

deposited particle, reduced 

particle agglomeration and 

achieved uniform particle 

distribution in Ni matrix; 

- Appropriate HPB concentration 

(0.15 g/L) plus fixed SDS 

concentration (0.1 g/L) led to 

enhanced hardness and wear 

resistance of Ni-Al2O3 coating; 

- Excessive HPB concentration 

resulted in brittle Ni matrix, 

thereby deteriorating composite 

coating quality.  

[174] 

Ni-TiO2 Direct current 

plating 

30 nm; 

 

0-15 g/L; 

Cationic; 

 

Hexadecylpyridinium 

bromide (HPB); 

N/A; Increased 

with HPB 

concentration; 

 

- Particle content increased with 

increasing HPB concentration; 

 

[175] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

 

0-0.3 g/L; 

+ 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0.2 g/L; 

Up to 7.3 

wt%; 

 

- Surface roughness increased 

slightly with increasing HPB 

concentration; 

 

- The addition of HPB altered the 

crystal orientation of Ni-TiO2 

coating. Thus, the coatings 

exhibited various hardness.  

 

- Ni-TiO2 coating deposited with 

0.3 g/L HPB plus 0.2 g/L SDS 

showed maximum hardness and 

best wear resistance due to 

combined effect of altered crystal 

orientation and increased TiO2 

amount.  

Ni-Al2O3 Direct current 

plating 

150 nm; 

 

10 g/L; 

Cationic; 

 

Hexadecylpyridinium 

bromide (HPB); 

Measure  by Zeta 

potential in water-

diluted Watts bath 

Al: 10.42 

wt% at 0.3 

g/L HTAB; 

- The addition of combined 

surfactant resulted in “soft” 

agglomerates which could be 

[185] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

 

0-1.5 g/L; 

+ 

Anionic; 

 

Sodium dodecyl 

sulphate (SDS); 

 

0.1 g/L; 

 

and original Watts 

bath respectively; 

 

In a water-diluted 

Watts bath, Zeta 

potential increased 

from -12 to 4 mV 

with increasing HPB 

concentration 

 

In the original bath, 

Zeta potential 

fluctuated with HPB 

due to high ionic 

concentration; 

dispersed easily when the bath 

agitation was re-applied; 

 

- The combination of SDS and 

HPB led to higher particle content 

compared with single surfactant 

usage; 

 

- Ni-Al2O3 coating prepared with 

combined surfactant sowed dense 

structure. However, coating 

quality largely depended on 

current density; 

 

Ni-Zircon Direct current 

plating 

0.13 µm; 

 

50 g/L; 

Cationic; 

 

Cetyltrimethyl 

ammonium bromide 

(CTAB); 

N/A; 5.3 wt%; - The addition of SLS avoided the 

formation of pits; 

- CTAB addition was very 

effective in increasing the amount 

[186] 
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Coating type Deposition 

technique 

Particle size 

& 

concentration 

Surfactant type & 

concentration 

Particle dispersion 

stability  

Incorporated 

particle 

Effect of surfactant towards final 

composite coating 

Ref 

 

0.18 g/L; 

+ 

Anionic; 

 

Sodium lauryl 

sulphate (SLS); 

 

2 g/L; 

 

 

of Zircon particles in the Ni 

matrix; 

- The nodular features were 

reduced, and surface morphology 

became smooth in coating 

prepared from the solution 

containing CTAB. 

- CTAB reduced particle 

agglomeration and promoted 

uniform particle distribution  in 

the Ni matrix; 

- Ni-Zircon coating prepared with 

CTAB showed enhanced hardness 

and corrosion resistance than 

plain Ni-Zircon coating. 

 

 

 

 



 85 

2.4.4.4 Saccharin addition in electroplating 

In electroplating, saccharin has long been used as an organic additive to improve brightness, 

reduce internal stress, and refine the grain structure. Hassani, Raeissi and Golozar [187] studied 

the effect of saccharin on the electrodeposited Ni-Co coatings. They found that the addition of 

saccharin (1 g/L) could inhibit the pyramidal growth of Ni-Co deposit, and thus, a smooth and 

compact surface could be obtained. Similar findings have also been reported by Ma et al. [188]. 

In their research, the synergetic effects of two types of additives, namely saccharin and 2-butin-

1,4-diol (BD), on Ni-Co alloy coatings were investigated. As shown in Figure 2.29, Ni-Co 

coating exhibited lens-shaped clusters at a low additive concentration (0.1 g/L saccharin and 

0.1 g/L BD), but as the additive concentration increased (2 g/L saccharin and 0.5 g/L BD), the 

surface became smooth and dense. Moreover, the authors also reported that the increasing 

additive concentration led to a substantial decrease in the grain size from 190 nm to 11 nm. In 

another study of nickel electrodeposition [189], the decrease of grain size could be observed 

when saccharin concentration increased from 0 to 3 g/L. However, a further increase in 

saccharin concentration had no significant effect on grain size.  

 

 

Figure 2.29 Secondary electron images of Ni-Co coatings containing (a) 0.1 g/L saccharin 
and 0.1 g/L BD and (b) 2 g/L saccharin and 0.5 g/L BD [188]. 

 

Numerous mechanisms have been proposed regarding the influence of saccharin on the grain 

size of electroplated coatings. The detailed discussion of these mechanisms has been 

summarised in an early review article by Franklin [190]. In brief, the important role of 

saccharin as a grain refiner is its effect on (i) blocking the active surface on the cathode by the 

formation of complex compounds, which increases the nucleation rate and decreases the 
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surface diffusion of metal ions and hence inhibits the crystalline growth [191]. (ii) hydrogen 

evolution and/or adsorption [192], and (iii) change in cathodic overpotential [193]. To quantify 

the relationship between saccharin concentration and grain size of deposits, Rashidi and 

Amadeh [189] developed a mathematical model based on the surface blocking mechanism. For 

a given constant current density, the average grain size of coating deposited with known 

saccharin concentration can be calculated by the following equation.  

 

                                                                 d = ks(1 + kCS
 m) n………………………...……..2.12 

 

Where d is the average grain size; ks, k, m and n are constant parameters derived experimentally 

by curve fitting; CS is the saccharin concentration in the electroplating bath. From Figure 2.30, 

it can be noted that the experimental data are in good agreement with the theoretical model. 

 

 

Figure 2.30 Comparison of experimental data and theoretical model for the variation of grain 
size of nickel deposits as a function of saccharin concentration [189]. 
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2.4.5 Particle modification 

Particles used for co-deposition have also been considered as an important parameter, which 

would significantly influence both appearance and properties of composite coatings. Many 

researchers focused their investigation on the impact of particle concentration and particle size. 

However, very few of them considered the electrical conductivity of particles. In early research, 

Stankovic and Gojo [194] systematically studied electrodeposited composite coatings of 

copper with insulating (SiC and Al2O3), semi-conductive (MoS2) and conductive (graphite) 

particles. They found that that composite coating with insulating particles displayed smooth 

surface morphologies and compact structures. On the contrary, composite coatings with semi-

conductive and conductive particles exhibited sponge-like structures, irregular surfaces, and 

high roughness (Table 2.11). Similar coating structures could also be observed in the co-

deposition of other conductive particles such as WS2 [13-15, 57], carbon nanotubes (CNTs) 

[195, 196] and WC [197, 198]. Therefore, it can be inferred that the co-deposition of semi-

conductive and conductive particles are likely to form a sponge-like and porous structure. 

Undoubtedly, these composite coatings would suffer from a short lifespan, as they are prone to 

wear during service.  

Since the origin of porous structures of such coatings is ascribed to the semi-conductive and 

conductive nature of the embedded particles, reduction of conductivity through particle 

modification would be a feasible method to densify coatings. From literature, particle 

modification can be achieved in two ways. One is pre-treatment of particles, i.e., coating semi-

conductive or conductive particles with insulating materials. The other is a mixture of different 

particles for co-deposition. In the following sections, a detailed review of these two methods 

will be given.  

 

Table 2.11 Comparison of electrodeposited composite coatings with insulating, semi-
conductive and conductive particles [194] 

Types of particle Conductivity Appearance Structure Roughness, Ra 

(µm) 

SiC Insulating Smooth Compact  0.55-0.63  

α-Al2O3 Insulating Smooth Compact  0.44-0.98 

MoS2 Semi-conductive Cauliflower-like Sponge-like 1.43-4.4 

Graphite Conductive Rough and 
powdery 

Sponge-like 6.5-15.5 
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2.4.5.1 Pre-treatment of particles 

The pre-treatment process can alter particle conductivity through chemical reactions such as 

polymerisation and hydrolysis. After pre-treatment, particles that are originally semi-

conductive or conductive could be coated with a dielectric material layer. Therefore, during 

composite electroplating, metal ions can only be deposited on the substrate rather than on the 

particle surfaces, avoiding the dendritic growth. A series of studies [199-201] summarized in 

Table 2.12 have proved that the pre-treatment of MoS2 particles helped to form a compact and 

dense composite coating. Two types of dielectric materials, namely polystyrene ((C8H8)n) and 

Al2O3 [200], have been successfully coated on the surface of MoS2 during pre-treatment. The 

MoS2 particles coated with polystyrene (PS/MoS2) were obtained by polymerization [199]. The 

reaction can be described as following. The as-received MoS2 particles (40 g) were dispersed 

into ethanol solution (100 ml) and then mixed with 300 mL water. After that, 0.2 g of 

polyvinylpyrrolidone ( (C6H9NO)n), 0.6 g of azobisisobutyronitrile (C8H12N4), and 20 ml of 

monomer styrene (C8H8) were added at room temperature with stirring. The mixture was heated 

to 65 ℃ for polymerization in a water bath, and the final modified MoS2 particles are collected 

by centrifugation. On the other hand, the MoS2 particles coated with Al2O3 (Al2O3/MoS2) were 

achieved through a hydrolysis reaction of aluminium nitrate nonahydrate (Al(NO3)3·9H2O) 

[200]. SEM images of surface morphology and cross-section revealed that Ni-PS/MoS2 and 

Ni-Al2O3/MoS2 coatings were smoother and denser than Ni-MoS2 coating. Additionally, the 

results of particle content in Table 2.12 show that pre-treated MoS2 particles could be more 

easily co-deposited than pristine MoS2. Researchers attributed this phenomenon to the high 

electrical conductivity of MoS2.  During electroplating, the incorporated MoS2 cause a stronger 

electric field at the particle adsorption sites. Therefore, Ni2+ ions preferentially deposit on the 

MoS2, forming protrusions on the cathode surface. At the same time, MoS2 particles in bulk 

solution adsorb more easily on protrusion ends than cathode surface, resulting in loosely 

dendritic growth of Ni-MoS2 coating. The loosely adsorbed MoS2 particles would be removed 

by ultrasonic irradiation during the coating cleaning process, leading to a low volume 

percentage of MoS2 in the coating. On the other hand, the pre-treated MoS2 particles can avoid 

dendritic growth due to reduced conductivity. Particles embedded securely in the compact 

coating would not be influenced during ultrasonic cleaning. Accordingly, a higher particle 

content is observed in Ni-PS/MoS2 and Ni-Al2O3/MoS2 coatings.   

Apart from structure densification and high particle co-deposition rate, particle pre-treatment 

also enhances the mechanical and tribological properties of composite coatings. Under the 
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same electroplating condition, Ni-Al2O3/MoS2 coating exhibited higher hardness and better 

wear resistance than Ni-MoS2 coating (Table 2.12). The improvement in hardness can be 

explained in two aspects. The first is the more obvious particle dispersion effect, as Ni-

Al2O3/MoS2 coating has higher particle content and denser coating structure than Ni-MoS2 

coating. The second is the hard nature of Al2O3. Al2O3 coated MoS2 particles possess higher 

hardness than pristine MoS2 particles. Incorporating harder particles would increase the 

hardness of final composite coatings. The reduced wear loss of Ni-Al2O3/MoS2 coating was 

attributed to the dense and compact coating structure, which provides firm support for the 

sliding contact. Oppositely, the dendritic Ni-MoS2 coating is prone to be crushed and sheared 

off, resulting in higher wear loss. The increased hardness may also explain the enhanced wear 

resistance of Ni-Al2O3/MoS2 coating. According to Archard law [202, 203], the wear rate is 

inversely proportional to the hardness. The pre-treatment of MoS2 leads to higher hardness and, 

therefore, better wear resistance. For Ni-PS/MoS2 coating, although the wear test has not been 

conducted, a significant increase in hardness can be observed. Huang et al. [201] further studied 

the microhardness and tribological behaviour of electrodeposited Ni-Al2O3/MoS2 coating with 

various Al2O3 content (5 wt% to 50 wt%) coated on the MoS2 particles. With the increase of 

Al2O3 content, the composite coating becomes more compact and uniform, exhibiting higher 

hardness value and better wear resistance. However, the friction coefficient increased with 

higher Al2O3 wt%. 

 

Table 2.12 Comparison between composite coatings with and without particle pre-treatment 
[199-201] 

Coating type Particle 

concentration 

(g/L) 

Particle 

content 

(vol%) 

Hardness 

(Hv) 

CoF  Wear loss (mg) 

Ni-MoS2 0-30 2.8-6.0 283-510 0.18-0.37 9.7-14.1 

Ni-Al2O3/MoS2 0-30 3.9-12.0 300-575 0.21-0.40 9.0-11.1 

Ni-PS/MoS2 0-30 3.0-11.0 370-660 N/A N/A 
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Although the pre-treatment of MoS2 particles help to form a compact and dense coating 

structure, it has the following disadvantages [199-201]: 

1. Time-consuming. The polymerization process to synthesize PS/MoS2 takes up to 12 h. 

2. The reaction process is complicated. Either hydrolysis or polymerization requires steps 

including heating, filtering, rinsing and drying. 

3. Difficult to control the composition of treated particles. Low Al2O3 content would result 

in a porous coating structure due to insufficient insulation of MoS2 particles. High 

Al2O3 content would deteriorate the anti-friction property. 

4. Pollution and contamination. Particle pre-treatment requires a series of chemical 

reactions. Effluent discharge is harmful to the environment. 

 

2.4.5.2 Mixed particle co-deposition 

Although it is possible to densify metal-conductive (or semi-conductive) coatings via particle 

pre-treatment, the complicated and time-consuming reaction process makes this method less 

attractive for bulk production and industrial application. Alternatively, introducing hybrid 

inclusions (mixing conductive/semi-conductive particles with non-conductive particles) into 

the metal matrix seems to be a facile and versatile method to develop compact coatings. As 

mentioned in Section 2.4.5, the deposition pattern of metal ions on the conductive (or semi-

conductive) particles and the insulating particles is different. The conductive (or semi-

conductive) particles can induce dendritic growth of deposit due to the enhanced electric field. 

Oppositely, the insulating particles are gradually buried by the metal deposited on the substrate, 

forming smooth and dense composite coating structures. When both conductive and insulating 

particles are added to the electroplating bath, it can be expected that the partial area of the 

cathode surface could be occupied by insulating particles. Therefore, the dendritic growth 

induced by the adsorption of conductive particles could be partially avoided. Wang et al. [204] 

developed Ni-Al2O3-MoS2 coatings by adding the different concentration of MoS2 particles 

(0.5 g/L to 2.0 g/L) into Ni-Al2O3 (Al2O3 concentration is 10 g/L) coating system. They found 

that the coating structures are primarily dependent on MoS2 concentration. As shown in Figure 

2.31, Ni-Al2O3-MoS2 coating exhibited dense and compact structure when the MoS2 

concentration in the electrolyte bath was 0.5 g/L, 1.0 g/L and 2.0 g/L (Figure 2.31 A, B and 

D). However, when 1.5 g/L MoS2 was added into the electroplating bath, the coating was rough 

and porous (Figure 2.31 C). Table 2.13 summarises the properties of Ni-Al2O3-MoS2 coating, 
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Ni-Al2O3 coating and Ni-MoS2 coating from literature. It can be noted that Ni-Al2O3-MoS2 

coating demonstrated a combination of the advantages of Al2O3 particles in high hardness and 

MoS2 particles in low friction. 

 

 

Figure 2.31 Cross-section morphologies of Ni-Al2O3-MoS2 coatings prepared from 
electrolyte bath with Al2O3 concentration of 10 g/L and MoS2 concentration of (A) 0.5 g/L, 

(B) 1.0 g/L, (C) 1.5 g/L and (D) 2.0 g/L [204]. 

 

 

Table 2.13 Comparison between Ni-Al2O3 coating, Ni-MoS2 coating and Ni-Al2O3-MoS2 
coating [7] [204] 

Coating type MoS2 

concentration 

(g/L) 

Al2O3 

concentration 

(g/L) 

Mo 

content 

(wt%) 

Microhardness 

(Hv) 

CoF Wear rate 

(10-3 kg/m) 

Ni-Al2O3 0 10 0 600 0.55 1.63 

Ni-MoS2 1 0 6.02 150 0.38 N/A 

Ni-Al2O3-

MoS2 

1 10 9.66 525 0.05 0.62 
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In the past two decades, similar studies on mixed particles co-deposition have been extensively 

conducted (Table 2.14). Fazel et al. [205] reported that the addition of solid lubricant particles 

(i.e. MoS2 and graphite) into Ni-SiC coatings could enhance the stability of tribological 

performance at elevated temperature (300 ℃). However, the high MoS2 concentration (12 g/L) 

in the electroplating bath could induce dendritic growth of composite coating. Consequently, 

Ni-SiC-MoS2 coating exhibited porous structures. Many other researchers also showed that the 

combination of PTFE particles with hard ceramic particles (i.e. SiC and Al2O3) could develop 

composite coatings with self-lubricating and wear-resistant properties[206-208]. Chen et al. 

[206] developed Ni-P-Al2O3-PTFE composite coatings by electroless deposition. In order to 

determine the optimum particle combination, an orthogonal test using 25 samples with different 

Al2O3 and PTFE concentration in the plating bath was conducted. It was found that the 

combination of 3g/L Al2O3 particles and 10 ml/L PTFE emulsion resulted in the best 

tribological performance, with a friction coefficient of 0.11 and a wear loss of 1.6 mg. Tang et 

al. [207] also observed that the electrodeposited Ni-PTFE-Al2O3 composite with both low 

friction and low wear loss could only be achieved when the PTFE/Al2O3 ratio was 3:1. 

Therefore, it can be concluded that the final properties of hybrid composite coatings are 

dependent on the particle ratio. 

Compared with particle pre-treatment, the method of particle mixture has the advantages of 

easy operation, timesaving and less pollution. However, there are two challenges for mixed 

particle co-deposition. Firstly, the ratio of mixed particles should be carefully controlled. Wang 

et al. [204], Chen et al. [206] and Tang et al. [207] all reported that the desired combination of 

coating properties (self-lubrication and wear resistance) could only be achieved with a specific 

ratio. Secondly, no theoretical models have yet been proposed for mixed particle co-deposition. 

Therefore, empirical laboratory trails remain essential. 
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Table 2.14 Summary of composite coatings with co-deposition of mixed particles 

Coating 
type 

Deposition 
technique 

Particle one  
(size and concentration) 

Particle two 
(size and 
concentration) 

Particle content in the coating Friction 
coefficient 

Ref 

Ni-SiC-
MoS2 

Direct current 
plating 

MoS2 
(< 10 µm; 12 g/L) 

SiC 
(< 10 µm; 12 g/L) 

Not given 0.45-0.55  
[205] 
 

Ni-SiC-
graphite 

Direct current 
plating 

Graphite 
(< 10 µm; 12 g/L) 

SiC 
(< 10 µm; 12 g/L) 

Graphite: 11 vol%; 
 
SiC: 18 vol%; 

0.36-0.43 
 
 

 
[205] 
 

Ni-P-Al2O3-
PTFE 

Electroless 
plating 

60 % PTFE emulsion 
(< 500 nm, 5-15 ml/L) 

Al2O3  
(20-50 nm, 1-5 g/L) 

With optimum combination; 
 
Element Al: 0.85 wt%; 
 
Element F: 1.19 wt%; 

0.17 
 
 

 
 
[206] 

Ni-Al2O3-
PTFE 

Direct current 
plating 

PTFE 
(5 µm; 12 g/L) 

Al2O3 
(200 nm; 2-8 g/L) 

PTFE:  24.2-26.6 wt%; 
 
Al2O3:  8.1-13.8 wt%; 

0.20-0.40  
[207] 
 

Ni-P-SiC-
PTFE 

Electroless 
plating 

PTFE dispersion 
(size is not given; 
 6-8 ml/L) 

SiC  
(4.5 µm; 8-10 g) 

Not given 0.52  
[208] 
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2.5 Summary 

TMD materials (i.e. MoS2 and WS2 particles) are also promising candidates to fabricate self-

lubricating and superhydrophbic surfaces due to their unique lamellar structure and low surface 

energy (65-120 mJ/cm2). In the past decade, the electro-co-deposition of TMD particles with 

metal for self-lubricating and superhydrophobic functions have been extensively studied in 

academia. However, very few successful cases of such coatings have been reported for real 

engineering applications. The inherent disadvantages of rough surfaces, porous coating 

structures, poor abrasion resistance and lack of precisely morphology control have limited the 

commercial promotion for both applications. Therefore, this work aims to overcome the 

aforementioned disadvantages and promote the industrial applications of such coatings. 

Through a detailed literature review, previous efforts on how to address these challenges have 

been summarised, which inspired the research directions of this work stated as follows.  

(1) A major challenge for self-lubricating application is the rough coating surface and 

porous coating structure. From the literature review, the origins of porous coating 

structure were attributed to (i) hydrogen evolution, (ii) particle agglomeration and (iii) 

disturbance of electric field due to co-deposition of conductive particles. To develop a 

coating with smooth surface and dense structure, previous attempts from literature 

include achieving uniform particle dispersion, applying suitable additives or surfactants, 

and adding second phase particle to create hybrid composite coating. In this work, the 

aforementioned methods are combined together to optimise the electrodepostion 

parameters for densifying coating structure. Specifically, the combination of TMD 

particles with different type and size of ceramic particles (SiC and TiO2) were 

thoroughly studied their combining effect towards surface morphology, coating 

structure and tribological performance were investigated. 

 

(2) On the other hand, due to the low surface energy of MoS2 and WS2 particles, the electro-

co-deposition of such particles also shows potential for superhydrophobic applications. 

However, MoS2 and WS2 are soft solid lubricant materials. The co-deposition of these 

particles may result in weak mechanical robustness of composite coatings. Ni-WS2 

coating quickly lost superhydrophobicity within 125 cm under the pressure of 2.83 kPa 

in the linear abrasion test [13]. To address this issue, adding a third phase hard ceramic 

particle into the metal-TMD system to develop hybrid composite coatings is feasible. 

Although the method of mixing different particles has been reported in electrodeposited 
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metal-TMD coatings for self-lubricating applications [17, 18], no study has explored 

hybrid composite coatings for superhydrophobic applications. Therefore, in this work 

SiC and TiO2 particles were separately added to Ni-MoS2 and Ni-WS2 coating system 

to develop robust superhydrophobic coatings. The corrosion properties and abrasion 

resistance of electrodeposited hybrid composite coatings have also been evaluated. 

Considering the enhancement induced by hard ceramic particles, the newly designed 

hybrid composite coatings shows great potential for practical superhydrophobic 

applications in industry.  
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3 Experimental methodology  
3.1 Coating sample preparation  
Composite coatings were electrodeposited on mild steel substrates by direct current. In general, 

the electroplating process can be divided into three main steps, namely substrate pre-treatment, 

plating bath solution preparation and composite coating electrodeposition. In the following 

subsections, detailed descriptions of each step will be provided. Additionally, the cross-section 

preparation method and coating thickness measurement will be included. 

 

3.1.1 Substrate pre-treatment 

AISI 1020 steel plates were chosen as substrates for electroplating. AISI 1020 steel is a type of 

low-carbon steel with a carbon content of 0.17 to 0.23 % [209]. It can be used in a variety of 

industrial applications, including axles, camshafts and cold-headed bolts. However, low carbon 

steel is susceptible to corrosion. Therefore, in the process of application, metal finishing is 

usually required.  One way of metal finishing is by electroplating. As mentioned in Section 2.1, 

coating thickness is dependent on the shape of the cathode (substrate). To achieve uniform 

coating thickness, a parallel plate cathode with a dimension of 80 mm × 20 mm × 3 mm was 

used in this research. Before electrodeposition, the as-received steel plates were firstly wet 

ground by 120, 800, 1200 grits abrasive papers (Struers, waterproof SiC papers). After that, 

substrates were activated by immersing into a 10% hydrochloric acid for 30 s and rinsed with 

distilled water. The purpose of substrate pre-treatment was to remove oxides and contaminants 

to ensure smooth and uniform substrate surfaces for electrodeposition. The surface roughness 

of the substrate after pre-treatment is about 20 nm.  

 

3.1.2 Preparation of plating bath solution 

The classic nickel Watts solution was selected for electroplating as it is the most 

commercialised bath with the advantages of low maintenance costs and high reliability [210]. 

The chemical composition of the bath solution includes nickel sulphate, nickel chloride and 

boric acid (details shown in Table 3.1). In addition, two types of additives were added to the 

basic plating bath. One was surfactant, which helps to disperse particles in a plating solution, 

and the other was saccharin, which can refine electrodeposited grains, relieve internal stress, 

and increase coating brightness and hardness. According to the previous work conducted by 
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the research group at the University of Southampton [211], the optimum saccharin 

concentration was determined to be 1.5 g/L. However, the usage of surfactant in composite 

electroplating is more complicated (discussed in Section 2.3.4). Thus, in this research, the 

surfactant concentration will be investigated as an important parameter affecting final 

composite coatings. 

After electrolyte solution preparation, particles (either single or combined) were added to form 

a composite electroplating bath. In order to achieve particle dispersion homogeneously and 

avoid agglomeration,  electrolyte with added particles were premixed using a Silverson L4RT 

high shear mixer at 8000 rpm for 1 hour (parameters determined by the Zhou et al.’s research 

[6]).  

 

Table 3.1 Composition of basic nickel Watts bath solution 

Chemicals  Manufacturer Purity Concentration 
(g/L) 

Nickel sulphate 
hexahydrate 
(NiSO4·6H2O) 

Sigma-Aldrich > 99.0% 250 

Nickel chloride 
hexahydrate 
(NiCl2·6H2O) 

Sigma-Aldrich > 98.0% 45 

Boric acid (H3BO3) Sigma-Aldrich > 99.5% 40 
 

 

3.1.3 Composite coating electrodeposition  

Composite coatings were electroplated by direct current provided by Aim-TTi Bench Power 

Supply. Figure 3.1 shows the electrodeposition setup. Nickel (Goodman Alloys Ltd) and mild 

steel (AISI 1020 after pre-treatment) with the same dimensions (80 mm × 20 mm × 3 mm) 

were used as anode and cathode, respectively. The electrodes were sealed with polyester tape 

(Cole-Parmer, UK), leaving an exposed area of 30 mm × 20 mm for plating. During 

electrodeposition, the current density was maintained at 4 A/dm2, and the vertical, parallel 

electrodes were 25 mm apart in an 80 ml cylindrical beaker at a constant temperature of 40 ℃. 

The solution bath was stirred by a PTFE-coated steel magnetic stirrer. The stirring speed was 

set to 600 rpm. The deposition time for each sample was either 30 minutes or 60 minutes.  
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After completion of electrodeposition, the coated samples were rinsed with distilled water to 

remove loose particles and then dried using a hair dryer. The coated samples were then 

transferred to a vacuum oven to remove liquid from the asperities and grooves of coatings. 

 

 

Figure 3.1 Electrodeposition setup 

 

The experimental details of the electrodeposition of composite coatings are shown in Table 

3.2. The process parameters used in this research were optimized in previous studies. The high 

shear mixing speed and time were determined based on the work of Zhou et al [6]. 

Electroplating parameters, including current density, bath agitation, pH, and deposition time, 

were selected from the optimized values reported in the work of Zhao et al [198]. The particle 

concentration in the electroplating solution was 10 g/L. The reason to choose a particle 

concentration of 10 g/L was based on studies conducted by Zhao et al. [13] and He et al. [14]. 

Both studies revealed that composite coatings deposited with 10 g/L of WS2 exhibited lotus-

like hierarchical structures and a relatively high particle incorporation rate (around 4.8 wt%), 

thus showing superhydrophobicity.  
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Table 3.2 Composition of composite electroplating bath and process parameters of 
electrodeposition 

Composite electroplating bath  

Basic nickel Watts solution  80 ml 

Surfactant, CTAB  0.1-0.5 g/L 

Saccharin  1.5 g/L 

Particle  In following Table 3.4 and Table 3.5 

Process parameters   

Particle dispersion  High shear mixing (8000 rpm, 1 h) 

pH 3-4 

Current density 4 A/dm2 

Deposition time  30 min or 1 h 

Bath agitation by magnetic stirring 600 rpm 

 

In this research, MoS2 and WS2 particles with different sizes were respectively co-deposited 

into Ni matrix to form nickel single-particle composite coatings. Nickel hybrid composite 

coatings were developed by mixing SiC or TiO2 particles with MoS2 or WS2 particles for co-

deposition. According to previous studies [212, 213], the size of co-deposited particles can 

significantly affect the morphology and structure of the final coatings. Therefore, both nano- 

and micron-sized particles were co-deposited with a nickel matrix. TiO₂ and SiC ceramic 

particles were selected for their excellent mechanical properties, which enhance the wear 

resistance of the resulting hybrid composite coatings. Table 3.3 shows the basic information 

of the particles used in this research. Particle size and type The sample designations for each 

nickel single-particle composite coating and nickel hybrid composite coating are provided in 

Table 3.4 and Table 3.5, respectively. 

 

 

 

 

 



 100 

Table 3.3 Basic information of particles used in this research 

Particle Supplier Purity Particle size 
MoS2, type one Shanghai ST-Nano Science 

& Technology Co. Ltd  
99.9 % 300 nm 

MoS2, type two Shanghai ST-Nano Science 
& Technology Co. Ltd  

99.9 % 1-2 µm 

WS2, type one Changsha Huajing 
Powdery Material 
Technological Co. Ltd 

99.9 % 80 nm 

WS2, type two Shanghai ST-Nano Science 
& Technology Co. Ltd 

99.9 % 200 nm 

SiC, type one Nanjing Emperor Nano 
Material Co. Ltd 

99.9 % 40 nm 

SiC, type two Shanghai ST-Nano Science 
& Technology Co. Ltd 

99.9 % 8.5 µm 

TiO2 Polysciences, Inc. 99.9 % 21 nm 
 

Table 3.4 Nickel single-particle composite coatings fabricated by different particle size and 
deposition time (basic electrolyte solution 80 ml, T = 40℃, magnetic stirring at 600 rpm, 

CTAB: 0.1 g/L) 

Sample MoS2 (g/L) 
(1.2 µm) 

MoS2 (g/L) 
(4.8 µm) 

WS2 (g/L) 
(275 nm) 

WS2 (g/L) 
(1.1 µm) 

Deposition time 

M1 10 ̶ ̶ ̶ 30 min 
M2 10 ̶ ̶ ̶ 60 min 
M3 ̶ 10 ̶ ̶ 30 min 
M4 ̶ 10 ̶ ̶ 60 min 
W1 ̶ ̶ 10 ̶ 30 min 
W2 ̶ ̶ 10 ̶ 60 min 
W3 ̶ ̶ ̶ 10 30 min 
W4 ̶ ̶ ̶ 10 60 min 

 

Table 3.5 Nickel hybrid composite coatings fabricated by different particle combination 
(basic electrolyte solution 80 ml, T = 40℃, magnetic stirring at 600 rpm, deposition time = 

60 min, CTAB: 0.1 g/L) 

Sample  Particle 1  

(Concentration: 5g/L) 

Particle 2  

(Concentration: 5g/L) 

Ni-MoS2-WS2 MoS2 (1.2 µm) WS2 (1.1 µm) 

Ni-SiC (40 nm)-MoS2 MoS2 (1.2 µm) SiC (40 nm) 

Ni-SiC (8.5 µm)-MoS2 MoS2 (1.2 µm) SiC (8.5 µm) 

Ni-SiC (40 nm)-WS2 WS2 (1.1 µm) SiC (40 nm) 

Ni-SiC (8.5 µm)-WS2 WS2 (1.1 µm) SiC (8.5 µm) 
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Sample  Particle 1  

(Concentration: 5g/L) 

Particle 2  

(Concentration: 5g/L) 

Ni-TiO2-MoS2 MoS2 (1.2 µm) TiO2 (21 nm) 

Ni-TiO2-WS2 WS2 (1.1 µm) TiO2 (21 nm) 

 

3.1.4 Cross-section preparation and coating thickness measurement 

Samples for SEM cross-section view imaging were prepared by two methods: cryogenic 

fracturing and metallography (i.e. cutting, mounting, grinding and polishing). Each cross-

sectional method is described in detail below. 

In the cryogenic fracturing method, the coating sample was first immersed in liquid nitrogen 

for 5 min. Then, the coating was delaminated and bent away from the substrate by using a 

scalpel. The delaminated coating was bent and snapped into two pieces using tweezers. The 

fractured surface was subsequently observed in SEM. Cryogenic fracturing has the advantage 

of preserving the original structure of the coating. However, a flat coating cross-section cannot 

be achieved, which increases the difficulty of observation. 

In the conventional metallography method, the coating sample was first cut by a precision saw 

(Mecatome T210) with a blade rotation speed of 2000 rpm and a feed rate of 0.1 mm/s. The 

sample was covered by lab tissue paper during the cutting process to protect the coating. Then, 

the cut sample with cross-section was hot mounted in conductive by Opal 410 automatic hot 

mounting machine. To get a smooth cross-section ready for SEM observation, the mounted 

sample was ground by 120, 800, and 1200 grits abrasive paper and then polished by 6 μm and 

1 μm diamond paste. After grinding and polishing, the cross-section sample was cleaned with 

acetone in an ultrasonic bath for 5 min to remove contamination. The conventional 

metallography method has been extensively used in this research. However, it should be noted 

that the grinding and polishing process could elongate soft MoS2 particles in the composite 

coating, which deforms the cross-sectional view.  

The coating thickness was directly measured from the cross-section prepared by the 

metallography method. According to the research carried out by Long and his coworkers [214], 

cross-section prepared by metallography can provide accurate coating thickness measurement. 

However, cryogenic fracturing was found to be ineffective in coating thickness measurement 

since the fracture surface might not be perpendicular to the substrate. Specifically, for each 
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coating sample, thickness measurement was performed 5 times on a secondary electron image 

(magnification of 100 times), and the average value was recorded as the coating thickness. 

3.2 Characterization of the fabricated composite coatings 
A series of techniques and testing methods were applied (listed in Table 3.6) to characterise 

the fabricated composite coatings. In the following subsections, the operation conditions of 

these techniques will be specified.  

 

Table 3.6 Summary of characterization techniques 

Techniques Principle Information obtained 

SEM and EDS Secondary electrons; emission of 

characteristic X-rays from the 

interaction of the electron beam. 

Surface morphology, elemental 

distribution across the surface, 

quantitative elemental analysis. 

Alicona Optical microscopy, 3D modelling 

of surface morphology. 

Surface 3D profile, surface 

roughness value. 

Water contact 

angle 

Measurement of the angle between 

the water droplet and coating 

surface. 

Surface wettability. 

Water 

immersion test    

Monitoring surface condition after 

immersing samples into DI water.   

The durability of water-repellent 

properties. 

Electrochemical 

test 

Potentiodynamic polarisation and 

electrochemical impedance 

spectroscopy 

Quantified corrosion properties 

and mechanism of corrosion. 

Linear abrasion 

test 

Reciprocating sliding motion of 

superhydrophobic surfaces against 

grinding paper 

Quantified abrasion resistance of 

superhydrophobic surfaces. 

Microhardness 

test 

Vickers hardness indenter. Microhardness value 

Reciprocating 

wear test 

Reciprocating sliding of steel ball 

against coating surfaces.  

Coefficient of friction, wear rate. 
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3.2.1 Scanning electron microscopy and energy dispersive X-ray spectroscopy  

A JOEL JSM 6500F/7200F SEM was employed to observe surface morphologies and cross-

sections of composite coatings. The applied voltage was set to 15 kV, and the working distance 

was set to 10 mm. In this report, secondary electron SEM images were used to analyse the 

surface morphologies, cross-sections and wear tracks of coatings. The elemental composition 

was studied by an energy dispersive X-ray spectroscopy (Oxford Instruments INCA 300 EDS 

attached to SEM). For each coating sample, the EDS analysis was performed three times on an 

area of 1200 µm × 850 µm at the central part of the sample surface, and the quantitative 

elemental composition results were recorded by taking the average.  

 

3.2.2 Alicona G4 InfiniteFocus 

Alicona G4 InfiniteFocus was used to analyse the surface profiles of composite coatings. The 

Alicona G4 InfiniteFocus is a metrological tool that uses ‘Focus-Variation’ to measure surface 

roughness. ‘Focus-Variation’ combines the small depth of focus of an optical system with 

vertical scanning to provide topographical information from the variation of focus. The main 

component of the system is precision optics containing various lens systems that can be 

equipped with different objectives, allowing measurements with different resolution. The 

working principle of Alicona G4 Infinite focus can be described as following. Firstly, with a 

beam splitter, the light emitted from the white light source is inserted into the optical path of 

the system and focused on the sample through the objective. Once the light hits the specimen, 

it can be either reflected equally strong into every direction (in the case of diffuse reflection) 

or scattered mainly into one specific direction (in the case of specular deflection). Secondly, 

the rays emerging from the specimen can be bundled in the optics and collected by a light-

sensitive sensor behind the beam splitting mirror. However, due to the depth of the optics is 

very small, only small regions of the sample can be sharply imaged. To perform a complete 

inspection of the surface with full depth of field, the precision optics should move vertically 

along the optical axis and continuously capture data from the surface. Lastly, the acquired data 

can be converted into 3D topographical information via mathematical algorithms. In this 

research, surface roughness and wear depth were measured by Alicona. Sample images were 

captured with object lens magnification of 5 times. 

The roughness of the profile was measured by using the “Profile Roughness Measurement” 

module (Figure 3.2). The specific methods are as follows.  
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1. Set the upper and lower limit along the optical axis (Z-axis) to allow a complete scan 

of the surface with full depth of field.  

2. Move the precision optics vertically along the optical axis to continuously capture data 

from the surface. 

3. Select the “Profile Roughness Measurement” module from the menu bar. 

4. Measurement is conducted on a 2D-optical image of a loaded dataset. 

5. Specify the evaluation length to extract the desired profile. The evaluation length should 

comply with the Recommended Cut-off (ISO 4288-1996) (see Appendix A).  

6. Parameters such as average roughness (Ra), root mean square roughness (Rq) and mean 

peak to valley height (Rz) on the selected profile line can be obtained. 

 

 

Figure 3.2 Profile Roughness Measurement. (a) 2D-optical image of a loaded dataset; (b) 
extracted profile line, the evaluation length should be 15 mm for Ra values between 2 and 10 

µm (c) extracted roughness profile. 
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The wear track on the coating surface was analysed by the ‘Profile Form Measurement’ module. 

The measurement range was controlled to capture all the data on the worn surface. The start 

and end positions were located on the unworn surfaces at the two edges of the wear track. After 

the measurement, the profile of the dataset can be extracted from the 2D-optical image (Figure 

3.3 a). Figure 3.3 (b) is the extracted profile from coating surfaces. The wear depth was 

measured by the ‘Height Step’ function. The regions that define the reference level was selected 

first. Afterwards, the regions which define the measure level was selected. The obtained result 

of this distance measurement was the wear depth. In the current stage of research, the wear 

depth was determined by only one measurement in the middle of the wear track. However, 

since the rig produces a sinusoidal velocity profile, the condition may vary along the wear track. 

Therefore, only one measurement could not represent all the conditions along the wear track. 

The measurement were carried out at three locations and the average value was recorded as 

wear depth. 

 

Figure 3.3 Profile Form Measurement. (a) 2D-optical image for profile extraction; (b) 
preview of the extracted profile; (c) Height Step measurement.  
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3.2.3 Surface wettability measurement  

Kruss DSA 100 was used to test the wettability of coating surfaces by measuring the contact 

angle of a water droplet resting on the surface. During the wettability measurement, water 

droplet (8 microliters) was dropped onto the coating surface using a syringe. Images that shows 

the interaction between the water droplet and the coated surfaces were recorded by a built-in 

camera. To analyse the captured images, a software called imageJ was employed. By fitting 

the water droplet shape with a circle, the water contact angle can be obtained (Figure 3.4). In 

this research, five readings were taken for each coating, and the contact angle was determined 

by the average taken.  

 

Figure 3.4 Water contact angle measurement by the fitting method 

 

 

3.2.4 Water immersion test 

The durability of the water-repellent property of superhydrophobic coating was determined by 

a simple water immersion test. Composite coatings showing superhydrophobic properties were 

immersed in deionized water. Before the water immersion test, the composite coating exhibited 

a dark colour in the air (Figure 3.5 a). When the composite coating was immersed in water, a 

layer of air bubbles was formed on superhydrophobic coating surface (Figure 3.5 b). This 

phenomenon has also been reported by Zhou et al. [113]. In their work, this shining layer was 

defined as an “air cushion”, which consisted of captured air in the gap between hierarchical 

structures on the coating surface. However, with the increase of immersing time, the “air 

cushion” gradually decreases and eventually disappears, resulting in the loss of surface 
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superhydrophbicity. This phenomenon is attributed to the transition of wetting model from 

Cassie-Baxter’s model to Wenzel’s model (Figure 3.5 c). Murakami, Jinnai and Takahara 

ascribed this transition to the loss of energy barrier induced by external fluid pressure [215]. In 

this work, the coating sample was taken out of the water every 10 mins to check surface 

wettability during immersion test. The surface wettability was visually inspected by placing 

water droplets on the coating surface. If the water droplet can form a spherical shape and roll 

off easily, the coating is considered to maintain the hydrophobic state. By recording the time 

that each coating can maintain the hydrophobic state, the durability of water-repellent 

properties can be roughly estimated and compared. 

 

 

Figure 3.5 Water immersion test of coating seen in optical photographs. (a) Before the water 
immersion test, the coating sample is exposed to the air; (b) the coating sample is partially 

immersed into the water; (c) schematic of wetting model transition 
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3.2.5 Electrochemical test 

The electrochemical tests, including potentiodynamic polarisation and electrochemical 

impedance spectroscopy (EIS) were performed on an electrochemical workstation (Autolab 

PGSTAT302N) to evaluate the corrosion resistance of the fabricated coating. All tests were 

performed in 3.5 wt% NaCl solution with a conventional three-electrode system shown in 

Figure 3.6. The electrochemical test setup consists of a silver/ silver chloride (Ag/AgCl) as 

reference electrode, a platinum electrode as the counter electrode, and the coating sample with 

an exposed area of 1 cm2 as the working electrode. The potentiodynamic polarisation curve 

was obtained from ± 250 mV vs open circuit potential (OCP) at a scan rate of 5 mV/s. The 

corrosion potential and corrosion current density were obtained by the Tafel extrapolation 

method.  

EIS measurement was conducted in the frequency range from 105 to 10−2 Hz under the 

amplitude of the sinusoidal signal of 10 mV. The obtained impedance data was further fitted 

by a plugin of NOVA software to get an equivalent circuit.  

 

Figure 3.6 Electrochemical test setup 
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3.2.6 Linear abrasion test 

The abrasion resistance of the superhydrophobic coating was evaluated by a linear abrasion 

test [85, 113, 216-220]. The as-deposited coating was faced down to an 800-grit SiC sandpaper, 

and then a 100 g weight with 1 cm diameter was placed on the back of the coating sample. 

Considering the weight of coating sample (36 g), the contact pressure was calculated to be 2.2 

kPa. The superhydrophobic coating sample, facing to sandpaper, was moved along the ruler 

for 10 cm as one cycle. The WCA and SA were measured every five cycles until the 

superhydrophobicity was lost (WCA < 150° and SA > 10°).  

 

3.2.7 Microhardness test 

The microhardness of the composite coating was measured by a Matsuzawa Seiki MHT-1 

Vickers microhardness tester equipped with a diamond indenter. The indenter is in pyramid 

shape and has an angle of 136° between opposite faces. All microhardness indentations were 

conducted on the cross-sections of composite coatings. The cross-sectional surfaces were 

prepared by the metallography method in Section 3.1.4. The applied load (F) and dwell time 

were set to 100 g and 15 s. Once the test was completed, an integrated optical microscope was 

used to measure the lengths of the two diagonals of the diamond-shaped impression left by the 

diamond indenter. The average diagonal length in millimetre (d) was recorded and the 

microhardness value (Hv) was calculated by the equation below.  

Hv =
2F sin136°

2
d2 ………………………...…………..3.1 

Where F is in kgf and d is in millimetres.   

For each sample, five measurements were carried and the average value was recorded as the 

microhardness of the composite coating. 

 

3.2.8 Reciprocating wear test 

The tribological performance of composite coatings was investigated by a reciprocating 

cylinder-on-flat TE-77 tribometer (Figure 3.7) at a temperature of 23 ℃ - 25 ℃  and a humidity 

of about 40 %. An AISI-52100 stainless steel bearing cylinder roller (diameter of 6 mm, length 

of 10 mm) supplied by Bearing Warehouse Ltd was used as the counterbody. According to the 

datasheet given by the supplier, the roughness of the roller is less than 0.16 µm, and the 
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hardness is 700 HV. Before the test, the counterpart cylinder and holder were cleaned with 

Isopropanol to remove dirt and grease. A separate new cylinder was employed for each test to 

avoid cross-contamination. The parameters of the test were set as the following: an applied 

load of 20 N, a sliding frequency of 1 Hz, sliding stroke of 2.69 mm, a testing time of 1000 s. 

The reciprocating wear test parameters were the same as the previous research of Ni-MoS2 

coating [6]. Coatings with porous structures are prone to damage under high contact pressure. 

Therefore, using the cylinder as a counterpart could avoid coating damage since the line contact 

(cylinder on the plate) pressure is lower than that of point contact (ball on the plate). Hertzian 

contact pressure was calculated to be 0.15 GPa, with the details of the calculation provided in 

Appendix A. The properties of pure nickel coatings were utilised for the Hertzian contact 

calculation. 

 

 

Figure 3.7 Schematic illustration of TE-77 line contact friction test 

 

3.2.9 Error and uncertainty of measurement 

The error and uncertainty of measurement for each test were estimated from the standard 

deviation and are shown as error bars in figures present in the next chapters. The standard 

deviation was calculated by the following equation.  

                                                                σ =√
1
N ∑ (xi-μ)2N

i …...………………………….... 3.2 

Where σ is the standard deviation, N is the number of obtained values, xi is the individual 

measured value, and µ is the mean of all values.  
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4 Superhydrophobic composite coatings  
4.1  Introduction 
From the literature review, transition metal dichalcogenides (TMD) such as MoS2 and WS2 

particles with very low surface free energies are ideal candidates for the preparation of 

superhydrophobic surfaces. So far, many studies have successfully developed 

superhydrophobic composite coatings by adding these particles into conventional plating baths. 

However, due to the conductive or semi-conductive nature of these particles, these 

electrodeposited superhydrophobic coatings suffer from non-compact and porous structures, 

which limits their long-term durability in practical engineering applications.  

Additionally, MoS2 and WS2 are soft solid lubricant materials. The co-deposition of these 

particles may result in weak mechanical robustness of composite coatings. Consequently, 

during real applications, the delicate surface structure could easily be damaged even with a 

slight fingernail scratch, therefore shortening their service life. According to Zhao et al. [13], 

Ni-WS2 coating quickly lost superhydrophobicity within 125 cm under the pressure of 2.83 

kPa in the linear abrasion test.  

The research in this chapter aims to develop a robust superhydrophobic coating with improved 

abrasion resistance. Based on the review in Section 2.4, the addition of another type of particle 

(with different conductivity) into the existing composite coating system (e.g. Ni-WS2) might 

be an effective method to enhance the abrasion resistance. Specifically, this chapter can be 

divided into two main parts. The first part investigated nickel single-particle composite coating 

(Ni-MoS2 and Ni-WS2). The effect of particle size and deposition time on surface morphology, 

surface roughness and surface wettability were studied. After that, the optimum process 

parameters (particle size and coating time) were used for the electrodeposition of nickel hybrid 

composite coatings in the second part. Different particle combinations were used to prepare 

nickel hybrid composite coatings, and their effects on final coating properties were investigated.  
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4.2 Results and analysis 

4.2.1 Nickel single-particle composite coatings  

This section investigated nickel single-particle composite coatings. MoS2 and WS2 particles 

with different sizes were respectively co-deposited into the Ni matrix via electrodeposition. 

Process parameters, including deposition time and particle size, were controlled to investigate 

their influences on surface morphology, surface topography and surface wettability.  

The secondary electron SEM images of as-received MoS2 and WS2 particles are shown in 

Figure 4.1 and Figure 4.2, respectively. For each type of MoS2 and WS2, particle size was 

measured on the SEM image using imageJ software, and the results are displayed in Figure 

4.1 (c and f) and Figure 4.2 (c and f). The number of particles selected for the particle size 

measurement was 100, and the mean size of each type of particle was obtained by taking the 

average of these measured values. From Figure 4.1, it can be observed that both type one 

(Figure 4.1 a and b) and type two (Figure 4.1 d and e) MoS2 particles are randomly shaped 

and exhibit flake-like structures. The mean sizes of type one and type two MoS2 particles were 

measured to be 1.2 µm and 4.8 µm, which are greater than the sizes reported by suppliers 

(Table 3.3). Figure 4.2 shows that type one WS2 particles are in angular shapes with a mean 

size of 275 nm (Figure 4.2 a-c), while type two WS2 particles are in flake-like shapes with a 

mean size of 1.1 µm (Figure 4.2 d-f). The measured particle sizes of both types of WS2 

particles are also greater than the sizes reported by suppliers. The discrepancies between the 

measured particle sizes and reported sizes may be due to agglomeration caused by long-time 

storage (5 years since purchased) [221]. In the following sections, the measured particle sizes 

will be used as particle parameters. For the deposition of each nickel single-particle composite 

coating sample, sample designation and corresponding parameters can be found in Table 3.4. 
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Figure 4.1 (a-b) Secondary electron SEM images of as-received type one MoS2 particle at 
low and high magnifications respectively; (c) particle size distribution of type one MoS2; (d-
e) Secondary electron SEM images of as-received type two MoS2 particles at low and high 

magnifications respectively; (f) particle size distribution of type two MoS2. 

 

 

Figure 4.2 Secondary electron SEM images of as-received type one WS2 particle at low and 
high magnifications respectively; (c) particle size distribution of type one WS2; (d-e) 

Secondary electron SEM images of as-received type two WS2 particles at low and high 
magnifications respectively; (f) particle size distribution of type two WS2. 
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4.2.1.1 Morphology and compositional analysis  

The SEM images of Ni-MoS2 coatings are shown in Figure 4.3. Sample M1 (particle size: 1.2 

µm, deposition time: 30 min) has a rough surface morphology (Figure 4.3 a). The high 

magnification SEM image reveals that M1 coating surface was porous and consisted of many 

loosely attached MoS2 particles. (Figure 4.3 b). In Figure 4.3 (e-f), a similar morphology can 

be on the sample M3 (particle size: 4.8 µm, deposition time: 30 min). As the deposition time 

increased from 30 min to 60 min, the surface morphology of Sample M4 (particle size: 4.8 µm, 

deposition time: 60 min) remained rough (Figure 4.3 g-h). However, Sample M2 (particle size: 

1.2 µm, deposition time: 60 min) showed smooth surface morphology, and some holes with a 

diameter of about 110 µm were observed on the coating surface (Figure 4.3 c). According to 

the study conducted by Zhao et al. [13], the formation of holes might be caused by hydrogen 

evolution during electrodeposition. 

 

Figure 4.4 shows the EDS results of nickel single-particle composite coatings. As shown in 

Figure 4.4 (a), the EDS analysis was performed on an area of 1200 μm × 850 μm on the Sample 

M1 (particle size: 1.2 µm, deposition time 30 min). The EDS spectrum and quantitative 

analysis of Sample M1 are shown in Figure 4.4 (b) and Figure 4.4 (c). For each sample, a 

single EDS analysis was conducted on the central area of the coating surface. This specific 

location was chosen to avoid the edge effect, which can result in non-uniform deposition due 

to the higher current density at the edges or corners of the substrate. It can be noted that the 

ratio of element molybdenum (8.77 at%) and element sulphur (19.86 at%) is 1:2.3, which is 

roughly consistent with the element ratio in MoS2 (1:2). The MoS2 particle content in the 

Sample M1 (29.4 wt%) was obtained by adding the weight percentage of element molybdenum 

(16.73 wt%) and element sulphur (12.65 wt%). The particle content of other nickel single-

particle composite coating was obtained in the same way. Figure 4.4 (d) shows the EDS results 

of Ni-MoS2 coatings. Both particle size and deposition time can affect the MoS2 content in 

composite coatings. Smaller particles (1.2 µm) were easier to be co-deposited, and a longer 

deposition time (60 min) resulted in higher particle content in the coatings. For Ni-MoS2 

coatings, the highest particle content in the coating was 42.2 wt%, achieved by using a particle 

size of 1.2 µm and a deposition time of 60 min. 
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Figure 4.3 Secondary electron SEM images of Ni-MoS2 coating samples deposited with 
different particle size and various deposition time (a-b) M1, 1.2 µm, 30 min at low and high 

magnifications respectively; (c-d) M2, 1.2 µm, 60 min at low and high magnifications 
respectively (e-f) M3, 4.8 µm, 30 min at low and high magnifications respectively; (g-h) M4, 

4.8 µm, 60 min at low and high magnifications respectively. 
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Figure 4.4 (a) EDS analysis performed on Sample M1 coating surface; (b) EDS spectrum of 
the Sample M1; (c) EDS quantitative analysis of the Sample M1; (d) EDS results of Ni-MoS2 
coatings prepared with different particle size and deposition time; (e) EDS results of Ni-WS2 

coatings with different particle size and deposition time. 

 

Ni-WS2 coatings showed different surface morphologies with both the particle size and 

deposition time. For particle size of 275 nm, the Ni-WS2 coating after 30 min exhibited a rough 

morphology containing many round nodular protrusions (Figure 4.5 a). These round nodular 

protrusions were determined as Ni. A high magnification image also showed that almost no 

WS2 particles were co-deposited (Figure 4.5 b). As the deposition time increased to 60 min, 

the coating surface became porous. Very few WS2 clusters were attached to the protruding 

surface, forming a “cauliflower-like” appearance (Figure 4.5 c). On the other hand, Ni-WS2 

coating with a larger particle size (1.1 µm) exhibited more “cauliflower-like” patterns (Figure 
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4.5 e-h). Further increase in deposition time (30 min to 60 min), the “cauliflower-like” surface 

morphology changed from sparse in Figure 4.5 (e) to dense in Figure 4.5 (g), which meant 

more WS2 particles were attached to the coating surface. Under high magnification, Ni-WS2 

coatings also revealed non-compact surface structures (Figure 4.5 b, d, f, h). 

 

The EDS result in Figure 4.4 (e) shows the particle content in each Ni-WS2 coating sample. 

For Ni-WS2 deposited with smaller particle (275 nm), the particle content was only 0.4 wt% 

with a deposition time of 30 min. Although WS2 particle content showed a slight increase with 

a longer deposition time (60 min), the incorporated WS2 was still less than 3 wt%. On the other 

hand, the particle content detected in Ni-WS2 coating deposited with larger particle (1.1 µm) 

increased from 7.8 wt% to 24.5 wt% as the deposition time increased from 30 min to 60 min. 

The EDS results revealed that the particle size is an important factor affecting the amount of 

co-deposited particles. In the discussion section, the effect of particle size will be further 

analysed.  
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Figure 4.5 Secondary electron SEM images of Ni-WS2 coating samples deposited with 
different particle size and various deposition time (a-b) W1, 275 nm, 30 min at low and high 

magnifications respectively; (c-d) W2, 275 nm, 60 min at low and high magnifications 
respectively (e-f) W3, 1.1 µm, 30 min at low and high magnifications respectively; (d) W4, 
1.1 µm, 60 min at low and high magnifications respectively. Particle concentration for all 

coatings is 10 g/L. 
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The cross-section of Sample M2 was analysed to examine the coating structure. This cross-

section was prepared using the cryogenic fracturing method described in Section 3.1.4. Only 

Sample M2 was selected as the representative sample for cross-sectional observation, as all 

nickel single-particle composite coatings exhibit similar coating structures. As shown in 

Figure 4.6 (a), Sample M2 coating has a thickness of 180 µm and exhibits a sponge-like 

structure. Nodular growth of deposit was observed in the coating near the substrate, while 

numerous MoS2 particles (confirmed by EDS) were loosely attached to the outermost layer of 

coating. The EDS analysis was performed on the cross-section of Sample M2. Ten EDS 

spectrums were analysed from the coating/substrate interface to the coating surface (Figure 

4.6 b). Each spectrum has an area of 300 µm × 18 µm. Figure 4.6 (c) shows the EDS results 

obtained in each spectrum. It can be noted that nickel content is greater than 90 wt% from 

spectrum 1 to spectrum 5. The high nickel content indicates that the nodular shaped deposit 

observed in the first 90 µm layer of coating mainly consists of nickel. From spectrum 6 to 

spectrum 10, it can be observed that the element sulphur (2.4 wt% to 12.7 wt%) and element 

molybdenum (2.5% to 18.6 wt%) gradually increase, which indicates that more MoS2 particles 

were embedded into the coating with the progression of electroplating.  

 

 

Figure 4.6 (a) Secondary electron SEM image of the cross-section of Sample M2 coating 
(particle size: 1.2 µm, deposition time: 60 min); (b) EDS analysis performed on the cross-

section; (c) EDS quantitative result of each spectrum on the cross-section.  
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4.2.1.2 Surface topography and superhydrophobicity 

3D model images of Ni-MoS2 and Ni-WS2 coatings are shown in Figure 4.7 and Figure 4.8, 

respectively. The roughness of Ni-MoS2 coatings prepared with 30 min deposition time 

(Sample M1 and Sample M3) was about 30 µm (Figure 4.7 a and c).  The increase in 

deposition time (60 min) led to smoother surfaces with lower average roughness values (Figure 

4.7 b and d). This finding is consistent with the SEM images and EDS results in the previous 

section. As the deposition time increased, more MoS2 particles were co-deposited, which 

resulted in higher MoS2 contents in the coating. For Ni-WS2 coating, the roughness increased 

with increasing deposition time. EDS analysis (Figure 4.4 e) shows that very few WS2 particles 

(< 10 wt%) were co-deposited with a short electrodeposition time (30 min). Since the dendritic 

growth of deposit only occurred at particle-adsorbed positions, the low content of WS2 particles 

may not lead to very rough coating surfaces (Figure 4.8 a and c). However, as the deposition 

time increased to 60 min, more WS2 particles were adsorbed on the coating surface, which 

promoted the dendritic growth and resulted in high surface roughness (Figure 4.8 b and d).  

 

 

Figure 4.7 3D model of Ni-MoS2 coatings with particle size and deposition time of (a): M1, 
1.2 µm, 30 min; (b): M2, 1.2 µm, 60 min; (c): M3, 4.8 µm, 30 min; (d) M4, 4.8 µm, 60 min. 
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Figure 4.8 3D model of Ni-WS2 coatings with particle size and deposition time of (a): W1, 
275 nm, 30 min; (b): W2, 275 nm, 60 min; (c): W3, 1.1 µm, 30 min; (d) W4, 1.1 µm, 60 min. 

 

Before measuring the water contact angles, Ni-MoS2 and Ni-WS2 coatings were exposed to the 

ambient environment for one week to allow for the gradual evaporation of residual solution 

from the electroplating process. Previous studies also reported a wettability transition from 

hydrophilicity to superhydrophobicity following one week of air exposure[95, 96, 100]. This 

transition was attributed to the adsorption of low surface energy airborne hydrocarbons [85].  

 

Table 4.1 summarises the contact angle values of different coatings and their corresponding 

plating parameters and surface roughness. The relationship between surface roughness and 

water contact angle is illustrated in Figure 4.9.  It can be noted that increasing roughness 

resulted in higher water contact angles, which was in agreement with He et al. [15] ’s work. In 

addition, superhydrophobicity (contact angle >150º) was achieved by Ni-MoS2 coating with 

30 min deposition time and Ni-WS2 coating with 60 min deposition time. For nickel single-

particle coatings, the highest contact angle was achieved by Ni-WS2 coating with 1.1 µm 

particle size and 60 min deposition time (158.8 ± 2.5º). This value is very consistent with 

previous research, which showed a superhydrophobic Ni-WS2 coating had a contact angle of 

158.3° [13]. 
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Pure Ni coating has a contact angle of 77.6º and is intrinsically hydrophilic. According to 

Wenzel’s model [73], increasing surface roughness should decrease contact angles. However, 

the results in Table 4.1 indicate that the water contact angle is higher when placed on a rougher 

surface. The contradictory finding can be explained by Cassie-Baxter’s model [75].  The rough 

surfaces of both Ni-MoS2 and Ni-WS2 coatings allow air to be entrapped between surface 

protrusions, thereby preventing the penetration of water droplets. 

 

Table 4.1 Summary of nickel single-particle composite coatings 

Sample Deposition time  
and particle size 
 

Average roughness, 
Ra (µm) 

Water contact angle 
(degree) 

M1 
 

30 min; 1.2 µm 
 

30.1 147.0 ± 3.1 

M2 60 min; 1.2 µm 
 

18.1 143.7 ± 4.5 

M3 30 min; 4.8 µm 
 

28.9 155.5 ± 1.9 

M4 60 min; 4.8 µm 
 

19.1 145.3 ± 3.6 

W1 
 

30 min; 275 nm 
 

15.6 116.3 ± 15.9 

W2 60 min; 275 nm 
 

36.2 153.5 ± 8.3 

W3 30 min; 1.1 µm 
 

7.1 144.5 ± 2.5 

W4 60 min; 1.1 µm 
 

24.2 158.8 ± 2.5 

 

 

Figure 4.9 Water contact angle as a function of surface roughness for nickel single-particle 
composite coatings 
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4.2.2 Nickel hybrid composite coatings 

Although using the appropriate parameters (particle size and deposition time) can develop 

superhydrophobic nickel single-particle coatings, porous coating structures were observed for 

all coating samples. In order to improve the compactness of nickel composite coatings, more 

than one type of particles was co-deposited into the nickel matrix. The idea of combining 

different particles was inspired by a previous study, which showed Ni-MoS2-Al2O3 coatings 

having a dense structure [201]. In this research, two types of particles (SiC and TiO2) were 

added into Ni-MoS2 and Ni-WS2 coating systems. The sample designations and particle 

combinations of nickel hybrid composite coatings can be found in Table 3.5. The effects of 

different particle combinations on surface morphology, coating topography and surface 

wettability were investigated. In addition, to evaluate the compactness of nickel hybrid 

composite coatings, the cross-sectional view of each coating was investigated.  

 
 

4.2.2.1 Surface morphologies and cross-sections of nickel hybrid composite coating 

Figure 4.10 shows the surface morphology and cross-section of Ni-MoS2-WS2 coating. Ni-

MoS2-WS2 exhibited a rough surface morphology (Figure 4.10 a). The high-magnification 

SEM image reveals that many particles are bonded to the surface, forming the top layer of the 

Ni-MoS₂-WS₂ coating. (Figure 4.10 b). The SEM images of the cross-section of Ni-MoS2-

WS2 coating with low and high magnification are shown in Figure 4.10 (c) and (d). The 

thickness of Ni-MoS2-WS2 coating was measured to be 126.8 µm. It can be noted that Ni-

MoS2-WS2 coating consists of two layers (shown in Figure 4.10 c). The first layer is relatively 

dense and has a thickness of 80 µm. Small cracks at the interface between coating and substrate 

could be observed. These cracks might be formed during the preparation of cross-section 

(Figure 4.10 c). The second layer is porous and consists of bonded particles. The dark grey 

lumps observed in the coating (Figure 4.10 d) might be the embedded particles, which needs 

to be verified by EDS analysis in future work.  
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Figure 4.10 Secondary electron SEM images of surface morphology of Ni-MoS2-WS2 coating 
with (a) low magnification and (b) high magnification; Cross-sectional view of Ni-MoS2-

WS2 with (c) low magnification and (d) high magnification. 

 

SEM images of nickel hybrid composite coatings containing SiC particles are displayed in 

Figure 4.11. It can be noted that composite coatings containing the same size of SiC particles 

exhibit similar surface morphologies. The coating surfaces of Ni-SiC (40 nm)-MoS₂ and Ni-

SiC (40 nm)-WS₂ are relatively smoother compared to other hybrid composite coatings and are 

composed of numerous closely packed small nodules.  (Figure 4.11 a and e). Ni-SiC (8.5 µm)-

MoS2 and Ni-SiC (8.5 µm)-WS2 show rough surfaces with sparsely distributed large nodules 

(Figure 4.11 c and g). The high magnification SEM images of each coating are shown as well. 

For the nickel hybrid composite coatings containing 40 nm SiC, the nodular growth of the 

deposit can be identified. Moreover, only a few particles are attached to the coating surface 

(Figure 4.11 b and f). In contrast, numerous embedded particles can be observed on the 

composite coating surfaces when 8.5 µm SiC particles are used for co-deposition (Figure 4.11 

d and h). EDS results of each nickel hybrid composite coatings are shown in Table 4.2. It can 

be noted that the SiC contents in Ni-SiC (40 nm)-MoS2 and Ni-SiC (40 nm)-WS2 coatings are 

lower than that in Ni-SiC (8.5 µm)-MoS2 and Ni-SiC (8.5 µm)-WS2 coatings, which indicates 



 125 

that the co-deposition of nano-sized SiC particles are more difficult than micron-sized SiC 

particles. Similar findings have also been reported in the study conducted by Garcia, Fransaer 

and Celis [222]. Moreover, EDS results also reveal that the content of both MoS2 and WS2 

particles in hybrid composite coatings can be affected by the other co-deposited particles. The 

MoS2 and WS2 contents are 23.1 wt% and 6.1 wt% when the other type of co-deposited particle 

is 8.5 µm SiC. However, the content of MoS2 and WS2 dropped to 2.0 wt% and 1.7 wt% when 

40 µm SiC was co-deposited. This finding has not yet been reported by other research, and the 

underlying mechanism is not well understood. In future work, the deposition mechanism of 

hybrid composite coatings will be investigated.  

The cross-sections of Ni-SiC-MoS2 and Ni-SiC-WS2 coatings are shown in Figure 4.12. By 

comparison, it can be noticed that the coating structures are largely dependent on the size of 

SiC particles used for co-deposition. For hybrid composite coatings deposited with 40 nm SiC 

addition, the coating structures are dense, and no obvious voids can be observed (Figure 4.12 

a and c). However, the top layers of coatings are relatively rough. In addition, very few 

particles are embedded within the nickel matrix, which is in agreement with the EDS results. 

On the other hand, hybrid composite coatings deposited with 8.5 µm SiC particles have a 

greater thickness and more embedded particles. However, small voids and dendritic growth of 

coating can be observed from the cross-sections of Ni-SiC (8.5 µm)-MoS2 and Ni-SiC (8.5 

µm)-WS2, respectively (Figure 4.12 b and d). 

 



 126 

 

Figure 4.11 Secondary electron SEM images of surface morphologies of (a-b) Ni-SiC (40 
nm)-MoS2 coating at low and high magnifications respectively; (c-d) Ni-SiC (8.5 µm)-MoS2 
coating at low and high magnifications respectively; (e-f) Ni-SiC (40 nm)-WS2 coating at low 

and high magnifications respectively; (g-h) Ni-SiC (8.5 µm)-MoS2 coating at low and high 
magnifications respectively. 



 127 

 

Figure 4.12 Secondary electron SEM images of cross-sectional views of (a) Ni-SiC (40 nm)-
MoS2; (b) Ni-SiC (8.5 µm)-MoS2; (c) Ni-SiC (40 nm)-WS2; (d) Ni-SiC (8.5 µm)-WS2.  

 

Table 4.2 EDS results of Ni-SiC-MoS2 and Ni-SiC-WS2 coatings 

Sample MoS2 (wt%) WS2 (wt%) SiC (wt%) 

Ni-SiC (40 nm)-MoS2  2.0 N/A 3.9 

Ni-SiC (8.5 µm)-MoS2  23.1 N/A 12.5 

Ni-SiC (40 nm)-WS2  N/A 1.7 3.9 

Ni-SiC (8.5 µm)-WS2  N/A 6.1 23.0 

 

Surface morphologies and cross-sections of hybrid composite coatings containing TiO2 

particles are shown in Figure 4.13. It can be seen that Ni-TiO2-MoS2 coating and Ni-TiO2-WS2 

coating have completely different surface morphologies and coating structures. Ni-TiO2-MoS2 

coating exhibits a rough surface (Figure 4.13 a). The cross-sectional view shows that the Ni-

TiO2-MoS2 coating is sponge-like and full of pores (Figure 4.13 c). In contrast, the structure 
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of Ni-TiO2-WS2 coating is relatively dense (Figure 4.13 f), and the coating surface is composed 

of numerous nodules (Figure 4.13 d). The high magnification SEM image exhibits that a great 

amount of particles are loosely attached to the surface of Ni-TiO2-MoS2 coatings (Figure 4.13 

b). In contrast, the SEM image of Ni-TiO2-WS2 coating under high magnification shows 

nodular growth of nickel deposit with very few particles attached (Figure 4.13 e). EDS results 

in Table 4.3 also confirm that the particle content in Ni-TiO2-MoS2 coating is higher than that 

in Ni-TiO2-WS2 coating. 

 

 

Figure 4.13 Secondary electron SEM images of (a-b) surface morphologies of Ni-TiO2-MoS2 
at low and high magnifications respectively; (c) Cross-section of Ni-TiO2-MoS2 with a low 
magnification; (d-e) surface morphologies of Ni-TiO2-WS2 at low and high magnifications 

respectively; (f) cross-section of Ni-TiO2-WS2 with a high magnification. 

 

 

Table 4.3 EDS results of Ni-TiO2-MoS2 and Ni-TiO2-WS2 coating 

Sample MoS2 (wt%) WS2 (wt%) TiO2 (wt%) 

Ni-TiO2-MoS2  38.6 N/A 7.5 

Ni-TiO2-WS2  N/A 1.7 2.5 
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4.2.2.2 Surface wettability of nickel hybrid composite coatings 

The water contact angle on each nickel hybrid composite coating was tested. All nickel hybrid 

composite coatings achieved superhydrophobicity after one week of exposure to ambient air, 

as indicated by the water contact angle measurements summarised in Table 4.4. Initially, 

freshly prepared coatings exhibited superhydrophilicity, with water droplets spreading quickly 

across the surfaces. A wettability transition phenomenon was observed during air exposure, as 

the water contact angle gradually increased over time. This finding suggests that a wettability 

transition occurred during a week exposure under ambient conditions, leading to the 

development of superhydrophobic properties. 

Superhydrophobicity was achieved in nickel hybrid composite coatings with remarkably low 

MoS₂ or WS₂ content, as low as 1.7 wt% for both Ni-SiC (40 nm)-WS₂ and Ni-TiO₂-WS₂ 

coatings. This contrasts with previous studies by Zhao et al. [13]  and He et al. [14], where the 

minimum particle content required for superhydrophobicity in Ni-P-WS₂ and Ni-WS₂ coatings 

was reported to be 3.6 wt% and 4.0 wt%, respectively. SEM images reveal that the Ni-SiC (40 

nm)-MoS2, Ni-SiC (40 nm)-WS₂, and Ni-TiO₂-WS₂ coatings exhibit hierarchical nodular 

surface structures, which is one of factors attributing to superhydrophobicity. Additionally, a 

wettability transition from hydrophilicity to superhydrophobicity was observed after one week 

of exposure. This suggests that the surface energy of these three coatings decreased during 

ambient exposure, possibly due to the adsorption of low-surface-energy airborne hydrocarbons 

[100].  

 

Table 4.4 Surface topography and wettability of each nickel hybrid composite coating 

Sample Coating morphology 

and structure 

Surface 

roughness (µm) 

Water 

contact angle 

Super 

hydrophobicity  

Ni-MoS2-WS2 Rough and porous 20.0 ± 2.5 161.7 ± 3.0 Yes 

Ni-SiC (40 

nm)-MoS2  

Nodular structure 

but dense 

3.2 ± 0.2 157.6 ± 2.0 Yes 

Ni-SiC (8.5 

µm)-MoS2 

Rough surface with 

few voids 

24.3 ± 3.1 155.5 ± 3.9 Yes 

Ni-SiC (40 

nm)-WS2 

Nodular structure 

but dense  

6.3 ± 1.0 158.6 ± 2.9 Yes 
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Sample Coating morphology 

and structure 

Surface 

roughness (µm) 

Water 

contact angle 

Super 

hydrophobicity  

Ni-SiC (8.5 

µm)-WS2 

“Dendrite-like” 

coating structure 

31.8 ± 4.9 166.2 ± 1.6 Yes 

Ni-TiO2-MoS2 Rough and porous 28.6 ± 3.6 159.2 ± 0.9 Yes 

Ni-TiO2-WS2 Rough surface but 

dense structure 

9.5 ± 1.2 155.6 ± 2.6 Yes 

 

 

Figure 4.14 Water contact angle as a function of surface roughness for nickel hybrid 
composite coatings 

 

4.2.3 The durability of hydrophobicity under water immersion 
A water immersion test was conducted to evaluate the durability of the hydrophobicity of the deposited 

coatings. This test was performed exclusively on samples exhibiting superhydrophobicity, namely M3, 

W2, W4, Ni-MoS2-WS2, Ni-SiC (40 nm)-MoS2, Ni-SiC (8.5 µm)-MoS2,  Ni-SiC (40 nm)-WS2, 

Ni-SiC (8.5 µm)-WS2, Ni-TiO2-MoS2 and Ni-TiO2-WS2. Other samples were not included in this 

test because, although they are hydrophobic, their water repellence properties are inferior to those of 

superhydrophobic coatings. Trials also demonstrated that these surfaces became completely wet shortly 

after immersion in water. The water immersion test results are shown in Table 4.5.  It can be noted that 

most coating samples lost hydrophobic properties within one hour of the water immersion test. Ni-TiO2-

MoS2 is the only sample demonstrating excellent durability. The coating maintained its hydrophobicity 

after being immersed in water for two days, which is significantly longer than the duration reported in 
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a previous study on electrodeposited superhydrophobic Cu-MoS₂ coatings. In that study, the Cu-MoS₂ 

coating lost its hydrophobicity within 30 minutes [16]. The air layer observed on the coating surface 

(mentioned in Section 3.2.4) did not fade away in the water immersion test. The excellent durability 

might be attributed to the microporous and nanoporous structures (Figure 4.13 c) in which air can be 

entrapped. Water immersion test has been performed on Ni-TiO2-MoS2 coating sample three times, and 

the results showed good repeatability.  

Table 4.5 Results of water immersion test 

Sample Time to maintain hydrophobic after being immersed in 
DI water 

M3 20 – 30 min 

W2 < 10 min 

W4 < 10 min 

Ni-MoS2-WS2 60 min 

Ni-SiC (40 nm)-MoS2 20 – 30 min 

Ni-SiC (8.5 µm)-MoS2 < 10 min 

Ni-SiC (40 nm)-WS2 < 10 min 

Ni-SiC (8.5 µm)-WS2 20 – 30 min 

Ni-TiO2-MoS2 2 days 

Ni-TiO2-WS2 10 – 20 min 

 

 

4.2.4 Corrosion protection of the coatings 

The potentiodynamic polarization tests were conducted to evaluate the corrosion improvement 

achieved by the superhydrophobic coating. Three samples were selected for the test: steel 

substrate, pure nickel coating, and Ni-SiC (8.5 µm)-WS2. The steel substrate was chosen as a 

reference sample to assess the improvement that can be achieved by applying only the nickel 

coating and the superhydrophobic coating. Ni-SiC (8.5 µm)-WS2 was selected as the 

representative of the superhydrophobic coating because it exhibits the highest water contact 

angle of 166.2 ± 1.6º. The potentiodynamic polarization test was conducted on each sample 

once, and the results are presented in Figure 4.15. The corrosion potential (Ecorr) and corrosion 

current density (Icorr) were derived from the linear part of the polarisation curves through the 

Tafel extrapolation method. The polarisation resistance (Rp) was calculated by the Stern-Geary 

equation [223] shown below: 
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                                                   RP= βa × βc
2.303 × (βa + |βc|)

…………………....…………………4.1 

where βa and βc are the anodic and cathodic Tafel slopes (ΔE/Δlogi) obtained from the linear 

region of potentiodynamic polarisation curves.  

The corrosion rates of the substrate and coatings were determined by Equation 4.2 [224]: 

 

                               Corrosion rate (μm per year)= icorr × a × t
ρ × n × F …………………………………4.2 

 

where icorr is the corrosion current density (A/cm2), a is the atomic mass (g/mol), t is time in 

seconds, ρ is the density of samples, n is the number of electrons transferred per molecule or 

atom of samples. F is the Faraday constant (96485 coulomb/mol). The important 

electrochemical parameters, including corrosion potential, corrosion current, polarisation 

resistance and corrosion rate, are summarised in Table 4.6.  

By comparing the data in Table 4.6, it can be noted that the steel substrate has the most negative 

corrosion potential (Ecorr = -0.69 V vs Ag/AgCl), suggesting that the steel substrate is 

susceptible to corrosion. With a layer of electrodeposited pure Ni, the corrosion potential 

shifted positively to -0.24 V vs Ag/AgCl, indicating that pure Ni coating provided corrosion 

protection for steel substrate. The corrosion potential of superhydrophobic Ni-SiC (8.5 µm)-

WS2 coating is the most positive (Ecorr = -0.14 V vs Ag/Cl). From the perspective of 

thermodynamics, the Ni-SiC (8.5 µm)-WS2 has the lowest tendency to corrode. In view of the 

kinetics of corrosion, the corrosion current density of Ni-SiC (8.5 µm)-WS2 coating (Icorr = 4.29 

× 10-7 A/cm2) is much lower than that of steel substrate (Icorr = 1.48 × 10-5 A/cm2) and pure Ni 

coating (Icorr = 4.36 × 10-6 A/cm2). The corrosion inhibition efficiency (η) of the 

superhydrophobic Ni-WS2-µSiC coating can be evaluated by [225]. 

 

                                          η= |Icorr steel substrate - Icorr coating|

Icorr steel
×100%............................................4.3 
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Where I is the corrosion current density. η of Ni-SiC (8.5 µm)-WS2 coating was calculated to 

be 97.1%, confirming its good corrosion protection. Moreover, the Ni-WS2-µSiC coating has 

corrosion rate of 4.62 µm/year which is about 3700 times slower than the steel substrate (172 

µm/year).  

 

Figure 4.15 Potentiodynamic polarisation curves of the steel substrate, pure Ni coating, and 
Ni-SiC (8.5 µm)-WS2 coatings. 

 

Table 4.6 Derived results from the potentiodynamic polarisation test. 

Sample Ecorr 

(V) 

Icorr  

(A/cm2) 

Polarization resistance 

(Ω·cm2) 

Corrosion rate 

(µm/year) 

Steel substrate -0.69 1.48 × 10-5 1904.76 172 

Pure Ni -0.24 4.36 × 10-6 9811.55 0.47 

Ni-SiC (8.5 µm)-WS2 -0.14 4.29 × 10-7 65401.05 0.046 

 

The EIS test was conducted to further investigate the corrosion behaviour of the coating during 

the exposure to 3.5 wt% NaCl solution at room temperature. The same three samples, namely 

steel substrate, pure nickel coating and Ni-SiC (8.5 µm)-WS2 were tested to evaluate the 

corrosion improvement and understand the corrosion mechanism. Figure 4.16 shows both the 

Nyquist plots and Bode plots. The Nyquist plots of the steel substrate, pure Ni coating and 

superhydrophobic Ni-SiC(8.5 µm)-WS2 coating exhibit three different capacitive loops 

(Figure 4.16 a and b). The corrosion resistance can be roughly estimated by the diameter of 

these capacitive loops. Therefore, it can be inferred that the corrosion resistance of the 
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superhydrophobic Ni-SiC (8.5 µm)-WS2 coating is better than that of steel substrate and pure 

Ni coating since the capacitive loop of  Ni-SiC (8.5 µm)-WS2 has the largest diameter. This 

finding is more obvious in Bode – impedance modulus (|Z|) vs log frequency plots (Figure 

4.16 c). At the low frequency of 0.01 Hz, the |Z| value of Ni-WS2-µSiC coating is about 15 

times greater than that of pure Ni coating, 65 times compared with steel substrate.  

 

Figure 4.16 EIS results of the steel substrate, pure Ni and Ni-SiC (8.5 µm)-WS2 coating in 
3.5 wt% NaCl solution; (a) Overall Nyquist plots; (b) enlarged Nyquist plot; (c) and (d) are 

bode plots. 
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4.2.5 Abrasion resistance of the coatings 

Lack of abrasion resistance is one of the most urgent challenges for the practical application of 

superhydrophobic surfaces. The abrasive resistance of superhydrophobic Ni-WS2 and Ni-SiC 

(8.5 µm)-WS2 coatings were studied by a linear abrasion test. Variations of water contact 

angles and sliding angles as a function of abrasion distance are shown in Figure 4.17. For Ni-

WS2 coating, the WCA decreased gradually during the test. After 600 cm of abrasion distance, 

the WCA still maintained above 150°. However, the sliding angle reached 10° at the abrasion 

distance of 450 cm and increased afterwards. Therefore, Ni-WS2 coating lost 

superhydrophobicity at an abrasion distance of 450 cm. On the other hand, Ni-SiC (8.5 µm)-

WS2 coating maintained superhydrophobicity (WCA > 150° and SA < 10°) even after a 2000 

cm abrasion distance, indicating good abrasive resistance. 

To understand the loss of superhydrophobicity of Ni-WS2 and Ni-SiC (8.5 µm)-WS2 coatings, 

the surface morphologies of coatings after the linear abrasion test were investigated and shown 

in Figure 4.18. After 600 cm abrasion distance, the protrusions on the Ni-WS2 coating have 

been totally flattened (Figure 4.18 a). Under high magnification, obvious abrasive wear scars 

can be seen on the coating surface (Figure 4.18 b). This observation indicated that the 

hierarchical coating structures are fragile and susceptible to wear damage. Therefore, in real 

applications, Ni-WS2 coating cannot provide long-term superhydophobicity due to the lack of 

abrasive resistance. On the other hand, the protrusions on the Ni-SiC (8.5 µm)-WS2 coating 

could still be identified after 2250 cm abrasion distance (Figure 4.18 c). Under high 

magnification in Figure 4.18 (d), only the top areas of protrusions were observed to be 

flattened. Moreover, some protrusions remained undamaged even the Ni-SiC (8.5 µm)-WS2 

coating lost superhydrophobicity after the abrasion test. The comparison of two worn surfaces 

confirmed that Ni-SiC (8.5 µm)-WS2 coating is more abrasive resistant than Ni-WS2 coating.  

According to Archard law [202], the wear performance is largely dependent on the hardness of 

the coating. To explain the different abrasion resistance of Ni-WS2 and Ni-SiC (8.5 µm)-WS2 

coatings, the microhardness test was conducted. From Figure 4.19, it is worth noting that the 

hardness of Ni-SiC (8.5 µm)-WS2 coating is more than 3 times higher than that of Ni-WS2 

coating. The difference in hardness can be explained by the nature co-deposited particles. As 

is known, WS2 belongs to soft lubricant particles while SiC belongs to hard ceramic particles. 

From EDS results, it can be noted that WS2 content in Ni-SiC (8.5 µm)-WS2 coating (6.0 wt%) 

is much lower than Ni-WS2 coating (18.1 wt%). In addition, a large quantity of SiC particle 

(13.9 wt%) can be detected in Ni-SiC (8.5 µm)-WS2 coating. Therefore, Ni-SiC (8.5 µm)-WS2 
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with higher content of hard ceramic particles and lower content of soft lubricant particles can 

be expected to have higher hardness. The hardness results are consistent with Archard law. Ni-

SiC (8.5 µm)-WS2 with higher hardness is more resistant to wear damage.  

Apart from coating hardness, the abrasion resistance of electrodeposited coatings is also 

determined by the residual strain introduced during electroplating processes. The residual strain 

can be either tensile or compressive. Compressive residual strain is generally advantageous, as 

it enhances the hardness and toughness of the coating, thereby improving its ability to resist 

wear and deformation. In contrast, tensile residual strain can lead to microcracks and 

delamination, which compromises abrasion resistance. To further enhance the abrasion 

resistance of electrodeposited superhydrophobic coatings, investigating the residual strain in 

composite coatings is a worthwhile direction for future research. 
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Figure 4.17 Water contact angles and sliding angles as a function of abrasion distance; (a) Ni-
WS2 coating; (b) Ni-SiC (8.5 µm)-WS2 coating. 
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Figure 4.18 Surface morphologies after linear abrasion test. (a) Ni-WS2 coating and (b) 
corresponding high magnification; (c) Ni-SiC (8.5 µm)-WS2 coating and (d) corresponding 

high magnification. 

 

 

Figure 4.19 Microhardness of Ni-WS2 and Ni-SiC (8.5 µm)-WS2 coatings. 
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4.3 Discussion 

4.3.1 Effect of particle size on composite coatings 

As indicated in Figure 4.3, Figure 4.4 and Figure 4.5, the particle size is a key factor 

influencing both surface morphology and particle incorporation rate. Either too large (4.8 µm 

MoS2) or too small particles (275 nm WS2) will result in low particle contents in the coating. 

A similar phenomenon has also been observed in nickel hybrid composite coatings. The 

compositional analysis of Ni-SiC (40 nm)-MoS2, Ni-SiC (40 nm)-WS2 showed that nano-sized 

SiC (40 nm) are difficult to be co-deposited than micron-sized SiC (8.5 µm). These findings 

are in agreement with the results of many previous studies [222, 226-228]. Kim and Yoo [227] 

reported that co-deposited SiC content in the Ni matrix increased as the particle size increased 

up to 14.0 µm. However, a further increase in particle size resulted in a decrease in SiC content. 

This phenomenon can be explained as follows. With the increasing particle size, the nickel ions 

and surfactants adsorbed on particles will increase. Accordingly, the electrophoretic motion of 

particles could be enhanced, and more particles could be transferred to the cathode surface for 

co-deposition. However, when the particle size is beyond the optimum value, particles have a 

tendency to settle down, which leads to a decrease in the co-deposition amount.  

In another study of Ni-SiC coating [226], the iso-electric point for micron-sized SiC and nano-

sized SiC particles were measured to be 3.0 and 7.0, respectively, indicating that micron-sized 

SiC particles were more negative than nano-sized SiC particles in the Zeta potential. This 

finding further confirmed that positive ions could be easily adsorbed on the micron-sized 

particles. During the electro-codeposition process, the adsorbed positive ions on the particle 

surface will form a layer of ionic cloud with a positive charge. With the assistance of the electric 

field, the positively charged particles will be attracted and transferred to the cathode surface. 

This motion is called electrophoresis. Since the amount of adsorbed positive ions on nanosized 

SiC particles is lower than that on micron-sized SiC particles, nano-sized SiC particles possess 

a lower charge. As a result, their mobility in the electric field is reduced. This reduced mobility 

limits the effective transport of nano-sized SiC particles to the cathode surface, thereby 

decreasing the co-deposition rate. According to the Stokes model [226], assuming the shape of 

suspended particles are in a spherical shape, the electrophoretic velocity (VE) in an electric field 

can be calculated by the following equation:  

 

                                                            VE = µEE = q
6πηr E………………...…………..……4.4 
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Where µE represents the electrophoretic mobility, E is the strength of the electric field, q is the 

charge of the particle, r is the radius of a particle, η is the viscosity of the suspension. From 

Stokes model, the electrophoretic velocity of particles is proportional to surface charge (q) and 

inverse to the particle size, which is not evident to predict the electrophoretic velocity with the 

micron-sized particles or nano-sized particles. The low deposition rate with nano-sized 

particles may require new data and theory to elucidate the mechanism of nucleation and growth. 

The above discussion indicates that the particle dispersion and electrophoretic motion are two 

important factors influencing particle behaviour in the electroplating bath. Further work on 

particle motion is needed to understand which mechanism is dominant. The electrophoretic 

motion can be evaluated by measuring zeta potential, and a simple sedimentation test can 

estimate the particle dispersion. 

The current research found that the co-deposition of nano-sized particles also contributed to 

dense coating structures of nickel hybrid composite coatings. Coating sample Ni-SiC (40 nm)-

MoS2, Ni-SiC (40 nm)-WS2 and Ni-TiO2-WS2 with the embedment of nano-sized SiC (40 nm) 

and TiO2 (21 nm) particles all exhibited dense and compact cross-sections with almost no voids 

observed. This can be considered as a huge structure improvement compared with nickel 

single-particle composite coatings (i.e. Ni-MoS2 and Ni-WS2). On the other hand, although the 

particle combination of self-lubricating particles (MoS2 or WS2) with nano-sized particles (40 

nm SiC or 21 nm TiO2) helped to densify the coating structure, the adsorbed MoS2 or WS2 

particles adsorbed on the coating surface could still result in nodular growth of nickel deposit 

on the top layer of hybrid composite coatings. Therefore, closely packed nodules were observed 

in Figure 4.12 (a and c) and Figure 4.13 (f). However, one thing that remains unknown is that 

the combination of TiO2 and MoS2 particles resulted in a very porous coating structure, which 

is quite different from the observation of Ni-TiO2-WS2 coating.  

 

4.3.2 Effect of surface morphology on coating superhydrophobicity 

Roughness and surface free energy are two important parameters determining surface 

wettability. The water contact angle increased with increasing surface roughness for nickel 

single-particle coatings (Ni-MoS2 and Ni-WS2). Superhydrophobicity was achieved on M3 (Ra 

= 28.9 µm), W2 (Ra = 36.2 µm) and W4 (Ra = 24.2 µm) coatings with high surface roughness 

value. This is consistent with the results of He et al. [14], which indicates that a higher water 

contact angle can be achieved on the rougher Ni-P-WS2 coating surface. Such wetting state 
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belongs to the Cassie Baxter model. The rough coating surface showing hierarchical protrusion 

structure allows a great deal of air entrapped, which resist water penetration and surface wetting. 

In later research carried out by Zhou et al. [113], a shining “air cushion” was observed on the 

rough surface of Ni-WC-WS2 coating when the coating sample was immersed into water, 

which further confirmed that the air entrapment is the main reason for maintaining 

superhydrophobic state. A similar “air cushion” was also found in the current research when 

composite coatings were immersed in DI water for the durability study (Figure 4.20).  

However, as shown in Figure 4.14, superhydrophobicity was also observed on Ni-SiC (40 

nm)-MoS2 and Ni-SiC (40 nm)-WS2 coatings with relatively smooth surfaces (Ra < 5 µm). 

SEM images in Figure 4.11 reveal closely packed nodule structures on coating surfaces. It can 

be expected that the closely nodular coating structures might have a similar ability of air 

entrapment. Further investigations will be required in future work to get a better understanding 

of the superhydrophobicity mechanism of nickel hybrid composite coatings. 

  

 

Figure 4.20 Air layers formed on the nickel single-particle composite coatings, (a) M1; (b) 
M3; (c) W2; (d) W4. 
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4.3.3 Corrosion mechanism of superhydrophobic coatings 
To elucidate the corrosion mechanism of superhydrophobic coatings, two different equivalent 

circuits were constructed to fit the experimental EIS data by the Nova software (Figure 4.21 a 

and b). Besides, simple schematics in Figure 4.21 (c) and (d) are employed to better 

understand the corrosion processes of different samples. Figure 4.21 (a) illustrates the 

equivalent circuit of steel substrate and pure Ni coating [96, 218, 224]. In this fitting circuit, Rs 

represents the solution resistance. Rct stands for the charge transfer resistance. Cdl is the 

capacitor to model the electrical double layer at the interface of corrosive solution and electrode. 

Figure 4.21 (c) shows the corresponding schematic of the corrosion process in 3.5 wt% NaCl 

solution. Compared with steel substrate and pure Ni coating, the corrosion mechanism of 

superhydrophobic Ni-SiC (8.5 µm)-WS2 coating is more complicated. According to Souto et 

al. [229], a metal covered with an undamaged coating can be modelled by a resistor and the 

coating capacitance in series, reflected by a vertical line in the Nyquist plot. However, in our 

case, the Nyquist plot of the superhydrophobic Ni-SiC (8.5 µm)-WS2 coating is a depressed 

semi-circle, which means that the 3.5 wt% NaCl solution penetrated into the coating and 

formed a new liquid/metal interface under the coating, the corrosion phenomenon occurred at 

this new interface. Therefore, the corrosion behaviour at the new interface was modelled as a 

double-layer capacitance in parallel with a kinetically controlled charge-transfer reaction, as 

shown in Figure 4.21 (b). This mechanism has also been schematically presented in Figure 

4.21 (d), where a small amount of corrosive solution passed through the “coating + air layer” 

barrier and induced reaction at the interface. In Figure 4.21 (b), Rc represents the coating 

resistance, and CPE is the constant phase element. In a real electrochemical system, CPEcoating 

is employed to replace the ideal coating capacitance. According to the literature [224], the 

impedance of CPE can be calculated by the following equation,  

                                                                   ZCPE = 
1

Y0(jω)α
………………..............………4.5 

Where in this Equation 4.5, Y0 is the general admittance function, 𝜔 is the angular frequency, 

j is the imaginary number (𝑗 = √−1), and α is an experimental exponent of the CPE. The value 

of α is in the range of 0 to 1.  

The fitted values of each equivalent circuit element are summarised in Table 4.7. Rct, which 

represents the charge transfer resistance between the steel substrate and corrosive solution, is 

the most significant parameter reflecting the corrosion resistance of the sample. From Table 
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4.7, it can be noted that the value of Rct increased significantly after electroplating. In particular, 

the Rct of the superhydrophobic Ni-SiC (8.5 µm)-WS2 is 50158 Ω·cm2, 97.7 times and 18.3 

times higher than that of the steel substrate and the pure Ni coating. This finding is in agreement 

with the results of potentiodynamic polarisation, and further verifies that superhydrophobic Ni-

WS2-µSiC coating can provide excellent corrosion protection for the substrate.  

 

 

Figure 4.21  Equivalent circuit of (a) steel substrate and pure Ni and (b) superhydrophobic 
Ni-SiC (8.5 µm)-WS2 coating; (c) and (d) are the corresponding schematics of corrosion 

processes. 

 

Table 4.7 Calculated values of equivalent circuit elements 

Sample Rs 

(Ω·cm2) 

Rc 

(Ω·cm2) 

CPEcoating  

(F·cm−2·sα−1) 

αcoating Cdl 

(F·cm-2) 

Rct 

(Ω·cm2) 

Steel 
substrate 

69.5 N/A N/A N/A 5.7 ×10-4 513.3 

Pure Ni  67.6 N/A N/A N/A 7.6 ×10-5 2735.3 

Ni-SiC 
(8.5 µm)-
WS2 

63.9 5.15 4.7 ×10-5 0.7 7.5 ×10-6 50158.0 
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4.4 Summary of test results 
 

1. Nickel single-particle composite coatings with superhydrophobic properties have been 

successfully developed by direct current electrodeposition. Surface roughness 

measurement and cross-section analysis reveal that nickel single-particle composite 

coatings (Ni-MoS2) exhibited rough surfaces and porous structures. 

 

2. The coating structures became dense when particle combinations of (1) 40 nm SiC and 

1.2 µm MoS2, (2) 40 nm SiC and 1.1 µm WS2, (3) 21 nm TiO2 and 1.1 µm WS2 were 

co-deposited into Ni matrix. These coatings also showed relatively smooth surface 

morphologies with closely packed nodule structures.  

 
3. Ni-TiO2-MoS2 exhibited excellent durability during the water immersion test. The 

coating surface maintained hydrophobic after being immersed in water for two days. 

The excellent durability was attributed to the microporous/nanoporous structures in 

which air could be entrapped. Therefore, a continuous and tightly adhered air layer was 

formed on the coating surface, preventing direct contact between the coating and 

surrounding water.  

 

4. Particle size plays an important role in determining surface morphologies and 

embedded particle content of composite coatings. Either too small or too large particle 

size will lead to a low particle co-deposition rate. For nickel hybrid composite coatings, 

the addition of nano-sized particles is beneficial. The incorporation of nano-sized SiC 

particles reduced the content of co-deposited MoS2 or WS2 particles, thereby 

alleviating the dendritic growth of coatings and promoting the formation of compact 

coating structures. 

 
 

5. The electrochemical tests confirmed the excellent anti-corrosion performance of 

superhydrophobic Ni-SiC (8.5 µm)-WS2 coating in 3.5 wt% NaCl solution. The air 

layer formed on the hierarchical structure of Ni-SiC (8.5 µm)-WS2 coating reduced the 

penetration of corrosive solution and provided a corrosion barrier for the substrate.  
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6. Compared with Ni-WS2 coating, the addition of SiC particles enhanced about 4-5 times 

the abrasion resistance of the coating. The Ni-SiC (8.5 µm)-WS2 coating could 

maintain superhydrophobicity even after a 2000 cm abrasion distance, indicating that 

such coating has promising potential for robust industrial applications. 
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5 Self-lubricating composite coatings  
5.1 Introduction  

The co-deposition of solid lubricants such as MoS2 and WS2 particles into a metal matrix to 

form self-lubricating coatings have been researched for decades. However, the porous and non-

compact coating structures induced by the dendritic growth of composite deposits have become 

the major challenge inhibiting long-term durability. Although the literature survey shows that 

using pulse current or ultrasonic bath agitation might densify the coating structures, these 

methods require either expensive equipment or very careful control. Therefore, it is necessary 

to develop a facile and low-cost method to deposit a self-lubricating coating with a dense 

structure.  

The research in this chapter is divided into three sections. The first section is the 

electrodeposition of Ni-MoS2 coatings. The effect of particle concentration on surface 

morphology, coating structure, and tribological performance was investigated. The second 

section studied the effect of cationic surfactant CTAB on Ni-MoS2, Ni-WS2 and Ni-MoS2-WS2 

coatings. The last section is to evaluate the tribological properties of nickel hybrid composite 

coatings.  

Particle content and coating structure are two primary factors influencing the tribological 

performance of the self-lubricating coating. The findings in chapter 4 indicate that, under the 

same electrodeposition condition, the co-deposition of 1.2 µm MoS2 particles could lead to 

higher particle content and lower roughness of Ni-MoS2 coating compared with 4.8 µm MoS2 

particles (Figure 4.4 and Figure 4.7). Therefore, 1.2 µm MoS2 particle was selected for Ni-

MoS2 coating deposition. In addition, the effect of surfactant was studied by adding different 

concentrations of CTAB into the electroplating bath. In previous of Ni-SiC coating [167], the 

addition of CTAB up to 0.3 g/L promoted the co-deposition rate of SiC particles. However, the 

excessive CTAB concentration (0.4 g/L) could result in embrittlement of metal matrix and 

therefore deteriorate tribological performance. Therefore, in this research, CTAB concentration 

in the electroplating bath was 0.1 g/L, 0.2 g/L and 0.5 g/L. Moreover, previous chapter 

demonstrated nickel hybrid composite coating samples Ni-SiC-MoS2, Ni-SiC-WS2, and Ni-

TiO2-WS2 have smooth coating surfaces and dense coating structures (Figure 4.12 and Figure 

4.13). Robust tribological performance can be expected on these coatings. Therefore, the 

tribological tests on these hybrid composite coatings were investigated.  
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5.2 Results and analysis 

5.2.1 Effect of particle concentration on Ni-MoS2 coating 

Surface morphologies of pure Ni coating and Ni-MoS2 coatings deposited from electroplating 

baths containing different MoS2 concentrations are displayed in Figure 5.1. Both pure Ni and 

Ni-MoS2 coatings were prepared using nickel Watts bath in Table 3.1 with addition of 0.1 g/L 

CTAB. The deposition time was 60 min. The pure Ni coating presents a flat and smooth surface 

(Figure 5.1 a). In contrast, Ni-MoS2 coating deposited from electroplating bath containing 1 

g/L MoS2 particles shows a very rough surface. The nodular protrusions with many MoS2 

particles attached are randomly located on the coating surface (Figure 5.1 b). The formation 

of such nodular structures is due to the conductive nature of MoS2 particles, which promotes 

the dendritic growth of deposits. In addition, due to the low particle concentration (1 g/L), very 

few sites can be occupied for dendritic growth. Therefore, the distribution of these protrusions 

is sparse. With the increase of MoS2 concentration (2 g/L), the size of the nodular protrusion 

increased (Figure 5.1 c). When the particle concentration increased to 5 g/L, nodular 

protrusions almost covered the whole coating surface, leaving very narrow gaps uncovered 

(Figure 5.1 d).  With further increase of particle concentration (10 g/L), Ni-MoS2 coating 

shows refined surface morphology (Figure 5.1 e). However, many pores appeared on the 

surface. A similar phenomenon has also been reported by Zhao et al. [13]. The pore formation 

might be caused by intensive hydrogen evolution. The high MoS2 concentration in the bath led 

to a decrease in bath conductivity. Thereby, the cell voltage of the bath would increase. A high 

cell voltage indicated a high negative overpotential at the cathode, which could result in 

intensive hydrogen evolution to block the electrodeposition. Subsequently, the uncoated area 

formed pores on the coating surface. Further increase of MoS2 concentration (20 g/L) led to 

coarse surface morphology (Figure 5.1 f). Excessive particle concentration could cause severe 

particle agglomeration in the electrolyte. Therefore, during the electrodeposition process, MoS2 

particles might form large aggregates and settle to the bottom of the bath.  
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Figure 5.1 Secondary electron SEM images of surface morphologies of (a) pure Ni coating; 
(b-f) Ni-MoS2 coatings deposited from electrolytes with a particle concentration of 1, 2, 5, 

10, 20 g/L. Deposition time of 60 min and CTAB concentration of 0.1 g/L. 

 

As shown in Figure 5.2, the surface topographies of coatings can be reflected by Alicona 3D 

surface reconstruction. Pure Ni coating presents a uniform contrast, suggesting a flat surface. 

On the contrary, Ni-MoS2 coating deposited with 1 g/L particle concentration shows a rough 

surface with large peaks and troughs. With the increase of particle concentration, surface 

morphologies of Ni-MoS2 coatings became smoother. When the particle concentration 

increased to 10 g/L, green/yellow contrast colours were homogeneously distributed across the 

coating surface, showing improved smoothness. Additionally, Alicona 3D view also reveals 

holes (purple dents), which is in agreement with the observation in the SEM image. However, 

with a further increase of the MoS2 concentration to 20 g/L, the purple/green contrast colours 

represent large size of protrusions, indicating high surface roughness. 
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Figure 5.2  3D surface topographies of (a) pure Ni coating; (b-f) Ni-MoS2 coatings deposited 
from electrolytes with particle concentration of 1, 2, 5, 10, 20 g/L. 

 

EDS results of Ni-MoS2 coating prepared from different particle concentration is shown in 

Figure 5.3 (a). The incorporated MoS2 content in the coatings shows a linear increase with 

increasing particle concentration up to 5 g/L in the electroplating bath. The maximum MoS2 

content was around 42.5 wt% which was realized at particle concentration between 5 to 10 g/L. 

However, a further increase in MoS2 concentration (20 g/L) led to a dramatic decrease in 

particle incorporation. This phenomenon has also been reported in many other composite 

electroplating systems such as Ni-P-MoS2 [4], Ni-WS2 [13], Ni-P-WS2 [14] and Ni-WC[198]. 

The possible cause of reduced particle content at high particle concentration might be particle 

agglomeration. The agglomerated particles could settle down in the electroplating bath. Figure 

5.3 (b) shows the average roughness values of Ni-MoS2 coating prepared with different particle 
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concentration. It can be observed that average roughness values decreased from 36.8 μm at 1 

g/L to 18.1 μm at 10 g/L. Further increase of particle concentration to 20 g/L resulted in a 

significant increase in roughness value.  

 

 

Figure 5.3 EDS measured MoS2 content in the composite coating as a function of particle 
concentration in the electrolyte; (b) the average roughness value of coating as a function of 

particle concentration in the electroplating bath. 

 

Figure 5.4 shows the cross-sectional SEM images of Ni-MoS2 coatings. Pure Ni coating 

exhibits a dense and compact coating structure (Figure 5.4 a). However, the cross-sectional 

view of Ni-MoS2 deposited with 1 g/L particle concentration shows two distinct parts from the 

coating/substrate interface to the coating surface (Figure 5.4 b). The first part is a thin layer 

with a thickness of about 18.7 µm deposited on the substrate. Almost no particles were 

observed in this layer. The second part consists of dendritic protrusions. The average height of 

these protrusions is 149.3 ± 10.3 µm, as measured from secondary electron SEM images using 

ImageJ software. These protrusions are discretely distributed on the first thin layer. Although 

the gaps between protrusions gradually narrowed as the MoS2 concentration increased up to 10 

g/L (Figure 5.4 c-e), obvious pores can still be observed. When MoS2 concentration increased 

to 20 g/L, the uniformity of Ni-MoS2 coating became poor. Some areas of the substrate surface 

were not covered by the coating. A possible explanation for the low coverage of Ni-MoS2 

coating is that the porous and fragile coating was crushed and wiped off during cross-section 

preparation. 
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Figure 5.4 Secondary electron SEM images of cross-sectional views of (a) pure Ni coating, 
(b-f) Ni-MoS2 coatings deposited from electrolytes with a particle concentration of 1, 2, 5, 

10, 20 g/L. 

 

Figure 5.5 (a) shows coating thickness measured from the cross section of pure Ni coating and 

Ni-MoS2 coatings deposited with different MoS2 concentration. Pure Ni coating exhibits 

consistent thickness with value of 72.3 µm. With the addition of 1 g/L MoS₂ particles, the 

coating thickness increased by 132.4%. The coating thickness decreased to 86.8 µm when the 

MoS₂ concentration was increased to 5 g/L. However, a further increase in MoS₂ concentration 

to 20 g/L resulted in a thickness of 203 µm. Moreover, the thickness values exhibited significant 
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variation between measurements, as indicated by the large deviation. This finding is consistent 

with the aforementioned cross section observation in Figure 5.4.  

Figure 5.5 (b) is the hardness of pure Ni coating and Ni-MoS2 coatings deposited with different 

MoS2 concentration. Compared with pure Ni coating, all Ni-MoS2 coatings exhibit lower 

hardness. In addition, with the increase of MoS2 concentration, the hardness of Ni-MoS2 

coating dropped gradually from 280.8 Hv (at 1 g/L) to 246.5 Hv (at 5 g/L). A further increase 

in MoS2 concentration (10 g/L) led to a dramatic decrease in hardness. It might suggest that 

the low hardness of Ni-MoS2 coating was caused by non-compact microstructure containing 

the high porosity shown in Figure 5.4 (b-e).  The indentation marks on coating cross-sections 

were investigated to understand the decrease in hardness. As shown in Figure 5.6, the 

indentation marks on cross-sections of Ni-MoS2 coatings deposited with 1 g/L, 2 g/L and 5 g/L 

particle concentration are in clear diamond shapes. However, the indentation mark on the cross-

section of Ni-MoS2 coating prepared with 10 g/L MoS2 was not clear, and many cracks were 

observed. It can be speculated that the porous coating structure of Ni-MoS2 (10 /L) observed 

in Figure 5.4 (e) could not withstand loading from the indenter and tended to be crushed during 

the hardness test. Therefore, a dramatic decrease in hardness could be observed when the MoS2 

concentration in the electroplating bath was 10 g/L. As the corners of the indentation mark are 

not clearly defined, the hardness value of the Ni-MoS2 coating prepared with 10 g/L MoS2 can 

only be roughly estimated based on the diagonals of the indentation mark. 

 

Figure 5.5  (a) Thickness value of pure Ni coating and Ni-MoS2 coating deposited from 
electroplating bath containing different particle concentration; (b) Vickers hardness of Ni-

MoS2 coating deposited from electroplating bath containing different particle concentration. 
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Figure 5.6 Secondary electron SEM images of indentation marks on cross-section of Ni-
MoS2 coatings deposited from electroplating bath containing (a) 1 g/L, (b) 2 g/L, (c) 5 g/L 

and (d) 10 g/L particle concentration.  

 

 

The friction coefficients versus time produced by the pure Ni and Ni-MoS2 coatings sliding 

against the counterpart cylinders are shown in Figure 5.7. For pure Ni coating, the friction 

coefficient increased to 0.65 during the initial 250 s. Then, the friction coefficient fluctuated 

but still maintained at a relatively stable level (0.55-0.62) within test time from 250 to 700 s. 

Afterwards, severe fluctuations were observed. The friction test was stopped after 900 s since 

severe damage was observed on the pure Ni coating surface. The coating in the contact area 

was broken into pieces and exfoliated from the substrate, indicating coating failure. In contrast, 

all the Ni-MoS2 coatings maintained a low friction coefficient throughout the friction test. 

Especially for Ni-MoS2 coating deposited with 1 g/L, 2 g/L and 5 g/L particle concentration, 

their friction coefficients maintained below 0.05 throughout the entire test. Ni-MoS2 coatings 

deposited with 10 g/L and 20 g/L particle concentration showed a bit higher friction coefficient 
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(0.10-0.12) throughout the test. It is noticeable that both Ni-MoS2 (10 g/L) and Ni-MoS2 (20 

g/L) coatings show a run-in period with a friction coefficient up to 0.22 at the initial stage of 

the friction test. The run-in period might be caused by the porous coating structure, which could 

be crushed at the beginning of the friction test. After the run-in period, tribofilms could be 

formed between Ni-MoS2 coatings and counterpart cylinders, providing stable low friction 

throughout the test. The formation of tribofilm can be verified by wear track analysis in Figure 

5.11 and EDS analysis in Figure 5.12.  

 

 

 

Figure 5.7  Friction coefficient of pure Ni and Ni-MoS2 coatings. 
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The wear rates of Ni-MoS2 coatings were estimated by wear depth obtained from Alicona 3D 

surface reconstruction (Figure 5.8). Details of wear depth measurement is described in Section 

3.2.2. It can be noted that the wear tracks of Ni-MoS2 coatings deposited from high particle 

concentration bath (10 g/L and 20 g/L) are more obvious and deeper compared with Ni-MoS2 

coatings deposited from low particle concentration bath (1 g/L, 2 g/L and 5 g/L). However, the 

wear loss in this study does not necessarily reflect the removal of coating material. During the 

reciprocating wear test, Ni-MoS2 coatings with porous structures were crushed under the load 

of the counterpart cylinder. As a result, the flat surface observed on the wear track could be 

attributed to the compaction of the porous Ni-MoS2 coatings. 

 

 

 

Figure 5.8 Alicona 3D surface reconstruction of worn surfaces of Ni-MoS2 coatings prepared 
from electrolyteS containing MoS2 concentration of 1, 2, 5, 10, 20 g/L. 
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As shown in Figure 5.9, wear depth increases with increasing concentration of MoS2 particles 

in the electroplating bath. This finding is consistent with hardness results. The hardness of Ni-

MoS2 coating deposited with 1 g/L, 2 g/L, and 5 g/L particle concentration is ten times greater 

than that of Ni-MoS2 deposited with 10 g/L and 20 g/L particle concentration. Therefore, during 

friction test, Ni-MoS2 coatings deposited from a low particle concentration bath can withstand 

high loading rather than be crushed by counterpart cylinders. Moreover, Ni-MoS2 coating 

deposited from electroplating bath containing 20 g/L particles shows the highest roughness and 

the most severe dendritic protrusions, which can be easily worn during the friction test. 

Therefore, Ni-MoS2 coating deposited form particle concentration of 20 g/L shows the deepest 

wear track. 

 

 

 

Figure 5.9  Wear depth of Ni-MoS2 coatings deposited from electrolytes containing MoS2 
concentration of 1, 2, 5, 10, 20 g/L. 
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After 1000 s friction test, wear tracks of pure Ni coating investigated by SEM and displayed in 

Figure 5.10. Deep grooves along the sliding direction can be observed on the wear track of 

pure Ni coating. In addition, cracks can also be identified on the worn surface, suggesting that 

pure Ni coating lost integrity under the sliding contact motion. What’s more, EDS results 

obtained from both worn and unworn pure Ni coating surface are illustrated in Table 5.1. By 

comparison, two important findings can be extracted. Firstly, the oxygen content detected on 

the worn surface is 13.4 wt%, which is much higher than that of unworn surface (1.1 wt%). 

The high oxygen content on the wear track indicates that the pure Ni coating experienced severe 

oxidative wear during the reciprocating wear test. The oxide layer was formed due to the high 

frictional forces and heat generation on the contact surface. Secondly, the detection of the iron 

element (0.7 wt%) indicates that the pure Ni coating surface was worn during the reciprocating 

wear test, allowing the steel substrate signal to be detected by EDS analysis. 

 

 

 

Figure 5.10 Secondary electron SEM image of pure Ni coating surface after friction test.  

 

 

Table 5.1 EDS compositional analysis on pure Ni coating after friction test 

  O (wt%) Ni (wt%) Fe (wt%) 

Spectrum 1 1.14 98.86 N/A 

Spectrum 2 13.35 85.95 0.69 
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Wear tracks on Ni-MoS2 coatings are shown in Figure 5.11 (b-f). After 1000 s of friction test, 

Ni-MoS2 deposited from electroplating bath containing 1 g/L particle shows the least wear 

damage. Compared with the original coating surface morphology (Figure 5.1 b), the nodular 

protrusions on the worn surface almost remain intact. Only top areas of protrusions have been 

flattened. The dark patches observed on the flattened areas were analysed by EDS (Figure 

5.12). The results in Figure 5.13 (d) shows that the dark patches are rich in element 

molybdenum (10.8 wt%) and sulphur (9.7 wt%). Therefore, during the friction test, these dark 

patches (also called tribofilm) can provide low friction on the coating/counterpart contact zone. 

Many previous studies have also reported similar dark patches on wear tracks [4, 6, 14]. The 

dark patch formation was attributed to the accumulation and compaction of MoS2 rich wear 

debris. During the friction test, the generated wear debris had a tendency to be accumulated 

and compacted on the porous surfaces due to the high contact pressure (Hertzian line contact 

pressure of 0.15 GPa) [230]. As a result, the highly porous microstructures on the top of 

dendritic protrusions were flattened to form dense and smooth surfaces (dark patches). Figure 

5.11 (b-d) show that with the increasing amount of MoS2, the area of dark patches on the wear 

tracks became larger. However, when particle concentration increased to 10 g/L or 20 g/L, wear 

track exhibits a different surface morphology. For Ni-MoS2 (10 g/L), dark patches cover a 

major area of wear track, which means the structures on the coating surface have been totally 

flattened (Figure 5.12 e). Similarly, on the wear track of Ni-MoS2 (20 g/L), a large area of dark 

patch can also be found (Figure 5.12 f). Besides, lots of wear debris were found on the wear 

track, which might be caused by the fracture of dendritic protrusions. Due to the porous coating 

structure of Ni-MoS2 coating (20 g/L), the debris cannot form a compact tribofilm on the 

coating/counterpart contact region. 
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Figure 5.11 Secondary electron SEM images of wear tracks on (a) pure Ni coating and (b-f) 
Ni-MoS2 coatings deposited from electrolytes containing MoS2 concentration of 1, 2, 5, 10, 

20 g/L. 
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Figure 5.12 (a) Secondary electron SEM image of wear track of Ni-MoS2 coating deposited 
with 1 g/L MoS2; (b) EDS analysis on the tribofilm; (c) EDS spectrum; (d): Quantitative EDS 

results. 

 

The wear tracks of the counterpart cylinders and their corresponding EDS results are illustrated 

in Figure 5.13 and Table 5.2, respectively. The counterpart cylinder sliding against pure Ni 

coating exhibits rough wear scars surrounded by widely spread pieces of debris (Figure 5.13 

a). EDS results also reveal that the worn surface (against pure Ni coating) contain very high 

oxygen and nickel content (8.2 wt% and 19.1 wt%, respectively), indicating severe oxidation 

and coating damage occurred during the friction test. On the other hand, wear tracks of 

counterpart cylinders tested against Ni-MoS2 coatings consist of a continuous dark patch 

(tribofilm) surrounded by lots of wear debris (Figure 5.13 b-f). Compositional analysis on the 

wear tracks (Table 5.2) suggests that MoS2 particles can be released from composite coatings 

during friction test and then transferred onto the counterpart cylinders to form a tribofilm layer 

acting as lubrication. Lower oxygen content compared with counterpart cylinder sliding against 

pure Ni also verifies reduced oxidation caused by frictional heat. Moreover, it is noteworthy 

that wear tracks of cylinder tested against Ni-MoS2 (10 g/L and 20 g/L) coatings are wider than 

others. This can be explained by the low coating hardness, making the counterpart cylinder 

plough deeply into the coating surface. The lower value of element Mo and S on wear track of 

cylinder against Ni-MoS2 (10 g/L) could be explained by the inhomogeneous distribution of 

tribofilm on the cylinder. 
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Figure 5.13 Secondary electron SEM images of wear tracks on counterpart cylinders (a) 
sliding against pure Ni coating; (b-f) sliding against Ni-MoS2 coatings deposited from 

electrolytes containing particle concentration of 1, 2, 5, 10, 20 g/L. 

 

Table 5.2 EDS compositional analysis on the wear tracks of counterpart cylinders sliding 
against pure Ni coating and Ni-MoS2 coatings deposited from electroplating bath containing 

different particle concentration. 

Counterpart (particle 

content) 

O  

(wt%) 

Fe  

(wt%) 

Cr  

(wt%) 

Ni  

(wt%) 

Mo 

(wt%) 

S 

(wt%) 

Vs pure Ni 8.17 71.20 1.18 19.09 N/A N/A 

Vs Ni-MoS2 (1 g/L) 6.82 68.59 1.32 13.59 6.04 3.64 

Vs Ni-MoS2 (2 g/L) 4.62 79.70 1.63 8.64 3.51 1.89 

Vs Ni-MoS2 (5 g/L) 4.62 75.74 1.31 10.19 4.78 3.36 

Vs Ni-MoS2 (10 g/L) 6.90 73.29 1.42 10.09 5.68 2.62 

Vs Ni-MoS2 (20 g/L) 6.23 75.02 1.54 12.29 2.65 2.26 
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5.2.2 Effect of surfactant  
This research aims to develop a Bifunctional composite coating with a dense structure. 

However, the findings in the previous section reveal that the co-deposition of MoS2 particles 

leads to the dendritic growth of nickel deposit. Although increasing particle concentration (up 

to 10 g/L) in electrolyte helps to close the gaps between dendritic protrusions and smoothen 

surface morphologies, a high level of porosity can still be observed from coating cross-section. 

Moreover, the composite coating containing high MoS2 content tends to be soft, which makes 

it unable to support loading from counterpart and easily be crushed under sliding contact 

motion. Consequently, Ni-MoS2 coating exhibited high friction coefficient and wear rate in the 

friction test.  

To improve the mechanical properties and tribological performance of Ni-MoS2 coating, it is 

necessary to densify the coating structure. Previous research carried out by Wang [173] 

reported Ni-MoS2 coating deposited from electroplating bath containing cationic surfactant 

BAS has better adhesion, lower porosity and denser structure than the coating without 

surfactant addition. According to Wang, the improvement of coating structure is attributed to 

the reduced particle conductivity achieved by BAS adsorption. However, in Wang’s study, the 

densification of Ni-MoS2 coatings was studied only through SEM images of coating surface 

and cross-section. Further characterization (e.g. hardness test and tribological test) to evaluate 

the effects brought by coating densification has not been carried out. Therefore, in this research, 

the effect of cationic surfactant on the co-deposition of the conductive particle was investigated. 

Specifically, the cationic surfactant chosen for investigation was CTAB, one of the most 

frequently used surfactants in academia and industry. Composite coating systems of the 

investigation were Ni-MoS2, Ni-WS2 and Ni-MoS2-WS2 coatings. The particle concentration 

in the electrolyte was set as 10 g/L according to the findings in the previous section (refined 

coating surface morphology obtained with a concentration of 10 g/L).  

The optical images of pure Ni coatings and Ni-MoS2 coatings (10 g/L) prepared with and 

without surfactant are illustrated in Figure 5.14. Pure Ni coating deposited without CTAB 

addition shows many pits and pores distributed across the coating surface. In contrast, pure Ni 

coating deposited with 0.1 g/L CTAB addition shows a mirror-like surface. From previous 

study, the addition of CTAB reduces the surface tension of electroplating solution, which 

promotes the escape of generated hydrogen bubble and promote uniform growth of pure Ni 

deposit [231]. Similarly, the comparison of Ni-MoS2 coatings also suggests that CTAB addition 

can improve the smoothness of the coating surface by inhibiting the MoS2 particle 

agglomeration and dendritic growth of the Ni-MoS2 deposit.  
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Figure 5.14 Surface appearances of coatings prepared from electrolytes with or without 
CTAB addition (a-b) pure Ni coatings; (c-d) Ni-MoS2 coatings, particle concentration 10 g/L. 

 

The surface morphology evolution of Ni-MoS2, Ni-WS2 and Ni-MoS2-WS2 coatings with 

increasing CTAB concentration from 0.1 g/L to 0.5 g/L is shown in Figure 5.15. It can be noted 

that the holes found on Ni-MoS2 coating deposited with 0.1 g/L CTAB addition disappeared 

with increasing CTAB concentration (Figure 5.15 a-c). In addition, all Ni-MoS2 coatings 

exhibit smooth and refined surface morphologies. On the contrary, the surfaces of all Ni-WS2 

coatings are relatively rough and coarse (Figure 5.15 d-f), which means that the variation of 

CTAB addition in the electroplating bath has little effect on the surface morphologies of Ni-

WS2 coatings. Different from Ni-MoS2 and Ni-WS2 coatings, the surface morphology of Ni-

MoS2-WS2 coatings changed from rough to fine when the CTAB concentration increased from 

0.1 g/L to 0.2 g/L (Figure 5.15 g-h). However, further increasing the CTAB concentration to 

0.5 g/L will result in the formation of pits on the coating surface (Figure 5.15 i). The evolution 

of composite coating surface morphologies can also be verified by Alicona 3D surface 

reconstruction (Figure 5.16), which shows that increasing CTAB concentration can reduce the 

surface roughness of Ni-MoS2 and Ni-MoS2-WS2 coatings but has little effect on Ni-WS2 

coating. 
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Figure 5.15  Secondary electron SEM images of (a-c): Ni-MoS2 coatings; (d-f): Ni-WS2 
coatings; (g-i): Ni-MoS2-WS2 coatings prepared from electrolytes containing CTAB 

concentration of 0.1, 0.2 and 0.5 g/L. For Ni-MoS2 coatings, particle size and concentration 
are 1.2 µm and 10 g/L; for Ni-WS2 coatings, particle size and concentration are 1.1 µm and 

10 g/L; for Ni-MoS2-WS2 coatings, particle addition is 1.2 µm (5 g/L) MoS2 + 1.1 µm (5 g/L) 
WS2.  
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Figure 5.16  3D surface topographies of (a-c): Ni-MoS2 coatings; (d-f): Ni-WS2 coatings; (g-
i): Ni-MoS2-WS2 coatings deposited from electrolytes containing CTAB concentration of 0.1, 

0.2 and 0.5 g/L. 

 

Figure 5.17 shows the change of particle content in the composite coatings as a function of 

CTAB concentration in the electrolyte. It can be seen that the particle content in the Ni-MoS2 

coatings was higher than that of the Ni-WS2 coatings under the same CTAB concentration. In 

addition, with the increase of CTAB concentration, particle content in the Ni-MoS2 coating 

became higher, while particle content in the Ni-WS2 coating remained almost at the same level. 

On the other hand, both MoS2 and WS2 content in Ni-MoS2-WS2 coatings decreased when 

CTAB concentration increased from 0.1 g/L to 0.5 g/L. 
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Figure 5.17  EDS measured particle content in (a) Ni-MoS2 coatings; (b) Ni-WS2 coatings; 
(c) Ni-MoS2-WS2 coatings deposited from electrolytes containing CTAB concentration of 

0.1, 0.2, and 0.5 g/L. 

 

SEM images of cross-sectional views of Ni-MoS2 coatings deposited with different CTAB 

concentration are shown in Figure 5.18. With 0.1 g/L CTAB addition, Ni-MoS2 coating 

presents a structure full of voids. The corresponding high magnification SEM image reveals 

that the coating is very porous and contains numerous MoS2 particles. When CTAB 

concentration increased to 0.2 g/L, the coating structure became denser and smaller voids were 

observed. Moreover, under high magnification, the distribution of the MoS2 particles in the Ni 

matrix is uniform. The coating structure was densified by further increasing CTAB 

concentration. Ni-MoS2 coating deposited with 0.5 g/L CTAB showed the lowest level of voids. 

The cross-section also reveals that only nickel was deposited on the substrate in the first few 

micrometres of deposit growing. The amount of embedded MoS2 particles gradually increased 

from the coating/substrate interface to the coating surface. This observation of MoS2 particle 

distribution is consistent with the EDS analysis shown in Figure 4.6 (c). At the initial stage of 
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composite electroplating, Ni²⁺ ions near the cathode were reduced to form a nickel deposit. As 

electroplating time increased, MoS₂ particles were transported to the cathode surface through 

bath agitation and electrophoretic motion, eventually co-depositing with nickel. Therefore, a 

gradual increase of MoS2 particle was observed from the cross-section of Ni-MoS2 coatings. 

 

 

Figure 5.18 Secondary electron SEM images of cross-sectional views of Ni-MoS2 coatings 
deposited from electrolytes containing CTAB concentration of (a-b): 0.1 g/L at low and high 
magnifications respectively; (c-d): 0.2 g/L at low and high magnifications respectively; (e-f): 

0.5 g/L at low and high magnifications respectively. 
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The cross-sections of Ni-WS2 coatings deposited with different CTAB concentration are shown 

in Figure 5.19. Ni-WS₂ coatings exhibit similar porous structures to that of Ni-MoS₂ coatings. 

However, the uniformity of Ni-WS2 coating is much worse compared with Ni-MoS2 coatings. 

As shown in Figure 5.19 (a), the Ni-WS2 coating deposited with 0.1 g/L CTAB shows a valley-

shaped defect with only a thin layer of deposit covering the substrate. The high magnification 

SEM image shows that the outmost layer is porous (Figure 5.19 b). When CTAB concentration 

increased to 0.2 g/L, the uniformity of Ni-WS2 coating improved (Figure 5.19 c), but the 

dendritic growth of deposit can be observed on the outmost layer of coating (Figure 5.19 d). 

As the CTAB concentration further increased to 0.5 g/L, obvious cracks could be found at the 

interface (Figure 5.19 e), indicating poor bonding between coating and substrate. Moreover, 

the high magnification SEM image in Figure 5.19 (f) shows that the dendritic growth of deposit 

on the top layer became more severe at a high concentration of CTAB (0.5 g/L). 
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Figure 5.19 Secondary electron SEM images of cross-sectional views of Ni-WS2 coatings 
deposited from electrolytes containing CTAB concentration of (a-b): 0.1 g/L at low and high 
magnifications respectively; (c-d): 0.2 g/L at low and high magnifications respectively; (e-f): 

0.5 g/L at low and high magnifications respectively.  
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The cross-sectional views of all Ni-MoS2-WS2 coatings can be divided into two layers (Figure 

5.20). The first layer close to the substrate is relatively dense. The second layer is porous and 

consists of loosely adsorbed particles surrounded by deposited nickel. The high magnification 

SEM cross-sectional images show that Ni-MoS2-WS2 coatings contain lots of particles within 

the Ni matrix. 

 

 

Figure 5.20 Secondary electron SEM images of cross-sectional views of Ni-MoS2-WS2 
coatings deposited from electrolytes containing CTAB concentration of (a-b): 0.1 g/L at low 

and high magnifications respectively; (c-d): 0.2 g/L at low and high magnifications 
respectively; (e-f): 0.5 g/L at low and high magnifications respectively. 



 171 

The thickness of Ni-MoS2, Ni-WS2 and Ni-MoS2-WS2 coatings deposited with different CTAB 

concentration are shown in Figure 5.21.Coating thickness values were measured from cross-

sectional SEM images. For all three types of coatings, the lowest thickness values were 

observed with 0.5 g/L CTAB concentration. It can also be noted that the coating thickness of 

Ni-WS2 and Ni-MoS2-WS2 decreased with increasing CTAB concentration. However, for Ni-

MoS2 coating, such decreasing trend was not observed. In addition, Ni-WS2 coating thickness 

was much lower than Ni-MoS2 and Ni-MoS2-WS2 coatings under all CTAB concentration. The 

low coating thickness of Ni-WS2 coating can be attributed to the low co-deposited particle 

content, which decreased tendency of dendritic Ni-WS2 deposit formation.  

 

 

Figure 5.21 Coating thickness measurement of composite coatings deposited from 
electrolytes containing different CTAB concentration, (a) Ni-MoS2 coatings; (b) Ni- WS2 

coatings; (c) Ni-MoS2-WS2 coatings. 
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The hardness measurement conducted on the cross-section of composite coatings is illustrated 

in Figure 5.22. It can be noted that the hardness of Ni-MoS2 and Ni-MoS2-WS2 coatings 

increased with increasing CTAB concentration.. This increase can be attributed to the lower 

embedded particle content observed on the cross-sectional views of coatings. However, the 

hardness of the Ni-WS2 coating did not show a tendency to increase with higher CTAB 

concentration because the cross-sectional views of Ni-WS2 coatings do not vary a lot from one 

another. Moreover, under the same level of CTAB addition, the hardness of Ni-WS2 coating is 

greater than that of Ni-MoS2 and Ni-MoS2-WS2 coatings. The greater hardness can be 

explained by the denser coating structures of Ni-WS2 compared with the other two types of 

composite coatings. The indentation marks observed in the cross-sections of most samples are 

clearly defined (similar to Figures 5.6 a–c), except for Ni-MoS2 and Ni-MoS2-WS₂ deposited 

with 0.1 g/L CTAB, which exhibit unclear indentation corners (similar to Figure 5.6 d). 

 

 

Figure 5.22 Hardness measurement of composite coatings deposited from electrolytes 
containing different CTAB concentration, (a) Ni-MoS2 coatings; (b) Ni-WS2 coatings; (c) Ni-

MoS2-WS2 coatings. 
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The friction coefficient as a function of friction test time for composite coatings deposited with 

different CTAB concentration is illustrated in Figure 5.23. For both Ni-MoS2 and Ni-MoS2-

WS2 coatings, the lowest friction coefficients were 0.07 and 0.08, respectively, which were all 

achieved by adding 0.5 g/L CTAB concentration. It is worth noting that Ni-MoS2 and Ni-MoS2-

WS2 coatings had the shortest run-in period when CTAB concentration in electrolyte bath was 

0.5 g/L. In addition, within the run-in period, the friction coefficient of Ni-MoS2 coating 

deposited with 0.1 g/L CTAB increased sharply up to 0.2 and then dropped. With the increase 

of CTAB concentration, the highest friction coefficient within the run-in period dropped to 0.09 

at 0.5 g/L CTAB. A similar decreasing trend of friction coefficient within the run-in period can 

also be observed in Ni-MoS2-WS2 coating system. Unlike Ni-MoS2 and Ni-MoS2-WS2 

coatings, even though the CTAB concentration increased from 0.1 g/L to 0.5 g/L, the friction 

coefficient of all Ni-WS2 coatings remained at a low level of about 0.06. The different 

tribological performance of composite coatings can be explained as follows. For Ni-MoS2 and 

Ni-MoS2-WS2 coatings, the surface morphologies changed from coarse to smooth with 

increasing CTAB concentration. During the “run-in” period, tribofilms are more readily formed 

on smoother coating surfaces. Therefore, Ni-MoS2 and Ni-MoS2-WS2 coatings deposited with 

0.5 g/L CTAB are easy to enter a stable and low friction state throughout the friction test. On 

the other hand, the hardness of Ni-MoS2 and Ni-MoS2-WS2 coatings increased with increasing 

CTAB concentration. Composite coating with higher hardness can provide firm support for the 

solid lubricant particles to allow an effective shear to take place so that a low friction tribofilm 

may readily develop. This explained the low friction coefficient of Ni-MoS2 and Ni-MoS2-WS2 

coatings when 0.5 g/L CTAB was added into the electroplating bath. However, for Ni-WS2 

coating, both the surface morphologies and the hardness remained almost unchanged at various 

CTAB concentration. Therefore, the tribological properties of Ni-WS2 coatings are similar.  
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Figure 5.23 Friction coefficient as a function of time for composite coatings deposited with 
different CTAB concentration (as indicated in each image), (a) Ni-MoS2 coatings; (b) Ni-

WS2 coatings; (c) Ni-MoS2-WS2 coatings. 

 

SEM images of wear tracks on Ni-MoS2 coatings and the corresponding counterpart cylinders 

are shown in Figure 5.24. A large area of dark patch was observed on the worn surface of Ni-

MoS2 coating deposited with 0.1 g/L CTAB (Figure 5.24 a). The corresponding SEM image 

of the wear track on the counterpart cylinder shows a continuous dark patch surrounded by lots 

of wear debris (Figure 5.24 b). EDS analysis revealed that the dark patch on the counterpart 

cylinder contains element nickel (10.1 wt%), molybdenum (5.7 wt%), and sulphur (2.7 wt%), 

indicating the transfer of tribofilm from the coating to the counterpart cylinder. As the CTAB 

concentration increased to 0.2 g/L, the dark patch area on the worn coating surface (Figure 

5.24 c) and counterpart cylinder (Figure 5.24 d) decreased. With a further increase in CTAB 

concentration (0.5 g/L), the dark patch on the worn coating surface became discontinuous 

(Figure 5.24 e). The wear track on the counterpart cylinder was also found to become narrower 

(Figure 5.24 f). Compared with the original surface morphologies (Figure 5.15 a-c), the 
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microstructures on Ni-MoS2 coatings were flattened to form dark patches during the friction 

test.  

 

 

Figure 5.24 Secondary electron SEM images of wear tracks on Ni-MoS2 coatings and their 
corresponding counterpart cylinders after 1000 s friction test, (a-b) CTAB addition of 0.1 

g/L; (c-d) CTAB addition of 0.2 g/L; (e-f) CTAB addition of 0.5 g/L. 
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Figure 5.25 shows the wear tracks on Ni-WS2 coatings and corresponding counterpart 

cylinders. Ni-WS2 coatings deposited with 0.1 g/L CTAB shows discontinuous dark patches 

on the worn surfaces (Figure 5.25 a). Lots of debris was observed on the wear tracks of the 

corresponding counterpart cylinder (Figure 5.25 b). As the CTAB concentration increased to 

0.2 g/L, the size of dark patches on the worn coating surface became smaller (Figure 5.25 c), 

and the wear track on the counterpart cylinder was much narrower (Figure 5.25 d). When 

CTAB concentration increased to 0.5 g/L, the morphologies of worn coating (Figure 5.25 e) 

and counterpart cylinder (Figure 5.25 f) were similar to that deposited with 0.1 g/L CTAB. 

 

 

Figure 5.25 Secondary electron SEM images of wear tracks on Ni-WS2 coatings and their 
corresponding counterpart cylinders after 1000 s friction test, (a-b) CTAB addition of 0.1 

g/L; (c-d) CTAB addition of 0.2 g/L; (e-f) CTAB addition of 0.5 g/L. 
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The evolution of wear tracks on Ni-MoS2-WS2 coating with increasing CTAB concentration 

(Figure 5.26) is similar to Ni-MoS2 coating. The dark patch area on the worn surface decreased 

as the CTAB concentration in the electroplating bath increased from 0.1 g/L to 0.5 g/L. The 

width of the wear track on the corresponding counterpart cylinder also decreased from about 

450 µm at 0.1 g/L CTAB (Figure 5.26 b) to 150 µm at 0.5 g/L (Figure 5.26 f). The decrease 

of wear track depth on the counterpart cylinder might be related to the hardness of Ni-MoS2-

WS2 coatings. Ni-MoS2-WS2 coating deposited with 0.1 g/L CTAB shows a low hardness (20.9 

Hv). During the friction test, it could not withstand loading from the counterpart cylinder and 

tended to be crushed. In other words, the counterpart cylinder could plough deeply into the 

coating surface, resulting in a wide wear track. Oppositely, Ni-MoS2-WS2 coating deposited 

with 0.5 g/L CTAB shows higher hardness (218.6 Hv), which avoided the deep ploughing of 

the counterpart cylinder. Therefore, the wear track depth on the counterpart cylinder became 

narrow. 

 

Figure 5.26 Secondary electron SEM images of wear tracks on Ni-MoS2-WS2 coatings and 
their corresponding counterpart cylinders after 1000 s friction test, (a-b) CTAB addition of 

0.1 g/L; (c-d) CTAB addition of 0.2 g/L; (e-f) CTAB addition of 0.5 g/L. 
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Figure 5.27 shows the wear depth of composite coatings deposited with different CTAB 

concentration. With the increase of CTAB concentration, the wear depth of Ni-MoS2 coating 

decreased from 91.7 µm to 25.5 µm. A similar decreasing trend in wear depth can also be found 

in the case of Ni-MoS2-WS2 coating. The high value of wear depth at low CTAB concentration 

(0.1 g/L) can be attributed to the compaction of coating structure during the wear test. As shown 

in optical images (Figure 5.14), the porous coating structure of Ni-MoS2 coatings deposited 

without CTAB surfactant could easily be compacted during the sliding of counterpart cylinder, 

resulting in a high value of wear depth. With the addition of CTAB, Ni-MoS2 coating exhibits 

a more uniform structure, which reduces surface roughness and improves wear resistance under 

sliding condition. However, the increase of CTAB in the electroplating bath of Ni-WS2 coatings 

brought little effect on surface morphology, coating structure and hardness. Therefore, wear 

depth detected after 1000 s of friction test for all Ni-WS2 coating maintained at a similar level 

(about 15 µm). 

 

Figure 5.27 Wear depth measured on the composite coatings deposited with different CTAB 
concentration after 1000 s friction test, (a) Ni-MoS2 coatings; (b) Ni-WS2 coatings; (c) Ni-

MoS2-WS2 coatings. 
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EDS results of wear tracks on Ni-MoS2, Ni-WS2 and Ni-MoS2-WS2 coatings and their 

corresponding counterparts are shown in Table 5.3 and Table 5.4 respectively. The 

phenomenon of tribofilm transferred from coatings to counterparts have been observed in all 

cases. However, in all cases, the compositional difference between wear tracks on each type of 

coating and its corresponding counterpart is not obvious. Therefore, it can be speculated that 

the amount of co-deposited particles is not the key factor determining tribological performance. 

Instead, the increase in coating hardness and decrease in surface roughness induced by 

increasing CTAB concentration contribute to the improved self-lubricating and wear resistant 

properties. 

Table 5.3 EDS compositional analysis on wear track of Ni-MoS2, Ni-WS2 and Ni-MoS2-WS2 
coatings deposited with different CTAB concentration after friction test 

Sample (CTAB concentration) O (wt%) Ni (wt%) Mo (wt%) W (wt%) S (wt%) 
Ni-MoS2 (0.1 g/L) 3.8 59.1 19.9 N/A 16.8 
Ni-MoS2 (0.2 g/L) 3.4 69.1 14.3 N/A 12.2 
Ni-MoS2 (0.5 g/L) 3.2 55.2 20.1 N/A 15.3 
Ni-WS2 (0.1 g/L) 2.5 77.8 N/A 15.1 3.58 
Ni-WS2 (0.2 g/L) 2.7 66.7 N/A 20.9 4.6 
Ni-WS2 (0.5 g/L) 2.4 55.8 N/A 27.6 6.3 

Ni-MoS2-WS2 (0.1 g/L) 4.3 61.8 10.1 12.1 11.0 
Ni-MoS2-WS2 (0.2 g/L) 5.5 54.0 10.6 10.7 11.5 
Ni-MoS2-WS2 (0.5 g/L) 6.9 59.1 10.8 10.1 12.4 

 

Table 5.4 EDS compositional analysis on counterpart cylinder against Ni-MoS2, Ni-WS2 and 
Ni-MoS2-WS2 coatings deposited with different CTAB concentration after friction test 

Counterpart (CTAB 
concentration) 

O  
(wt%) 

Fe 
(wt%) 

Ni 
(wt%) 

Mo 
(wt%) 

W 
(wt%) 

S  
(wt%) 

Vs Ni-MoS2 (0.1 g/L) 6.9 73.3 10.1 5.7 N/A 2.6 
Vs Ni-MoS2 (0.2 g/L) 4.1 82.3 6.6 2.6 N/A 2.0 
Vs Ni-MoS2 (0.5 g/L) 6.3 71.8 12.1 5.7 N/A 2.7 
Vs Ni-WS2 (0.1 g/L) 4.4 76.1 7.2 N/A 9.6 1.3 
Vs Ni-WS2 (0.2 g/L) 6.0 71.7 10.4 N/A 8.7 1.5 
Vs Ni-WS2 (0.5 g/L) 5.8 68.7 11.1 N/A 11.4 1.7 

Vs Ni-MoS2-WS2 (0.1 g/L) 5.9 65.7 14.5 3.0 6.9 2.7 
Vs Ni-MoS2-WS2 (0.2 g/L) 7.1 47.7 21.6 6.8 9.9 6.0 
Vs Ni-MoS2-WS2 (0.5 g/L) 4.8 80.0 7.7 1.6 2.9 1.3 
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5.2.3 Tribological performance of nickel hybrid composite coatings  

The tribological properties of nickel hybrid composite coatings mentioned in Section 4.3.2 will 

be investigated in this part. It is expected that composite coatings with dense and compact 

structures will exhibit excellent tribological performance. In the previous section, the friction 

and wear performance of Ni-MoS2-WS2 coatings have already been studied. Therefore, in this 

section, the tribological performance of nickel hybrid composite coatings containing SiC or 

TiO2 particles will be tested. The hybrid composite coatings studied in this section were 

deposited from electroplating bath with CTAB concentration of 0.1 g/L and saccharin 

concentration of 1.5 g/L. The deposition time to prepare these hybrid composite coatings were 

60 min. 

The friction coefficients versus time produced by the Ni-SiC-MoS2 and Ni-SiC-WS2 coatings 

are shown in Figure 5.28. During the 1000 s friction test, the friction coefficient of Ni-SiC (40 

nm)-MoS2 coating gradually increased from 0.25 to 0.37, while Ni-SiC (8.5 µm)-MoS2 

maintained a relatively stable friction coefficient of 0.30. The lower and more stable friction 

coefficient of Ni-SiC (8.5 µm)-MoS2 might be explained by the high content of solid lubricant 

in the coating. As shown in Table 4.2 of EDS results of Ni-SiC-MoS2 and Ni-SiC-WS2 coatings, 

the MoS2 content in Ni-SiC (8.5 µm)-MoS2 coating is 23.1 wt%, which is ten times higher than 

that in Ni-SiC (8.5 µm)-MoS2 coating (2.0 wt%). A sufficient MoS2 content could ensure the 

formation of a complete tribofilm between coating and counterpart, reducing the friction 

coefficient during sliding contact motion.  

On the other hand, the friction coefficient of Ni-SiC (40 nm)-WS2 coating experienced 

fluctuation between 0.5 to 0.6 during the first 400 s of friction test, indicating poor self-

lubrication property. For Ni-SiC (8.5 µm)-WS2 coating, the friction coefficient was low at the 

initial stage of the test (100 s to 200 s). Afterwards, a continuous increase from 0.2 to 0.5 was 

observed. The variation of friction coefficient suggests that Ni-SiC (8.5 µm)-WS2 coating 

possessed self-lubrication initially but gradually lost function during the test.  
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Figure 5.28 Friction coefficient as a function of time for (a) Ni-SiC (40 nm)-MoS2 coating; 
(b) Ni-SiC (8.5 µm)-MoS2 coating; (c) Ni-SiC (40 nm)-WS2 coating; (d) Ni-SiC (8.5 µm)-

WS2 coating. 

 

The worn surfaces of Ni-SiC-MoS2 and Ni-SiC-WS2 coatings after the friction test were 

compared with the original surfaces before the friction test (Figure 5.29).  For Ni-SiC (40 nm)-

MoS2 coating, the closely packed nodules observed on the coating surface (Figure 5.29 a) have 

been flattened after the friction test. Abrasive grooves along the sliding direction can also be 

found on the worn surface (Figure 5.29 b), indicating that the Ni-SiC (40 nm)-MoS2 coating 

experienced abrasive wear during the friction test. A similar phenomenon of surface structure 

flattening has also been observed on the worn surface of Ni-SiC (8.5 µm)-MoS2 coating. Unlike 

the worn surface of Ni-SiC (40 nm)-MoS2 coating, which shows abrasive grooves, a dark patch 

(tribofilm) was formed on the Ni-SiC (8.5 µm)-MoS2 coating (Figure 5.29 d). The formation 

of this dark patch might explain the relatively low and stable friction coefficient (CoF = 0.3). 

The worn surface of Ni-SiC (40 nm)-WS2 coating is shown in Figure 5.29 (f). It can be seen 

observed that the nodular structures shown on the original coating surface (Figure 5.29 e) were 
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crushed into fragments after the friction test. In addition, abrasive grooves and debris can be 

found on the worn surface. Figure 5.29 (h) shows the worn surface of Ni-SiC (8.5 µm)-WS2 

coating. Microcracks and grooves can be found on the worn surface. Moreover, compared with 

the original surface morphology before the friction test (Figure 5.28 g), it can be noted that the 

microstructure on the original Ni-SiC (8.5 µm)-WS2 coating surface was fractured into 

numerous debris. The presence of a large amount of debris on the wear track could induce 

adverse abrasive wear, which might explain the continuous increase in friction coefficient. 

 

 

Figure 5.29 Secondary electron SEM images of Ni-SiC-MoS2 and Ni-SiC-WS2 coatings 
before and after 1000 s friction test. (a-b) Ni-SiC (40 nm)-MoS2; (c-d) Ni-SiC (8.5 µm)-

MoS2; (e-f) Ni-SiC (40 nm)-WS2; (g-h) Ni-SiC (8.5 µm)-WS2 
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The worn surfaces on counterpart cylinders are shown in Figure 5.30. Compared with wear 

tracks of counterpart cylinders sliding against Ni-SiC-MoS2 coatings, the wear tracks of 

counterpart cylinders sliding against Ni-SiC-WS2 coatings exhibit deep grooves. In addition, 

numerous debris transferred from the coating surface accumulates on the side of wear tracks, 

indicating the high wear rate of Ni-SiC-WS2 coatings. 

EDS results of Ni-SiC-MoS2 and Ni-SiC-WS2 coatings and their corresponding counterpart 

surfaces after friction test are shown in Table 5.5 and Table 5.6 respectively. The MoS2 and 

WS2 particles remained on Ni-SiC-MoS2 and Ni-SiC-WS2 coatings after friction test were 

much lower than the coatings before friction test. In addition, EDS results on the wear track of 

counterpart indicated that there was no transfer of tribofim from coating surface. The lack of 

complete tribofilm between coatings and counterparts explained the poor self-lubricating 

properties of Ni-SiC-MoS2 and Ni-SiC-WS2. 

 

Table 5.5 EDS compositional analysis on wear track of Ni-SiC-MoS2 and Ni-SiC-WS2  

Sample  O 
(wt%) 

Ni 
(wt%) 

Mo 
(wt%) 

W 
(wt%) 

S 
(wt%) 

Si 
(wt%) 

Ni-SiC (40 nm)-MoS2 7.0 90.2 0.7 N/A 0.5 0.9 
Ni-SiC (8.5 µm)-MoS2 8.4 70.4 1.8 N/A 3.2 8.1 
Ni-SiC (40 nm)-WS2 2.2 95.4 N/A 1.1 0.3 0.5 
Ni-SiC (8.5 µm)-WS2 8.3 63.2 N/A 4.6 1.0 4.3 

 

Table 5.6 EDS compositional analysis on the wear tracks of counterpart cylinders sliding 
against Ni-SiC-MoS2 and Ni-SiC-WS2 

Sample  O 
(wt%) 

Fe 
(wt%) 

Ni 
(wt%) 

Mo 
(wt%) 

W 
(wt%) 

S 
(wt%) 

Si 
(wt%) 

Vs Ni-SiC (40 nm)-
MoS2 

2.3 89.0 6.3 N/A N/A N/A 0.4 

Vs Ni-SiC (8.5 µm)-
MoS2 

2.5 82.4 13.3 0.2 N/A 0.1 0.5 

Vs Ni-SiC (40 nm)-WS2 2.7 79.2 15.2 N/A 0.6 0.04 0.5 
Vs Ni-SiC (8.5 µm)-

WS2 
3.4 83.4 9.7 N/A 0.9 0.3 0.7 
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Table 5.7 summarises the mechanical and tribological test results of Ni-SiC-MoS2 and Ni-SiC 

-WS2 coatings. It can be noted that the hybrid coatings containing 40 nm SiC particles exhibit 

higher hardness and shallower wear tracks compared with those containing 8.5 µm SiC 

particles. Similar findings have also been reported in the research carried out by Garcia, 

Fransaer and Celis [222]. They reported a decrease in the particle size affects the hardness and 

wear resistance in a positive way. The composite coatings containing particles of different sizes 

may have different reinforcement mechanisms. For composite coatings containing nano-sized 

particles, the dominant strengthening is dispersion strengthening. The mechanism of dispersion 

strengthening can be explained as follows. In composite material, the moving dislocation 

cannot cut through particles in composite (Figure 5.31 a). Therefore, when the dislocation 

bypasses the particles, it will bow out between two particles. As the dislocation keeps moving, 

the bowed-out dislocation will become semi-circular in shape, and yielding will occur (Figure 

5.31 b). After the yielding, the dislocation will leave Orowan loops around the particles (Figure 

5.31 c). The formation of the Orowan loops can slow down the dislocation motion and therefore 

strengthening the composite material [232]. However, for composite coatings containing 

micron-sized particles, the reinforcement mechanism is particle strengthening, which is 

achieved because particles restrain matrix deformation by a mechanical constraint. In the 

current research, Ni-SiC (40 nm)-WS2 coating contains nano-sized SiC particles (3.9 wt%). 

Therefore, dispersion strengthening can be expected. On the other hand, the co-deposited 

particles in Ni-SiC (8.5 µm)-MoS2 coating are all micron-sized particles, which means the 

reinforcement mechanism is particle strengthening. According to Garcia, Fransaer and Celis 

[222], dispersion strengthening is more conducive than particle strengthening to achieve hard 

and wear-resistant composite coatings. Their findings are consistent with data in Table 5.7, 

which shows hybrid composite coatings containing nano-sized SiC exhibit higher hardness 

than those containing micron-sized SiC. 
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Figure 5.30 Secondary electron SEM images of wear tracks on counterpart cylinders sliding 
against (a) Ni-SiC (40 nm)-MoS2 coating; (b) Ni-SiC (8.5 µm)-MoS2 coating; (C) Ni-SiC (40 

nm)-WS2 coating; (d) Ni-SiC (8.5 µm)-WS2 coating. 

 

 

Figure 5.31 Schematics of dislocation bypassing particles in composite material (dispersion 
strengthening) [232]. 
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Table 5.7 Mechanical and tribological properties of Ni-SiC-MoS2 and Ni-SiC-WS2 coatings 

Sample Hardness (Hv) Friction coefficient Wear depth (µm) 

Ni-SiC (40 nm)-MoS2 372.2 ± 9.9 0.37 7.7 

Ni- SiC (8.5 µm)-MoS2 321.4 ± 28.5 0.30 15.1 

Ni- SiC (40 nm)-WS2 392.9 ± 11.4 Fluctuation between 
0.5 and 0.6 

26.6 

Ni-SiC (8.5 m)-WS2 359.6 ± 26.3 0.50 27.3 

 

 

Figure 5.32 shows the friction coefficient of Ni-TiO2-MoS2 and Ni-TiO2-WS2 coatings. For 

the Ni-TiO2-MoS2 coating, the friction coefficient was maintained at a stable level of 0.11 for 

up to 600 s in the friction test and then increased sharply to 0.45. After 900 s, the friction 

coefficient became quite unstable, indicating that Ni-TiO2-MoS2 coating lost self-lubricating 

function (Figure 5.32 a). On the other hand, the friction coefficient of Ni-TiO2-WS2 coating 

was high (0.50-0.55) and fluctuated severely during the entire friction test (Figure 5.32 b). The 

test was aborted after 500 s because coating failure was observed (coating was exfoliated 

afterwards). 

 

 

 

Figure 5.32 Friction coefficient as a function of time for (a) Ni-TiO2-MoS2 coating; (b) Ni-
TiO2-WS2 coating. 
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The SEM images of wear tracks on Ni-TiO2-MoS2 and Ni-TiO2-WS2 coatings are displayed in 

Figure 5.33. Compared with the unworn surface shown in previous figure 4.12 (a), it can be 

seen that the porous Ni-TiO2-MoS2 coating was crushed, and the worn surface was covered 

with wear debris (Figure 5.33 a). Since the Ni-TiO2-MoS2 coating is rich in MoS2 content, 

relatively low friction coefficient could be maintained initially due to the formation of tribofilm. 

However, as the friction test progressed, the porous coating structure could not provide firm 

support for the counterpart cylinder sliding and was easily worn out. Therefore, the friction 

coefficient experienced a sharp increase after 600 s of the test. On the other hand, coating 

delamination was observed, and the mild steel substrate was exposed on the worn surface of 

Ni-TiO2-WS2 coating (Figure 5.33 b). The poor tribological performance was attributed to the 

low WS2 particle content in the coating, which could not provide effective self-lubrication.  

 

 

 

Figure 5.33 Secondary electron SEM images of wear tracks on (a) Ni-TiO2-MoS2 coating and 
(b) Ni-TiO2-WS2 coating. 

 

The mechanical and tribological test results of Ni-TiO2-MoS2 and Ni-TiO2-WS2 coatings are 

shown in Table 5.8. Due to the porous structure of Ni-TiO2-MoS2 coating, hardness 

measurement is hard to be conducted on the cross-section. Moreover, as mentioned above, the 

porous coating structure is prone to wear, thereby resulting in a very deep wear track (303.6 

µm). On the other hand, although the Ni-TiO2-WS2 coating possesses a dense structure and 

relatively high hardness (434.9 Hv), the low embedded WS2 content (1.7 wt%) cannot provide 

sufficient lubrication during sliding contact motion and consequently lead to catastrophic 

coating damage. 
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Table 5.8 Mechanical and tribological properties of Ni-TiO2-MoS2 coating and Ni-TiO2-WS2 
coating. 

Sample Hardness (Hv) Friction coefficient Wear depth (µm) 

Ni-TiO2-MoS2 Too porous to be 

indented 

Increasing from 0.11 

to 0.45 

303.6 

Ni-TiO2-WS2 434.9 ± 28.5 Fluctuating between 

0.50 to 0.55 

Coating delamination 

 

 

5.3 Discussion 

5.3.1 Factors influencing the tribological performance 

Many previous studies reported composite coatings containing high solid lubricant content 

could exhibit superior tribological performance [4, 14, 15]. However, in the current research, 

although the MoS2 content in Ni-MoS2 (10 g/L) coating is almost three times higher than that 

of Ni-MoS2 (1 g/L) coating. The increasing solid lubricant content resulted in a higher friction 

coefficient (0.03 to 0.10) and wear depth (5.7 µm to 91.7 µm). The degradation in tribological 

performance is attributed to the porous coating structure (Figure 5.6) and rough coating surface 

(Ra = 18.1 µm). During the friction test, the counterpart cylinder easily crushed the porous Ni-

MoS2 (10 g/L) coating, leaving a deep wear track on the coating surface (Figure 5.8 d). 

Moreover, Ni-MoS2 coating with porous structure could not provide firm support to form 

compact tribofilm. Consequently, a higher friction coefficient was observed on the Ni-MoS2 

coating when the particle concentration in the electroplating bath is 10 g/L or higher. Therefore, 

increasing solid lubricant content in the coating may not always lead to a lower friction 

coefficient. Coating structure and surface roughness can also affect the tribological 

performance. 

This research aims to develop compact self-lubricating composite coatings through the co-

deposition of mixed particles. Table 5.9 compares self-lubricating composite coatings reported 

from the literature with nickel hybrid composite coatings prepared in this research. It can be 

noted that nickel single-particle composite coatings (i.e. Ni-MoS2 and Ni-P-WS2) exhibit 

coarse surface morphologies with roughness of 14.5 µm and 9.6 µm, respectively. In contrast, 

nickel hybrid composite coatings prepared in the current research show smooth surfaces. The 

roughness of Ni-SiC (40 nm)-MoS2 and Ni-SiC-WS2 are 3.2 µm and 6.3 µm. A similar effect 

of mixed particle co-deposition has been reported Wang et al. [204]. They found that the co-
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deposition of 10 g/L Al2O3 and 1 g/L MoS2 into nickel could lead to a compact coating structure. 

The previous study claimed that the densification effect could be achieved by adding insulating 

particles (Al2O3) into a metal solid lubricant particle coating system [204]. However, in this 

study, the relatively lower roughness of Ni-SiC (40 nm)-MoS2 and Ni-SiC-WS₂ coatings is 

attributed to the low co-deposition rate of MoS2 or WS₂ particles (≤ 2 wt%). Compared with 

Ni single-particle composite coatings (Ni-MoS2 and Ni-WS₂), the low content of embedded 

MoS2 or WS₂ particles in Ni-SiC (40 nm)-MoS2 and Ni-SiC (40 nm)-WS₂ coatings prevents 

the dendritic growth of the coating structures. 

However, the friction coefficient data in Table 5.9 indicates that the addition of SiC particles 

to the nickel hybrid composite coating deteriorates its tribological performance. The friction 

coefficient of Ni-SiC-MoS2 coatings is at least four times higher than that of Ni-MoS₂ coatings, 

both in this study and as reported in the literature [6]. In a previous study of Ni-SiC-MoS2 

coating [196], the friction coefficient was found to be higher (0.45-0.55) than this research. 

The lower friction coefficient of Ni-SiC (40 nm)-MoS2 prepared in the current research might 

be attributed to the compact structure as the previous study mentioned that the structure of Ni-

SiC-MoS2 coating was porous due to excessive MoS2 addition (12 g/L). For Ni-MoS2-WS2 

coating, the tribological performance of is similar to that of Ni-MoS2 coating. Both coatings 

exhibit low friction coefficient (< 0.1) and wear depth of about 12 µm.  

 

Table 5.9 Comparison between single-particle composite coatings from the literature and 
nickel hybrid composite coating from the current research. 

Coating types Roughness (µm) Friction 
coefficient 

Wear depth 
(µm) 

Data from 

Ni-MoS2  14.5 0.08 12.0 [6] 
Ni-P-WS2 9.6 0.20 Not given [14] 
Ni-SiC (2-3 µm)-
MoS2 (< 10 µm) 

Not given 0.45-0.55 Not given [205] 

Ni-SiC (40 nm)-
MoS2 (1.2 µm) 

3.2 0.35 7.7 This 
research 

Ni-MoS2-WS2  
(0.5 g/L CTAB) 

5.6 0.07 12.3 This 
research 
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The better wear resistance of Ni-SiC (40 nm)-MoS2 coating in the current research can be 

explained by Archard law. Theoretically, the wear volume can be calculated by Archard wear 

equation [202].  

 

                                                                     Q  =  KWL
H ……………..………………………5.1 

 

Where Q is the total volume of wear debris, K is a dimensionless constant, W is the applied 

load, L is the sliding distance, and H is the hardness of the softer contacting surface (in this 

case is the composite coating). From Archard’s equation, the wear volume is inversely 

proportional to the hardness value. Therefore, it can be expected that Ni-SiC (40 nm)-MoS2 

coating with higher hardness (372.2 Hv) will have lower wear volume than Ni-MoS2 coating 

(265.1 Hv). The relatively high friction coefficient of Ni-SiC (40 nm)-MoS2 (0.35) is attributed 

to low MoS2 content (2.0 wt%), which cannot provide lubrication during sliding contact motion. 

Based on the above discussion, it can be concluded that solid lubricant content, coating 

structure and surface roughness are three significant factors influencing tribological properties. 

Ni-SiC (40 nm)-MoS2 coating prepared in the current research showed lower roughness and 

better wear resistance compared with Ni-MoS2 coating in the literature. However, due to the 

low content of embedded MoS2 (2.0 wt%), the friction coefficient of Ni-SiC (40 nm)-MoS2 

was relatively high. Further work will focus on reducing the friction coefficient of Ni-SiC (40 

nm)-MoS2 coating.  

 

5.3.2 Effect of surfactant CTAB on the composite coatings 

Section 5.3.2 shows that the addition of surfactant CTAB into the electroplating bath can affect 

both appearance and properties of Ni-MoS2 and Ni-MoS2-WS2 coatings. However, little effect 

will be brought on Ni-WS2 coating when the CTAB concentration increased from 0.1 g/L to 

0.5 g/L. For Ni-MoS2 coating, it can be observed that the holes found on Ni-MoS2 coating 

deposited with 0.1 g/L CTAB addition disappeared with higher CTAB concentration (Figure 

5.15 a-c). According to Ghazanlou et al. [233], the elimination of these holes might be 

attributed to the adsorption of redundant CTAB on the cathode, which disturbs the hydrogen 

evolution process. In addition, the EDS result in Figure 5.17 (a) indicates that the embedded 

MoS2 content in the composite coating will increase with higher CTAB concentration. This is 
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in agreement with many previous studies [165, 167, 168]. Higher CTAB concentration can 

provide a greater positive charge on the suspended MoS2 particles, thereby promoting the 

electrophoretic motion and enhancing the co-deposition rate.  

However, for Ni-MoS2-WS2 coating, the embedded particle content (both MoS2 and WS2) 

decreased with higher CTAB concentration. A similar finding has also been reported by Ning 

et al. in the Cu-TiO2 coating system [172]. One possible reason is that the optimum CTAB 

concentration for particle co-deposition in Ni-MoS2-WS2 coating system is lower than 0.1 g/L. 

Therefore, when the CTAB concentration exceeds 0.1 g/L, excessive CTAB could be adsorbed 

on the cathode surface. This adsorption would create a large repulsive force between particles 

and cathode, thereby reducing the deposition rate of particles. 

On the other hand, a significant increase in hardness was observed on Ni-MoS2 (from 16.3 Hv 

to 180.6 Hv) as CTAB concentration increased from 0.1 g/L to 0.5 g/L. The increase in 

hardness can be explained from two aspects. On the one hand, the porosity level of  Ni-MoS2 

coatings dropped with increasing CTAB concentration (Figure 5.18). According to the 

physical modelling proposed by Ma et al. [234], the porous coating possesses a lower hardness 

than a dense one. Ni-MoS2 coating prepared with 0.5 g/L CTAB exhibited a dense structure, 

and therefore a higher hardness. On the other hand, the addition of CTAB in the electroplating 

can cause a hardening effect on the nickel matrix. The previous research conducted by Hou et 

al. [166] revealed that the addition of CTAB in nickel sulfamate bath significantly increased 

the hardness of pure Ni deposit. However, the reason for this hardening effect is not understood. 

Moreover, from Figure 5.15, Figure 5.16 and Figure 5.18 to Figure 5.20, it can be observed 

that for Ni-MoS2 and Ni-MoS2-WS2 coatings, the surface morphologies became smoother, and 

the coating structure became denser when the CTAB addition in the electroplating bath 

increased from 0.1 g/L to 0.5 g/L. The phenomenon of coating densification by cationic 

surfactant addition has also been reported by Wang [173]. In Wang’s study, it was suggested 

that cationic surfactant BAS adsorption on MoS2 particles could partially reduce particle 

conductivity and promote uniform coating deposition. Therefore, it can be expected that the 

densification of Ni-MoS2 and Ni-MoS2-WS2 coating was caused by a similar particle 

conductivity reduction effect of CTAB.  
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5.4 Summary of test results 
 

1. Ni-MoS2 coatings have been successfully deposited from an electroplating bath 

containing different particle concentration. It was found that the amount of co-deposited 

MoS2 particles was not the only factor determining tribological performance. Ni-MoS2 

coating deposited from 1 g/L MoS2 concentration showed sufficient MoS2 content (16.7 

wt%) to form tribofilm between coating and counterpart. Though the deposited Ni-

MoS2 (1 g/L) coating exhibited quite high surface roughness (Ra = 36.8 μm), the 

relatively high coating hardness (280 Hv) formed a firm support for the tribofim during 

friction test. Therefore, the lowest friction coefficient (0.03) and wear depth (5.7 μm) 

were obtained. On the other hand, the increase of MoS2 concentration resulted in high 

MoS2 content up to 42.5 wt% in the deposited coating. However, the low coating 

hardness and porous structure was not able to support the formed tribofilm, which 

degraded the overall tribological performance.   

 

2. The addition of CTAB in the electroplating bath could affect the surface morphologies 

and mechanical properties of Ni-MoS2 and Ni-MoS2-WS2 coatings. When added at a 

sufficiently high concentration (0.5 g/L), CTAB was found to decrease the surface 

roughness of Ni-MoS2 and Ni-MoS2 coatings by 55.2% and 69.2% compared with the 

coatings deposited with 0.1 g/L CTAB. Additionally, both Ni-MoS2 and Ni-MoS2-WS2 

coatings exhibited a significant increase in hardness, reduction in friction coefficient, 

and reduction in wear depth when CTAB concentration increased from 0.1 g/L to 0.5 

g/L. 

 
3. The co-deposition of (40 nm) SiC particles into the Ni-MoS2 coating system can 

develop a nickel hybrid composite coating with a dense and compact structure. 

Compared with the self-lubricating coating reported in the literature (Ni-MoS2 coating), 

Ni-SiC (40 nm)-MoS2 coating exhibits a much lower surface roughness (3.2 µm) and 

better wear resistance (wear depth of 7.7 µm). However, due to the low content of 

embedded MoS2 particles (2.0 wt%), the friction coefficient was higher (0.35) than the 

Ni-MoS2 coating reported in the literature (0.08).  
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6 Conclusion and future work 
6.1 Overall conclusions 
In this work, nickel single-particle composite coatings and nickel hybrid composite coatings 

have been successfully deposited for both superhydrophobic and tribological applications. 

Major challenges of poor abrasion resistance for superhydrophobic coatings and porous 

structure for self-lubricating coatings have been addressed. The main conclusions of this work 

are summarised as follows.  

 

1. Nickel single-particle composite coatings (Ni-MoS2 and Ni-WS₂) were successfully 

developed via electro-co-deposition. The Ni-WS₂ coating deposited with 1.1 µm WS₂ 

particles (Sample W4) exhibited the highest water contact angle of 158.8 ± 2.5°, 

demonstrating excellent superhydrophobic properties. However, due to its porous 

coating structure, as confirmed by cross-sectional analysis, the Ni-WS₂ coating lost its 

superhydrophobicity after a short abrasion distance of 450 cm under a load of 100 g. 

 

2. Particle size plays an important role in determining surface morphologies and 

embedded particle content of composite coatings. For nickel single-particle composite 

coatings, either large (4.8 µm MoS2) or small particles (275 nm WS2) resulted in low 

particle content in the coating. Only medium-sized particles around 1 µm promoted a 

high co-deposition rate. For nickel hybrid composite coatings, the combination of 

micron-sized MoS2 / WS2 with nano-sized SiC (40 nm) contributed to a dense and 

compact coating structure with a low level of porosity. The lowest surface roughness 

of 3.2 ± 0.2 µm was observed on Ni-SiC (40 nm)-MoS2 coating. However, the existence 

of nano-sized particles in the electroplating bath inhibited the co-deposition of solid 

lubricant particles (either MoS2 or WS2 content in the nickel hybrid composite coating 

is below 3 wt%). 

 

3. With the addition of a third-phase ceramic particles, the abrasion resistance of nickel 

hybrid composite coatings was significantly enhanced. Ni-SiC (8.5µm)-WS2 coating 

with highest water contact angle of 166.2 ± 0.7° maintained superhydrophobicity after 

a 2000 cm abrasion distance, which was four times better than Ni-WS2 coating. The 

potentiodynamic polarisation test also confirmed the excellent anti-corrosion 
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performance of superhydrophobic Ni-SiC (8.5µm)-WS2 coating with Ecorr of -0.14 V 

and icorr of 4.29 × 10-7 A/cm2. The corrosion mechanism was further elucidated by EIS 

and demonstrated that the air layer formed on the hierarchical structure of Ni-SiC 

(8.5µm)-WS2 coating inhibited the penetration of corrosive solution and provided a 

corrosion barrier for the substrate.  

 

4. The long-term durability of superhydrophobicity was achieved by the development of 

Ni-TiO2-MoS2 coating. After being immersed in water for two days, the coating 

maintained the hydrophobicity. The excellent durability is attributed to the microporous 

and nanoporous structures, which retain air and form a layer of “air cushion” to prevent 

water penetration. This type of coating could solve the durability problem, which has 

been the major reason why superhydrophobic coatings have not achieved widespread 

commercial success. 

 

5. Ni-MoS2 coatings were deposited from baths containing different concentrations of 

MoS2 particles. It was found that the self-lubricating property was not only determined 

by the content of embedded MoS2 particles. Ni-MoS2 coating deposited from 10 g/L 

bath exhibited the highest MoS2 particle content of 42.5 wt%. However, high 

embedded MoS2 content resulted in low hardness, which was prone to wear off during 

tribological tests. On the other hand, although Ni-MoS2 coating deposited from 1 g/L 

MoS2 concentration showed the lowest MoS2 content and quite high surface roughness 

(Ra = 36.8 μm), the relatively high coating hardness formed a firm support for the 

tribofim. Therefore, the lowest friction coefficient (0.03) and wear depth (5.7 μm) were 

obtained. 

 

6. CTAB concentration largely affected the structure and self-lubricating properties of the 

composite coatings. As the CTAB concentration increased from 0.1 g/L to 0.5 g/L, 

surface morphologies of Ni-MoS2 and Ni-MoS2-WS2 coatings evolved from rough to 

smooth. The increase in CTAB concentration was also found to increase hardness, 

reduce friction coefficient, and improve wear resistance. However, the variation of 

CTAB concentration had little effect on Ni-WS2 coatings.  
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7. The co-deposition of 5 g/L SiC particles (40 nm) and 5 g/L MoS2 particles (1.2 µm) 

can develop a nickel hybrid composite coating with high compactness. Compared with 

Ni-MoS2 coating reported in the literature, Ni-SiC (40 nm)-MoS2 coating exhibited 

better wear resistance (wear depth of 7.7 µm). However, due to the low content of 

embedded MoS2 particles (2.0 wt%), the friction coefficient is relatively high (0.35).  

 

6.2 Future work 

In this work, various types of hybrid coatings have been carried out to achieve a compact 

coating structure for the superhydrophobic or self-lubricating application. The future work will 

focus on the data analysis, mechanism elucidation and further experiment implementation to 

understand and build functional coatings from the following four aspects.  

 

(1) Nickel hybrid composite coatings deposited with different particle ratios will be 

investigated. According to previous studies, the tribological performance of Ni-Al2O3-MoS2 

and Ni-P-Al2O3-PTFE coatings is dependent on the particle ratio. However, the work 

conducted to date only used the same ratio (5 g/L particle A + 5 g/L particle B, A and B represent 

different particle type). With this particle ratio, the co-deposited solid lubricant content in the 

nickel hybrid composite coatings (i.e. Ni- SiC (40 nm)-MoS2 and Ni-SiC (40 nm)-WS2) was 

very low (< 2.0 wt%), which resulted in a relatively high and unstable friction coefficient. In 

future work, mixed particle co-deposition with the addition of different particle ratio will be 

studied. The concentration of solid lubricant particle will be set to 5 g/L because Ni-MoS2 

coating deposited with this concentration shows sufficient MoS2 content in the coating. The 

concentration of the 40 nm SiC will be lower (1 g/L, 2 g/L, 3 g/L and 4 g/L) as it was found to 

inhibit the co-deposition of solid lubricant particles. The variation of SiC (40 nm) concentration 

aims to obtain an optimum particle ratio. Hopefully, a nickel hybrid composite coating with 

dense structure and sufficient solid lubricant content could be developed with this optimum 

particle ratio. 

 

(2) Although the structures of nickel-solid lubricant composite coatings have been densified by 

mixed particle co-deposition, the dendritic growth on the outmost layer can still be observed 

(Figure 4.11). From the literature, PC plating technique can avoid dendritic growth (Figure 

2.14) and deposit Ni-WC coating without porosity. Therefore, to further smoothen the coating 
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surface, the PC plating technique will be used in future work. However, compared with DC 

plating, PC plating has more parameters to be considered (i.e. frequency, duty cycle, peak 

current density). A number of trails will be conducted to optimise electroplating parameters. 

PC electroplating will be conducted by varying the duty cycle and frequency of pulse current 

supply. According to a review article of PC and PRC [119], 33-50 % is taken as the minimum 

value of the duty cycle, and the frequency should be low enough (< 100 Hz) to allow the 

electrical double layer to fully discharge during the TOFF.  

 

(3) Cross-section of composite coatings after the friction test will be analysed to understand 

the behaviour of solid lubricant particles in the wear process. A focused ion beam (FIB) will be 

used to cut the cross-section sample from the worn surface using ‘lift-out’ technique. The 

reason for using FIB sample preparation is its advantage of high positioning accuracy for cross-

sections. After FIB preparation, the sample will be observed under a transmission electron 

microscope (TEM). The combination of FIB and TEM aims to clarify the microstructure 

evolution of composite coating and particle behaviour within the metal matrix during the 

friction test, which helps to understand the self-lubrication mechanism.  

 

(4) A model/mechanism will be set up to demonstrate how the size difference in hybrid 

particles contributes to the dense structure. To explore the effect of particle size on the 

microstructure of the composite coating, the researcher will use the COMSOL computer 

simulation software to calculate the current density distribution on the cathode. The simulation 

procedures will be similar to previous research of Cu-diamond coating conducted by Cho’s 

research group [235]. As the diamond particles do not conduct electricity, the electric field 

lines need to go around the diamond particles in their study. However, the electroplating 

process will be more complicated in my research because the electric field can be intensified 

at the MoS2 or WS2 adsorbed sites due to their conductive nature. Therefore, the simulation 

input parameters (e.g. diffusion coefficient, particle conductivity etc.) should be carefully 

selected. Hopefully, this model/mechanism will draw a quantified conclusion on the amount 

and types of solid lubricant doped in the solutions.  
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Appendix A 
 

Calculation of contact pressure 
The roller-on-the plate line contact model is schematically shown in Figure A.1. The coating 

is considered as an infinite half-space.  

 

 

Figure A.1 A counterpart cylinder loaded on a flat plate. FN is the normal load, lt is the length 
of the cylinder, b is the half-width of the contact area.  

 

According to Hertzian contact mechanics, the half-width of the contact area (b) and maximum 

contact pressure (Pmax) can be calculated by the following equation [3]. 

 

𝑏 = √
3𝐹𝑁 [

1 − 𝑣1
2

𝐸1
+

1 − 𝑣2
2

𝐸2
]

4 (
1

𝑅1
+

1
𝑅2

)

3

 

 

Pmax=
2FN

πblt
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Where FN is the normal load applied on the counterpart cylinder, E1 is Young’s modulus of 

counterpart cylinder, V1 is Poisson’s ratio of counterpart cylinder, R1 is the radius of 

counterpart cylinder. E2 is Young’s modulus of coating, V2 is Poisson’s ratio of counterpart 

cylinder, R2 is considered infinite for the coating surface. In this research, AISI-52100 stainless 

steel bearing cylinder roller was used as the counterpart, and parameters of pure nickel were 

used for the contact pressure calculation. Parameters of counterpart cylinder and coating are 

listed as below.  

 

Table A.1 Parameters of pin and coating [236]. 

 AISI 52100 stainless steel cylinder Pure Ni (coating) 

Young’s Modulus /GPa 207 205 

Poisson’s ratio 0.3 0.3 

R / mm 3 ∞ 

 

By substituting the parameters in Table A.1 into the above equations, the maximum contact 

pressure was calculated to be 0.15 GPa.  

 

Recommended Cut-off (ISO 4288-1996) 

Periodic Profiles Non-periodic 

profiles 

Non-periodic 

profiles 

Cut-off Evaluation 

length 

Spacing distance RSm (mm) Rz (µm) Ra (µm) λc (mm) L (mm) 

> 0.013 to 0.04 To 0.1 To 0.02 0.08 0.4 

> 0.04 to 0.13 > 0.1 to 0.5 > 0.02 to 0.1 0.25 1.25 

> 0.13 to 0.4 > 0.5 to 10 > 0.1 to 2 0.8 4 

> 0.4 to 1.3 > 10 to 50 > 2 to 10 2.5 12.5 

> 1.3 to 4.0 > 50 > 10 8 40 
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