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ABSTRACT 

 

Surface engineering is a multidisciplinary subject, which deals with 

modification of the surface properties of engineering components in order to 

improve their function and service capabilities. Majority of failures of 

engineering components such as wear and corrosion originate from the 

surfaces. Any desirable structural properties can be imparted to the surfaces 

through coating processes, which modify the properties of the base 

materials.  

 

Electroless plating technique evolved as a promising means of 

addressing the increasing rates of wear and corrosion due to large flexibility 

of thickness and volume of plating on metal surfaces. The important 

characteristics of electroless coatings are superior corrosion and wear 

resistance, good mechanical properties, uniform coating thickness, excellent 

surface finish and adhesion characteristics. Further, electroless nano 

composite coatings play a major role in enhancing the life of various 

engineering components due to incorporated second phase solid particles 

and find wide applications requiring anti-corrosion, anti-wear and anti-friction 

properties in particular. Hence, research in the production of nano composite 

coatings by electroless co-deposition has received the interest of scientists 

and researchers. 

 

The objective of this research was to conduct experimental study of 

Taguchi’s parameters design to maximize the corrosion resistance of 
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electroless Ni-P-nano-TiO2 on low carbon steel substrate. The experiments 

were carried out based on Taguchi’s L9 orthogonal array considering four 

coating parameters at three levels each namely, bath temperature, pH of 

bath, bath loading, and concentration of nano-TiO2. The observation showed 

that pH level had more significant influence on the corrosion behaviour of the 

composite deposit. The experimental study revealed that the optimum 

conditions are Temperature of 88° C, pH of 6, bath loading of 0.5 dm2/l, and 

nano-TiO2 concentration of 2 g/l. 

 

Since nano particles are more susceptible to agglomeration in the 

bath, uniform distribution of particle gets affected and hence surfactants are 

introduced to help particle separation in the plating baths. After standardizing 

the bath parameters using Taguchi’s L9 orthogonal array, the next objective 

of the research was to investigate the effects of two different types of 

surfactants at various concentrations on the properties of Ni-P-TiO2 

composite coating on low carbon steel substrate. Sodium dodecyl sulphate 

(SDS) - anionic surfactant and dodecyl trimethyl ammonium bromide (DTAB) 

- cationic surfactant were used for the deposition. 

 

Deposits were characterized by high resolution scanning electron 

microscope (HR-SEM), energy dispersive X-ray spectrometer (EDS), and X-

ray diffraction (XRD) to study the surface morphology, composition and 

crystal structure of the composite coatings respectively. In addition, the 

influence of surfactants on corrosion behaviour of Ni-P-TiO2 coatings was 

examined using potentiodynamic polarization and electrochemical 
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impedance spectroscopy (EIS) in 3.5 wt. % sodium chloride solution. Also, 

the effect of surfactants on microhardness, scratch, wear and friction 

behaviour of the electroless Ni-P-nano-TiO2 composite coatings were 

investigated.  

 

The results showed that at critical micelle concentration (CMC) of 

cationic surfactant DTAB, uniform distribution of TiO2 particles with no 

defects was observed from SEM. The cationic surfactant DTAB contributed 

to the increase in weight percentage of TiO2 in the Ni-P matrix considerably. 

The corrosion properties were improved by the incorporation of TiO2 particles 

in the Ni-P matrix. The increase in corrosion resistance of the Ni-P nano-TiO2 

coatings was greatly influenced by surfactant and its concentration. In the 

presence of DTAB at 1 × CMC concentration, the corrosion resistance 

reached almost four times when compared to basic Ni-P deposit. 

 

Wear and microhardness test results revealed that at optimum 

concentrations of 1 × CMC of DTAB and 1.5 × CMC of SDS surfactants, the 

coatings had a smoother surface, low frictional coefficient, enhanced 

microhardness and high wear resistance. For DTAB at 1 × CMC 

concentration, the specific wear rate drastically decreased compared to Ni-P-

nano-TiO2 deposits obtained with SDS and without surfactant. The findings of 

scratch test proved that the composite coatings obtained with surfactants 

exhibited the ability to withstand higher critical load and lower penetration 

depth. This can be ascribed to the reinforcing action of increased amount of 

co-deposited TiO2 nanoparticles in the composite coatings. 
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 The effects of cationic and anionic surfactants on composite coatings 

were examined, which revealed that the surfactant type and its level of 

concentration had a major impact on the electroless coating process. Among 

various concentrations of surfactants experimented, 1 × CMC of DTAB and 

1.5 × CMC of SDS have been found to be optimal concentration levels with 

the most desirable set of properties. Apart from identifying the optimum 

concentration levels of surfactants to be used for applications of electroless 

Ni-P-nano-TiO2 coatings, the study also included analysis of degree of 

sensitivity each surface characteristic had to that particular surfactant. 
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1. INTRODUCTION 

 

1.1. GENERAL 

 

 Surface engineering deals with modification of the surface properties 

of engineering components as majority of failures originate from the surface. 

Wear and corrosion are the major failures which occur in the area of 

engineering industries reducing the life of the components. One of the current 

trends is to design and modify the surface properties of the components to 

improve their function and service capabilities [1]. 

 

 The important types of surface engineering techniques that are used 

to modify the surface characteristics are surface treatment process and 

surface coatings. Diffusion treatment processes such as carburizing, nitriding 

and boriding, modify the properties of the base materials to meet the surface 

requirements. Surface coating methods involve depositing a layer of 

materials on to a substrate using molten/semi-molten, gaseous or solution 

state processes. One of the important functions of these coating processes is 

to transform and reinforce the surface instead of changing the composition of 

the entire material. Some of the surface coating techniques are 

electroplating, electro-less plating, chemical vapour deposition (CVD), 

physical vapour deposition (PVD), thermal spraying, etc. Engineering 

industries are now aware of the role of surface coatings to improve the 

surface characteristics, which will ultimately improve the product 

performance. 

 

 Further exploitation of the technology led to coatings which offer huge 

potential for: 

 Value-added functionality 

 Solutions to challenging engineering problems 

 Opportunity to produce completely new products 

 Preservation of material resources 

 Cost reduction 
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1.2. SURFACE COATINGS 

 

 The 18th century began with the advent of metal deposition and 

several other forms of coating techniques. Metallic coatings offer a layer 

which modifies the surface characteristics of the substrate being applied on. 

This substrate becomes an improved material possessing properties that 

generally cannot be achieved by using either of the materials individually. 

Gradually, the deposition techniques focussed on the need for functional 

coatings. Functional coatings help to differentiate engineering products in 

terms of performance, quality and life-cycle cost. The surface properties of 

engineering materials indeed have a considerable influence on the life and 

serviceability of a component. Engineering environments are generally 

complex involving physical and chemical degradation to the component 

surface [2]. 

 

 A number of coating techniques began to play a major role in metal 

finishing processes. The dedicated efforts to bridge the gap of science and its 

applications by various researchers propagated the development of 

electroplating process. It is a process of depositing a layer of material to the 

substrate, aided by electricity to impart the desired properties like wear 

resistance, corrosion protection, and other aesthetic qualities. Electroplating 

and electroless plating evolved as promising means of addressing the 

tremendously increasing rates of wear and corrosion due to large flexibility of 

thickness and volume of plating on metal surfaces. 

 

Electroless plating differs from conventional electroplating on the basis 

of uniform coating thickness on intricate part geometries, coating of non-

conductive materials and operation without the aid of electricity. Electroless 

nickel coatings exhibit properties such as high hardness, good wear and 

corrosion resistance. For these reasons, electroless nickel coatings continue 

to be a hopeful technique in envisioning many applications in aerospace, 

automobile, electrical and chemical industries [3]. The advent of electroless 

coatings helped to deal with certain circumstances with the objective of 

improving service life, and enhancing the performance of the engineering 
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components. Advancement in electroless Ni-P deposition is the co-deposition 

of various alloy elements (copper, molybdenum, tin, etc.) and solid particles 

(ZnO, SiC, etc.). Metallic coatings, containing the second phase of alloy 

elements/solid particles can improve the electrochemical and mechanical 

properties of the substrate to a great extent [4, 5]. 

 

1.3. NEED FOR THE STUDY 

 

 The practical constraints in achieving the functional properties in 

coatings demand a sustainable solution mainly to address the two dominant 

losses which occur due to wear and corrosion in the industry. These factors 

reduce the life span of the components and result in decreased utilisation of 

the components. So, there arises a need for collaborative efforts by experts 

in the field of tribology and corrosion (i.e., surface engineering) to mitigate 

these problems at hand. Since these problems are prevalent in the surface, 

only a suitable surface coating can pave way for eliminating or reducing 

them. One such process is electroless nickel plating which offers solution to 

address the wear and corrosion problems. Furthermore, incorporation of 

nano particles in electroless Ni-P coating process significantly improves their 

properties and imparts new functional attributes to the coatings. Many 

researchers have incorporated SiC, SiO2, Al2O3, TiO2, CNT, ZrO2 nano 

particles in electroless coatings to achieve better properties. Among these, 

introduction of TiO2 particles in the coatings has encouraged a tremendous 

interest in the research community because of its widening applications in the 

engineering materials discipline. Studies reveal that incorporation of TiO2 

particles resulted in enhanced wear and corrosion resistances and also other 

properties such as electrocatalysis and photocatalysis [6]. 

 

 At the same time, the high surface area of the nano particles 

contributes to increased chemical reactivity and high surface energy of the 

particles, which tend to increase the chances of the particles to agglomerate 

during the coating process. Therefore, the amount of incorporation of nano 

TiO2 into Ni-P matrix gets reduced in terms of weight or volume percentage 

subsequently affecting the characteristics of composite coatings. The 
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potential benefits of particle reinforcement in the composite coatings can only 

be realized if the second phase of solid nano particles is well dispersed in the 

metal matrix of the coating. The addition of surface active reagents called 

surfactants to the bath helps to improve stability and allows easier dispersion 

of second phase particles in the nickel based composite coatings. Hence, 

surfactants have a strong influence on uniformity and properties of the 

coating [7]. However, there is lack of data or studies about the effect of 

surfactants on the structure, properties and their micellization ability (ability of 

surfactant molecules to form aggregates of self-assembled structure referred 

to as micelles) on composite coatings. 

 

 Though many investigations have been carried out, the review of 

literature doesn’t provide enough information about the effect of surfactant 

types and concentration of surfactants on Ni-P-nano-TiO2 composite 

coatings. Hence there is a need to study the effect of surfactants on the 

characteristics of Ni-P-nano-TiO2 coatings. The improved resistance to wear 

and corrosion characteristics in the presence of surfactants, when 

established and standardized could be applied to vital applications in 

engineering. 

 

1.4. OBJECTIVES OF THE STUDY 

 

 To obtain Ni-P-nano-TiO2 coating on low carbon steel substrate 

by using electroless deposition method. 

 To optimize the coating parameters of electroless Ni-P-nano-TiO2 

composite coating using Taguchi method. 

 To investigate the effect of sodium dodecyl sulphate (SDS) as 

anionic and dodecyl trimethyl ammonium bromide (DTAB) as 

cationic surfactants on surface morphology, composition and 

crystal structure of composite coatings. 

 To study the surface roughness, corrosion resistance, adhesion, 

microhardness and wear behaviour of composite coatings under 

the influence of surfactants. 
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1.5. OVERALL METHODOLOGY OF THE RESEARCH WORK 

 

The overall outline of the present study on electroless Ni-P-nano-TiO2 

coatings is presented in Figure 1.1. 

 

 

Figure 1.1: Outline of research study on electroless Ni-P-nano-TiO2 

coatings 

 

Electroless Ni-P-nano-TiO2 coating on low 

carbon steel – Optimization of coating 

parameters (Temperature, pH, Bath 

loading, nano-TiO2 concentration) 

Effect of SDS and DTAB surfactants              

(at various CMC concentrations) on                

Ni-P-nano-TiO2- coating at optimal condition 

 

Surface morphology (SEM) 

Elemental composition (EDS)                 

Crystal structure (XRD) 

Surface Roughness and                                

Corrosion (Polarization method) 

Adhesion (Scratch test) 

Microhardness, Wear and friction studies 
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1.6. ORGANIZATION OF THE THESIS 

 

 The presentation of the work carried out in this investigation is 

organized in the following order. 

 

 Chapter 1 deals with the introduction to surface engineering and 

electroless coatings, need for the study, objectives of the study and 

organization of the thesis. 

 Chapter 2 reviews the relevant literature in the area of electroless 

coatings, particularly on the effect of surfactants on nano coatings and 

enhancement of properties. 

 Chapter 3 describes the methodology of performing the experiments 

with the related parameters and testing of metallurgical, electrochemical and 

mechanical properties. 

 Chapter 4 deals with the results obtained from the experimental work 

and discussions on the outcome of these results. 

 Chapter 5 summarises the conclusions arrived based on the 

investigations carried out and scope for future work. 
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2. LITERATURE REVIEW 

 

2.1. INTRODUCTION 

 

This chapter discusses the evolution of electroless nickel-phosphorus 

(EN) coatings, their advancements and inherent applications of the deposits 

obtained from these coatings. A complete review of relevant research work 

done in the area of electroless Ni-P composite coatings has been presented 

in this chapter. Various attempts made by earlier researchers to enhance the 

mechanical, tribological and corrosion properties and current approaches 

evolved to improve the coating process have also been concisely discussed. 

 

2.2. HISTORICAL OVERVIEW OF ELECTROLESS PLATING 

 

The gateway to the discovery of electroless nickel technology was 

opened in 1844 by Wurtz wherein the metallic nickel deposition from an 

aqueous solution of its salt by reduction with hypophosphite occurred as a 

result of a chemical accident [8]. Constantly many investigators studied the 

process, but their interest was about the chemical reaction and not on the 

plating process. 

 

Brenner and Riddell uncovered the electroless nickel process in 1946 

and established this method of controlled autocatalytic coating in a 

commercial level. Brenner was the first to refer the process as 

‘Electro(de)less’. Electroless plating is characterized by the selective 

reduction of metal ions to be deposited only at the surface of a catalytic 

substrate immersed into the plating solution. The metal ions continue 

depositing on the substrate through the catalytic action of the deposit itself. 

Therefore, the term ‘autocatalytic’ is often used to describe the electroless 

plating process for the deposit that itself catalyzes the reduction reaction [9]. 

Over the years, the process has been explored further by many researchers 

to its present state of development. 
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2.3. ELECTROLESS NICKEL-PHOSPHORUS PLATING 

 

 The autocatalytic process of depositing metal ions to a base substrate 

using a reducing agent without passing current is electroless plating. It is a 

continuous metal deposition process, which forms a thick deposit on certain 

catalytically activated surfaces (Autocatalytic reduction deposition). These 

processes have attained widespread significance in recent years, as the 

properties of these coatings were superior to conventional coating methods 

which had improper adherence and poor properties. Industries have begun 

adopting this technique, owing to the supremacy of the obtained coatings 

with enhanced wear and corrosion behaviour. The several advantages of 

electroless over the conventional plating techniques include the quality of the 

deposit, uniformity and excellent tribological properties [10, 11]. 

 

An electroless nickel coating is a dense alloy of nickel and 

phosphorus. Phosphorus is always present in the coatings when reduction is 

performed by hypophosphite. Electroless coatings formed from 

hypophosphite baths seemed to have excellent corrosion and abrasion 

resistance. Many metals like copper, steel, and aluminium are being 

deposited as the industrial applications of electroless coatings have grown 

during the last two decades because of their unique properties. Electroless 

nickel coatings can be applied to non-conductors and to complicated shapes 

of work [12]. In the machinery construction, components usually coated with 

electroless nickel are lathe beds, shafts, levers, calipers and fasteners. 

Applications of EN in chemical and plastic industries involve coatings for 

autoclaves, filters, pipe works, heat exchangers, screw feeders, valves, pump 

components, etc. The aesthetic attribute and functionality of EN are 

employed in automobile industry for brake pistons, radiator jackets, clutch 

bosses, steering gears etc. [13, 14]. Apart from these, electroless nickel 

coatings are also used in hydraulics, mining, offshore technology, oil and 

gas, electrical and electronics, aerospace and printing industries [15]. 
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2.3.1 Mechanism 

 

The basic principle of electroless nickel plating is the redox reaction 

when a catalytically activated surface of the substrate is placed in the plating 

bath aids the nickel ions to be reduced by the reducing agents like sodium 

hypophosphite, sodium borohydride etc. The ions don’t pick up electrons 

from the cathode as in case of electroplating, but the reducing agent causes 

the metal ion reduction and the metal to be coated acts as the catalyst. The 

chemical and physical properties of the deposit depend on bath composition 

which in turn depends on the operating conditions of the electroless plating 

bath [16-18]. The chief constituents of the electroless bath solution are: 

source of nickel ions and reducing agent and other components for 

supporting the electroless coating process as shown in Table 2.1. 

 

 Reaction occurring in electroless nickel deposition with hypophosphite 

ion as the reducing agent is shown in equation 2.1. 

 

           
      

                        
→                          

                 (2.1) 

 

The reaction takes place with the input of energy in the form of heat 

(Temperature above 60 ºC). The mechanisms are heterogeneous and 

require a surface on which the reaction will proceed. As the surface is 

desired to be catalytic, the plating of electroless nickel occurs only on specific 

surfaces. Spontaneous reduction is observed in all metals of group VIII of the 

periodic table of which nickel, cobalt and palladium are considered as active 

hydrogenation-dehydrogenation catalysts [19]. Hence it is clear that an 

explicit knowledge of all the reaction mechanisms is required in the view of 

theoretical research and realizing industrial applications. The understanding 

must provide scope for new methods to improve the properties of the 

coatings. 
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Table 2.1: Electroless bath components and their functions 

 

 

2.3.2. Electroless Alloy Coatings 

 

 Electroless Ni-P coatings have shown satisfactory performance for a 

variety of applications, and their performance can be further enhanced by 

adding alloy elements in the Ni-P coating matrix. Electroless ternary alloys 

namely, Ni–W–P, have been first reported by Pearlstein et al. in 1963 [20]. 

Ni–W–P coatings are used as heat resistors which find application in printing 

operations [21]. Deposition of quaternary electroless Ni–W–Cu–P coatings 

was carried out using nickel sulphate and chloride based baths. X-ray 

photoelectron spectroscopy (XPS) studies have shown that the elemental 

form of W was increased in the sulphate-based electroless bath. It has to be 

noted that copper improves the quality of surface but has no negative effect 

on the hardness [22]. Bath pH and amount of tungsten are important factors 

which affect the surface characteristics of ternary Ni–W–P deposit. At bath 

pH 9 and more than 8 wt. %, of incorporated tungsten in the coatings, very 

fine and homogenous deposit was obtained [23]. Many alloys can be steadily 

deposited by combination of certain metals that are individually deposited 

Component Function 

Nickel ion  Source of metal 

Reducing agent  Source of electrons to reduce the metal ions 

Complexants  Prevents Ni-phosphate precipitation 

Accelerators  Activates the reducing agent and increases the deposition 

Buffers  Controls the pH 

Stabilizer  Prevents the bath decomposition 

Wetting agents 

(surfactants) 
Increases the surface wettability 
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through electroless method using similar baths. Applications based on 

tribology have encouraged a number of ternary and poly alloy coatings like 

Ni-Cu-P, Ni-Mo-P, Ni-Co-P, Ni-W-Cr-P, etc. [24]. 

 

2.3.3. Electroless Composite Coatings 

 

 The need for superior properties with increasing industrial 

requirements has led to innovative development of new generation 

electroless coatings. The idea of co-depositing secondary phase of solid 

particles in electroless Ni-P coatings and in that way taking benefits of their 

uniformity, hardness, corrosion resistance and wear resistance had evolved 

as the basis for electroless Ni-P composite coatings [25]. This process uses 

the conventional reduction technique with suspended particles. The 

effectiveness of co-deposition depends on the bath chemistry, particle nature 

and operating conditions. The coating develops by the settling and impact of 

particles on the surface of the substrate material and consequent 

surrounding of these solid particles by Ni-P matrix as it is being deposited. 

No bonding of molecules is present between the Ni-P matrix and the co-

deposited fine particles. The concentration of the particles in the plating bath 

has a significant role in influencing the level of incorporation. Also, the co-

deposition improves the properties of these composite coatings such as wear 

resistance, lubrication property and oxidation resistance which find wide 

applications in various industries such as defence, aerospace, electrical, 

electronics, automobile, mining, food, chemical, textile, etc. [4, 26]. 

 

Modifying the characteristics of electroless nickel coatings using 

suitable surface treatments (laser treatment, heat treatment, etc.) and the 

incorporation of particles (Al2O3, SiC, TiN, Si3N4, Gr, PTFE, etc.) have been 

utilized to investigate the fitness of these composite coatings for various 

tribology applications [27-30]. Alirezaei et al. studied the tribological 

properties of electroless Ni-P-Ag-Al2O3 hybrid coatings at high temperature 

and reported that the wear resistance and friction coefficient of the hybrid 

coating are strongly influenced by the self-lubricating silver layers formed 

between mating surfaces during high temperature sliding wear [31]. 
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2.3.4. Electroless Nano-Composite Coatings 

 

Furthermore, the size of dispersed particles in the nano level co-

deposited in the process increased the interests of researchers. The addition 

of nano particles into the matrix resulted in ultra-thin and pore free 

deposition. This technology helped to obtain nanostructure composite 

materials and coatings with specified properties. This way of coating 

increased the functional capabilities of the substrates being coated and was 

found to be more advantageous than other methods of synthesizing nano 

sized system [32]. 

 

Li et al. reported that the addition of nano-sized solid particles in 

electroless coating process would be substantial for widening the 

opportunities of the coatings in engineering industries, because several types 

of nano-particles have distinctive natures which are much different from their 

bulk counterparts and also endow the coating with superior functionality [33]. 

 

Sarret et al. proposed that nano-particles greatly modify the growth 

mechanism of metal matrix compared to micron-sized particles and the co-

deposition depends on the particle size and not on the particle nature [34]. 

 

Lin et al. reported that SiC nano-particles provided the greatest 

cavitation erosion resistance than micro particles. Even with the inclusion of 

nano particles, a post-heat treatment was desired for better cavitation erosion 

resistance of electroless Ni-P coatings [35]. 

 

Dong et al. examined the effect of nano SiO2 on the electroless 

deposition and heat treated for 1 hr at various temperatures to explore the 

wear resistance of Ni-P-SiO2 composite coatings. Results showed that there 

was a significant improvement in the micro hardness and wear resistance. 

Heat treatment at 400 °C led to change in structure. This may be largely due 

to the reinforcing action of embedded SiO2 nanoparticles and the 

strengthening action of hard Ni3P phase in the composite coating annealed at 

400 °C [36]. 
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Shibli et al. reported that the incorporation of nano zinc oxide particles 

resulted in surface uniformity, homogeneity and also improvement in 

hardness and corrosion characteristics of the nano composite coatings [37]. 

 

Yu et al. studied the electroless Ni-P-nano-TiN coatings on 

magnesium AZ31 alloy and reported that the introduction of secondary phase 

particles showed dense fine nodules uniform in size without any pores and 

cracks and greatly improved the wear resistance [38]. 

 

Yang et al. developed a novel technique to produce nano particle 

oxide reinforced metal coatings. Incorporating ZrO2 nanoparticle to Ni-P 

matrix by adding ZrO2 sol to electroless plating bath resulted in increased 

micro hardness of 1045 HV and wear resistance [39]. 

 

2.3.5. Electroless Ni-P-nano-TiO2 Coatings 

 

 Among the various nano particles, introduction of nano-TiO2 particles 

to the electroless coatings has motivated the research community to a great 

extent during this decade because of their unique properties and widespread 

applications in the engineering materials area. 

 

Electroless Ni-P-nano-TiO2 coatings possess high microhardness, and 

superior corrosion resistance in sea water/acid environment compared to 

electroless Ni-P coatings, which is due to the co-deposition of TiO2 nano-

particles [40-45]. 

 

Khalifa et al. observed the behaviour of Ni-Sn-P/TiO2 nano composite 

coatings that were prepared by electroless technique on low carbon steel. 

Incorporation of TiO2 and SnCl2 particles confirmed the fact that a crystalline 

component could be embedded into the amorphous Ni-P matrix during the 

electroless deposition. The study reported that the incorporation of TiO2 in 

coating significantly modified the surface morphology and increased the 

corrosion resistance in 3.5 wt. % NaCl solution [46]. 
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Chen et al. developed a technique to obtain Ni-P-nano-TiO2 composite 

coatings on magnesium alloys by adding TiO2 sol to the electroless Ni-P 

solution at a controlled rate. This resulted in improved particle dispersion, 

uniform distribution of nano particles and superior wear resistance than 

conventional coatings [47]. 

 

Ranganatha et al. studied the inclusion of TiO2 nanoparticles in Ni-Zn-

P ternary alloy of electroless plating bath. Co-deposited particles did not 

influence structure and phase transformation behaviour. The stable phases 

were identified in the deposits heated at 400 °C temperature. Electrochemical 

measurements showed that the annealed Ni-Zn-P-TiO2 coatings have good 

corrosion resistance in 3.5 wt. % NaCl solution compared to Ni-Zn-P coatings 

[6]. 

 

Novakovic and Vassiliou reported that the presence of TiO2 in the Ni-P 

layer affects the homogeneity of the surface. After the vacuum heat treatment 

for a very short period (10 min), the Ni-P-TiO2 composite coatings on brass 

acquired higher microhardness and the corrosion resistance remained almost 

unaffected [48]. 

 

Balaraju et al. analysed the structural characteristics and phase 

transformation behaviour of electroless Ni-P, Ni-P-Si3N4, Ni-P-CeO2 and Ni-

P-TiO2 coatings and reported that the incorporation of these particles in the 

Ni-P matrix did not have any significant influence on the structure and phase 

transformation behaviour [49]. 

 

Novakovic et al. produced an electroless Ni-P-nano-TiO2 composite 

coating on carbon steel and reported that the particle incorporation reached 

maximum at the TiO2 concentration in the bath of 2 g/l [50]. 

 

John et al. stated that the saturation level for TiO2 concentration in the 

bath was 3 g/l. Beyond this concentration, there is a chance of agglomeration 

of the second phase TiO2 particles [122]. 
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Shibli and Dilimon investigated the effect of phosphorus and TiO2 

content on the electrocatalytic properties of Ni-P-TiO2 plates. Results 

revealed that the reinforcement of nano TiO2 further improved the number of 

electro-active sites, hydrogen adsorption ability, and decreased the 

roughness. Also the improved electrocatalytic activity can be used for 

hydrogen evolution reaction (HER) and applied as a catalytic support, 

reinforcement and inert filler [51]. 

 

Aal et al. prepared Ni-P-nano-TiO2 composite coating with various 

concentrations of TiO2 nanoparticles. Coatings with TiO2 content of 4.5 wt. % 

(Concentration of TiO2 in the bath - 3 g/l) exhibited higher catalytic activity 

towards the electrochemical oxidation of small organic molecules and it can 

be used for fuel cell applications [52]. 

 

Zhao et al. investigated the incorporation of TiO2 nano-sized particles 

in the electroless Ni-P matrix on stainless steel to explore the anti-bacterial 

property. The electroless Ni-P-TiO2 coatings reduced the adhesion of 

bacterial strains to about 75 %, when compared with Ni-P coatings and 

stainless steel [53]. 

 

Nad and Ehteshamzadeh studied the effect of TiO2 particle size on 

the corrosion performance of Ni-P-TiO2 coatings before and after heat 

treatment. Reduction in corrosion resistance had been observed after heat 

treatment of Ni-P-TiO2 composite coatings [54]. 

 

Song et al. prepared electroless Ni-P-TiO2 coatings on NdFeB 

permanent magnet and reported that the composite coating showed 2 times 

corrosion resistance than simple Ni-P coatings when exposed to 0.5 mol/l 

H2SO4 acid environment [55]. 

 

2.4. EFFECTS OF VARIABLES ON THE COATING PROCESS 

 

 In order to maintain a continuous and consistent plating process, the 

reactants must be replenished in a frequency which depends upon the 
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variability of the reactant’s concentration within their range of optimum levels. 

The reaction of electroless nickel plating not only yields a nickel deposit, but 

also generates by-products, which accumulates in the solution. So, the 

increase in by-product concentration in the bath solution will influence the 

plating reaction [56]. 

 

2.4.1 Effect of Temperature 

 

 One of the most important process parameter influencing the rate of 

deposition of electroless coating is temperature. The reduction and oxidation 

processes which occur in the entire reaction require external energy source 

in form of heat which holds good for all types of bath. These reactions of the 

plating using hypophosphite baths operate between 60 and 95 °C. There is 

an exponential relationship between temperature and the deposition rate of 

the coatings which is independent of the acidity or alkalinity of the bath [57, 

58]. 

 

 Practically useful deposition rates are only obtained on metals above 

80 °C corresponding to the level of pH. Though there is higher deposition 

rate at temperatures beyond 90 °C, there is a fear of bath instability or 

decomposition. Deposition is completely possible in weak alkaline 

electrolytes at a temperature around 60 °C but suitable only for metallizing 

non-conductors with poor resistance to melting at high temperatures. 

Therefore, there is a necessity for accurate controlling of temperature of 

electroless Ni-P baths. Operating at temperature above 87 ºC promotes the 

formation of amorphous phase and considerable improvement in the coating 

adherence and efficiency [59]. In addition to deposition rate, temperature also 

affects the amount of phosphorus content in the coating matrix [60]. 

 

2.4.2. Effect of pH 

 

The pH of the bath decreases as the plating reaction proceeds owing 

to the increase in H+ concentration as nickel ions reduce to form the metal. In 

order to regulate the level of pH, the electroless bath uses a buffer during the 
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operation, where there is continuous supply of OH- ions to balance the 

excess H+ in the bath [19]. 

 

The content of phosphorus in the coating increases with decreasing 

level of pH. Subsequently, decrease in pH level may prevent deposition and 

lower the reducing power of the reducing agent. At a pH level of 3, the 

deposition rate seems to retard and the deposit formed over the substrate is 

attacked by the solution itself. Both nano and micro sized particles and the 

dispersion medium can affect the stability of dispersions, structure, properties 

within a pH range of 4 - 6.5 [61, 62]. On the other hand, increasing the pH 

may tend to increase the deposition rate and lower the solubility of nickel 

salts. The bath pH should be controlled at an optimum value, to attain the 

desired characteristics of the deposit [63, 64]. 

 

2.4.3. Effect of Bath Composition 

 

 Most of the commercial electroless nickel formulations constitute a 

proper optimized system. The chemical constituents of the bath affect the 

deposition rate and phosphorus content in the deposit. The deposition rate is 

not significantly affected by the concentration ratio of nickel and 

hypophosphite ions. Improper ratio leads to greater possibility of 

spontaneous decomposition of solution [3, 10]. The effect of stabilizer, 

buffers, wetting agents, accelerators, stress reducing agents, brighteners and 

other additives on rate of deposition of the coating varies from case to case 

[65]. For practical electroless nickel applications, it should be noted that 

stabilizers should serve to stabilize the bath and at the same time, higher the 

concentration of stabilizer, lower is the deposition rate [64, 66]. 

 

2.4.4. Effect of Bath Loading 

 

 Bath loading is the ratio of total plating area of the substrate immersed 

in the bath solution to the bath volume. Bath loading is also one of the 

important process parameter, which has considerable effect on the plating 

rate and phosphorus content in the deposit. The bath loading or surface area 
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to volume ratio is expressed in dm2/l. Different coating characteristics can be 

obtained depending upon the loading of the bath [19]. Optimum loading 

conditions will depend on the type of bath or proprietary formulations. For low 

levels of bath loading, the potential for the stabilizer’s adsorption is greater, 

especially on intricate geometries. The poor coverage can result in 

inconsistent plate thickness and increased porosity with decrease in 

phosphorus content in the deposit [67]. 

 

2.4.5. Effect of Surfactants 

 

Surfactants are surface active agents used in lowering the surface 

tension of a fluid, allowing easier dispersion, and lower the interfacial tension 

between two fluids or a solid and liquid interface. Generally, in an electroless 

bath, surfactants are added to promote the coating reaction between the bath 

solution and the immersed substrate. These surfactants are usually organic 

compounds that are amphiphilic in nature, i.e., they contain both hydrophobic 

tail and hydrophilic head as a result of which they are soluble in both organic 

solvents and water. Surfactants reduce the surface tension of water by 

absorption onto liquid-gas or solid-liquid surfaces. Surfactants exist in the 

form of isolated molecules in low concentration and they assemble to form 

micelles at higher concentration [68]. 

 

 Surfactants are responsible for enhancing the stability of suspension 

and have a strong influence on wetting, absorption and adhesion behaviour. 

Hence, surfactants are used to achieve uniform distribution of particles in the 

coatings which will enhance the properties of the deposits.  The critical 

micelle concentration (CMC), an important characteristic of a surfactant, is 

defined as the concentration of surfactants above which micelles form and all 

additional surfactants added to the system go to micelles. If the concentration 

of the surfactant is varied with respect to its CMC range, the physical 

properties of the electrolytic solution will also be affected to a considerable 

extent. Generally, CMC of the surfactant will be determined using 

conductance method. Hence, CMC is used as a means to distinguish and 

study the surface activity of every surfactant [69]. 
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 Surfactants are useful in improving the surface finish significantly and 

the amount of surfactant influences the hardness, quality of the deposits, 

abrasion resistance and uniform dispersion. They are added in definite 

quantities with respect to CMC of the corresponding surfactant specifically to 

decrease the vertical component of the surface tension forces, which bind the 

hydrogen gas bubbles produced during the coating reaction. The 

incorporation of surfactants in the bath solution can significantly reduce 

micropitting on Ni-P deposit and then improve the corrosion resistance. 

Addition of small quantity of surfactants to the electroless bath could increase 

the deposition of nickel by 25 % when compared to surfactant-free 

electroless bath. However, an excessive addition of surfactants to the EN 

bath would result in inferior surface finish of the coating and slow down the 

nickel deposition rate. Also, surfactants play a key role in improving the 

surface morphology, coating efficiency, corrosion and tribological behaviour 

of electroless Ni-P coatings [26, 70]. 

 

Rabizadeh and Allahkaram have reported that the morphology of the 

deposits showed agglomeration of nano-SiO2 particles because of the 

absence of surfactant [71]. Sudagar et al. investigated the influence of 

surfactants sodium lauryl sulfate (SLS) and cetyl trimethyl ammonium 

bromide (CTAB) on the surface properties of Ni-P coatings on magnesium 

alloy and reported that there was considerable improvement in the deposition 

rate, smoothness and microhardness. Also, the influence of surfactants 

reached maximum at CMC value and got stabilized beyond this value [72]. 

 

Elansezhian et al. studied the effects of sodium dodecyl sulfate (SDS) 

and CTAB on EN coated samples and reported that the surfactants 

significantly reduced the surface tension and enhanced the coating efficiency 

from 32 % to 95 % [73]. Sineva et al. studied the effects of SDS and CTAB 

on waste water treatment and reported that the surfactants significantly 

reduced the surface tension of aqueous solution [74]. 

 

Liu et al. investigated the impact of CTAB surfactant on the corrosion 

resistance of Ni-P-Al2O3 coatings and reported that the addition of 
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surfactants improved the amount of co-deposited Al2O3 particles. Also, it was 

found that the corrosion resistance of the Ni-P-Al2O3 composite coatings 

increased as the CTAB was increased up to optimum concentration, above 

which corrosion resistance decreased as observed from salt spray test [75]. 

 

Zhao reported that the introduction of surfactant reduced the effect of 

surface free energy of graded Ni-P-PTFE electroless coatings on bacterial 

adhesion [76]. 

 

Zielinska et al. investigated the influence of three types of surfactants 

namely SDS, Dodecyl trimethyl ammonium bromide (DTAB), and Brij 30 as 

anionic, cationic and non-ionic respectively on the properties of Ni-P-nano-

ZrO2 composite coatings. Results showed that the surfactant addition had 

greatly increased the weight percentage of zirconia (22.10 - 21.88 wt. %) for 

the bath containing DTAB of concentrations equal to and above its CMC [7]. 

 

When surfactant concentration is below CMC, the surfactant 

molecules are loosely integrated into the water structure and they are termed 

as monomer. At CMC region, the structure of surfactant-water gets modified 

such that the surfactant molecules start building up own micelles structure 

shown in Figure 2.1. The CMC value of surfactants may be significantly 

modified with appropriate room temperature and ionic liquids and it varies for 

specific applications [77]. The critical micelle concentration (CMC) value for 

DTAB and SDS is 4.347 g/l and 2.393 g/l respectively [69, 78]. 

 

A surfactant can be classified by the presence of formally charged 

groups in its head [79]. 

 Anionic Surfactant 

Hydrophilic group bears a negative charge, for example, sulfonate 

salts, alcohol, sulfates, alkyl benzene, phosphoric esters, 

carboxylic acid salts. 
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 Cationic Surfactant 

Hydrophilic group bears a positive charge, for example poliamide 

and their salt, quaternary ammonium salts and amine oxides, salt 

of long chain amine. 

 Non-ionic Surfactant 

Hydrophilic has no charge, for example, polyethylenated alkyl 

phenols, alcohol ethoxylates and alkanolamides. 

 Zwitterionic Surfactant 

Both positive and negative charges may be present in the 

hydrophilic, for example, long chain amino acid, betains and 

sulfobetain. 

 

 

Figure 2.1: Monolayer and micelle structure as a function of 

surfactant concentration 

 

2.5. INFLUENCE OF SURFACTANTS ON PROPERTIES OF COATINGS 

 

 The properties attained by electroless coating technique are different 

and totally dominant over other methods of metal deposition. This can be due 

Monomer 

(C < CMC) 
Micelle 

(C > CMC) 

Monolayer 

(C > 

CMC) 

Hydrophilic head 

Hydrophobic tail 
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to two distinct reasons, one being the unique mechanism of deposition and 

the other being the presence of phosphorus and codeposited particles/alloy 

elements in the deposits. All the properties involved in the functionality of Ni-

P deposits depend variably on the bath composition and the deposition 

conditions. Some properties depend not only on the coated deposit but also 

on the nature of substrate and the pre-treatment method involved. There are 

a number of properties that form the basis of preference for electroless 

coating technique, which are being encouraged in many industrial 

applications. However, the properties considered below are predominant in 

the present study. 

 

2.5.1. Microhardness 

 

 Microhardness of a coating is the resistance offered by the surface of 

coating against the force provided by indentation. Surface microhardness is a 

critical property for use in products mainly to regulate wear characteristics. 

Thus, microhardness is an essential attribute of materials that controls the 

function and life of systems. Electroless nickel coatings have established 

themselves as a hard coating used in tribology based applications [80, 81]. 

The microhardness of the coatings is dependent on the amount of nickel, 

phosphorus content, annealing temperature and the nature of composite 

particles incorporated in the coating [27]. 

 

The influence of surfactant is also significant as the microhardness of 

the coated substrate can be enhanced extensively based on the surfactant 

type. Also, when surfactants are added to the bath of electroless Ni-P 

composite coatings, there is a remarkable improvement in the microhardness 

[82, 83]. 

 

2.5.2. Surface Roughness 

 

 Surface roughness is an important property for many material 

applications. The importance of the property lies in the fact that it determines 

the area of contact between materials, which governs the frictional 
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resistance. In general, surface roughness studies use average roughness 

value (Ra) to describe the surface roughness property of coatings. 

Incorporation of particles in the Ni-P matrix of electroless coatings affects the 

surface roughness Ra. Introduction of surfactants in the electroless bath 

impacts the surface roughness of coatings. At higher concentrations of 

surfactant, deposition rate of nickel atoms on the surface increases as the 

coating angle is decreased leading to improved wettability of the deposit. The 

degree of change in the roughness by incorporation of soft and hard particles 

depends on parameters like particle type, size of particle, thickness of 

coating [73, 84, 85]. 

 

2.5.3. Adhesion 

 

 Generally, the coated surface is viewed as a three component system 

consisting of the coated deposit, the substrate and the coating-substrate 

interface layer. Adhesion is the strength of the bonds between the coating 

material and the substrate. The beneficial aspect of the material is limited to 

the extent that the property of adhesion of the deposit is unaffected. 

Adhesion is obtained only when molecules achieve adsorption by diffusing or 

penetrating across the interface and form interfacial chemical bonds with the 

molecules of the interfacial layer. 

 

A durable coating will develop only if the coating material comes in 

contact with the substrate surface and develops adhesion before complete 

drying or curing of the deposit. The formation of bonds and adhesion begins 

with interfacial molecular contact by wetting. The wetting property is the 

tendency of the bath molecules to interact with the activated surface of the 

coating process. The strength of adhesion is also reliant on the pre-treatment 

of the substrate [86-88]. 

 

 Among the number of methods for quantifying the adhesive strength, 

the pull off test and scratch test are widespread for electroless deposits. 

Addition of surfactants like SDS, CTAB to the composite coatings improved 



24 
 

the adherence of the particles to the coating matrix and the deposition rate 

[89-91]. 

 

Narasimhan et al. analyzed the scratch resistance properties of 

electrodeposited micro and nano SiC composites in presence of surfactant 

namely tetra methyl ammonium hydroxide (TMAH) and reported that nano 

SiC composite showed higher scratch resistance than that of micro SiC 

composite as proved by the greater critical load showing improved adhesion 

of coatings in presence of surfactants [92]. 

 

2.5.4. Wear Resistance and Friction Behaviour 

 

Wear represents the progressive loss of material from its surface as a 

result of damage to the solid surface by means of rolling/sliding motion 

between two surfaces that are in contact. The general aim of applying 

coatings to any surface for tribological applications is to yield smooth and 

harder surface which helps to reduce wear and friction. Among these two 

deteriorating factors, friction is considered as the critical one which controls 

the effectiveness of applications involving surface or sliding contact and 

partly accountable for the decrease in the service life of the materials. Thus, 

minimization of friction has become an indispensable requirement. The 

coefficient of friction has been substantially affected based on the nature of 

composite particles (hard and soft) that were used in the process [93, 94]. 

 

 There are two types of electroless composite coatings with the prime 

focus on tribology. In the first instance, the lubricant composite coating 

involves embedded solid lubricants like PTFE, graphite, etc., that generally 

produces coatings having smaller coefficient of friction compared to the 

conventional Ni-P coatings. Secondly, coating is wear resistant when aided 

by co-deposition of hard particles like SiC, Al2O3, TiO2, etc., which exhibit 

relatively increased hardness [30, 36]. 

 

 The wear resistance of the Ni-P composite coatings depends on 

factors like level of incorporation, size of composite particle and hardness of 
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the matrix. Adding SDS surfactant to the electroless composite bath helps to 

attain homogenous dispersion of graphene oxide particles [95]. Surfactants 

play a major role in improving the wear resistance of the coatings. Owing to 

even distribution of the composite particles under the influence of the 

surfactants, the inherent properties like hardness, ductility and adhesion 

would be improved. Thus, the severity of surface damage in the coatings 

would be considerably low [96]. 

 

 Abdoli and Rouhaghdam investigated the impact of various 

concentrations of SDS and CTAB surfactants on the characteristics of Ni-P-

nanodiamond coatings. The coating obtained with 3 mg/l of SDS showed 

smooth surface with improved wear resistance, highest microhardness and 

lowest frictional coefficient [97]. 

 

 Zhang et al. investigated the effect of varied SiC content and 

surfactants on the wear behaviour of the electroless Ni-P-SiC coating. 

Surfactant had an improved effect on wear resistance and at 60 mg/l 

concentration, the wear weight loss reached minimum [82]. 

 

2.5.5. Corrosion Resistance 

 

 Corrosion resistance is an extrinsic property which tends to resist or 

prevent the occurrence of material deterioration as a result of a material’s 

interaction with any environment [98]. Electroless nickel plating has been 

widely used in applications requiring corrosion protection in aggressive 

industrial environments. Generally, electroless coatings enhance the surface 

resistance by acting as a protective barrier to the diffusion of corrosive ions 

and it is a well-known fact the amount of phosphorus in the coating enhances 

the corrosion resisting properties. In addition to the presence of phosphorus, 

the action of co-deposited particles in the composite coating is also 

significant for the high corrosion resistance of the coatings [99]. Hence for 

applications where corrosion resistance is highly recommended, Ni-P 

composite coatings are proved to be more satisfying compared to plain Ni-P 

coatings [100]. 



26 
 

 The expectations of the corrosion resistance characteristics of the 

composite coatings have taken a giant leap. The involvement of surfactants 

in the composite coatings has been encouraged in many applications so as 

to bring about an enhancement in the corrosion resistance of the deposits. 

 

 Mafi and Dehghanian studied the effect of three surfactant types 

namely SDS, CTAB and Poly-vinyl pyrrolidone (PVP) as anionic, cationic and 

non-ionic respectively on the characteristics of Ni-P-PTFE composite 

coatings. At a concentration of 0.3 g/l CTAB, corrosion resistance of 

composite coatings increased sixteen times compared to plain Ni-P 

specimen [101]. 

 

 Alfroukhteh et al. explored the effects of linear alkylbenzene 

sulfonates (LABS), CTAB, polyethylene glycol (PEG), as anionic, cationic 

and polymeric surfactants on the corrosion resistance of Ni-P-nano-TiC 

composite coatings and reported that the addition of anionic surfactant 

significantly improved the corrosion behaviour [102]. 

 

 Zarebidaki and Allahkaram analyzed the effect of surfactants like 

sodium dodecyl sulfate (SDS) as anionic and hexadecyl trimethyl ammonium 

bromide (HTAB) as cationic on the corrosion resistance of Ni-P-CNT 

composite coatings and reported that the addition of surfactants improved the 

amount of co-deposited CNT particles, reduced the agglomeration of 

particles and achieved highest microhardness and increased corrosion 

resistance [103]. 

 

 Afroukhteh et al. and Mafi and Dehghanian reported that the addition of 

polymeric surfactant to the electroless bath resulted in minor improvement in 

the corrosion resistance of the composite coatings containing alumina and 

TiN particles respectively [104, 105]. 
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2.6. SUMMARY 

 

 In this chapter, a review of the relevant literature on electroless Ni-P 

coatings and several other aspects of surfactant addition were presented. In 

addition, a review of previous studies on the general characteristics, 

properties and behaviour of these deposits were discussed. This forms the 

basis for defining the objective of the present investigation and also 

identifying the experimental procedures to be adopted to understand the role 

played by the addition of surfactants with specific reference to electroless Ni-

P-nano-TiO2 composite coating. The experimental methods used in this work 

are explained in detail in the following chapter. 
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3. METHODOLOGY 

 

3.1. GENERAL 

 

This chapter deals with the details of experimental procedure adopted, 

relevant parameters and equipment employed during the course of the 

present investigation. 

 

3.2. SUBSTRATE PREPARATION 

 

In this study, AISI 1018 low carbon steel samples (20 mm × 20 mm × 

3 mm) were used as the substrate material for the coating process, and the 

chemical composition (in wt. %) is given in Table 3.1. All the substrates were 

finished by surface grinding and then disc polishing to get a neat and smooth 

finished surface. A stylus instrument was used to measure the surface finish 

values and the average roughness value (Ra) of the finished samples was in 

the range of 0.48 to 0.56 µm. 

 

Table 3.1: Substrate material composition 

 

Constituent C Mn P S Fe 

Wt. % 0.20 0.60 0.04 0.05 balance 

 

3.3. PRE-TREATMENT PROCESS 

 

The pre-treatment process is an essential activity prior to the coating 

process, as it enhances the deposition rate effectively. The machined 

samples were ultrasonically cleaned with acetone for 15 min to improve the 

coating deposition. Then the specimens were rinsed with distilled water for 2 

min and immersed in the ethanol bath for degreasing about 10 min. Once 

again they were rinsed with distilled water for 2 min to remove residual 

chemical adhesion. The surface was activated by pickling treatment with 50 

vol. % of hydrochloric acid for 30 sec before the plating process. Finally, the 
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samples were rinsed with distilled water after which they were immediately 

transferred to the plating bath. 

 

3.4. BATH PREPARATION AND COATING 

 

In the plating bath, nickel sulphate was used as the source of nickel, 

sodium hypophosphite was used as the reducing agent, lactic and propionic 

acids were used as the complexing agents. Thio urea served as the stabilizer 

to protect the plating bath from decomposition. The bath compositions and 

operating conditions are given in Table 3.2. The various levels for bath 

temperature, pH of bath, bath loading, and concentrations of nano-TiO2 

mentioned in the Table 3.2 were taken into consideration for optimization. 

 

Table 3.2: Bath compositions and operating conditions used for plating 

 

Constituent Quantity 

Nickel Sulphate 30 (g/l) 

Sodium Hypophosphite 40 (g/l) 

Lactic Acid 36 (ml/l) 

Propionic Acid 2.4 (ml/l) 

Stabilizer  1 ppm 

Nano TiO2 2, 4, 6 (g/l) 

pH 4, 5, 6 

Temperature 80, 84, 88 ± 2 °C 

Bath Loading 0.25, 0.5, 1 (dm2/l) 

 

Figure 3.1 shows the experimental setup of electroless coating. An 

electrically heated oil bath with proportional integral derivative (PID) controller 

to control the oil bath temperature was employed. The electroless bath 
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temperature was monitored using a thermometer. The pH value of the plating 

bath was monitored and measured periodically by (Eco Tester) pH meter and 

was maintained at the required level during the plating process by using 

ammonia solution. The stirring speed in the bath was maintained at 400 rpm 

for complete dissolution of the bath components. The TiO2 nano particles 

(anatase) were procured from NANOSHEL Co. Ltd. with particle size on an 

average of 25 nm. The TiO2 nano particles were dispersed through ultrasonic 

agitation for about 30 min before adding to the plating bath. After the 

activation of the sample surface to be coated, it was placed in the electroless 

bath. The bath was allowed to reach the required temperature and pH so as 

to initiate the coating process. Initially, deposition of Ni-P coating was carried 

out for 15 min and then TiO2 was introduced to the plating bath and 

deposition process continued for 45 min. The overall duration of plating was 

60 min. After plating, the deposits were cleaned with distilled water and air 

dried at room temperature. 

 

 

 

Figure 3.1: Experimental set up used for electroless plating 
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Finally the weight gain of the samples resulted from the coating 

process was determined using an electronic balance (Shimadzu-AUW220D) 

with an accuracy of 0.01 mg. The deposition rate was calculated using 

equation 3.1. 

 

(Deposition Rate)    
      

   

 
      (3.1) 

 

where R is the deposition rate (µm/h), d is the density of the deposit (g/cm3), 

w is the weight gain (g), A is the surface area of the deposit, and t is the 

deposition period in hours. The experimental outcomes mentioned in this 

work are the average values of a number of runs, which are reproducible 

within ± 15 µg. Sudagar et al. employed the same to find the deposition rate 

of electroless coatings [72]. 

 

3.5. DESIGN OF EXPERIMENTS USING TAGUCHI METHOD 

 

3.5.1. Introduction to Orthogonal Array Design 

 

Taguchi method is one of the effective means of analysing the results 

obtained by performing the experiments using orthogonal arrays (OA). This 

technique provides reduced variance of the desired output with an optimized 

setting of control parameters. Orthogonal array based testing considerably 

reduces the overall test cycle time. These arrays help in minimising the 

number of experiments that need to be carried out, which could give the 

detailed study of all the factors that affect the performance parameters [106]. 

 

In the orthogonal array design, two terms namely factor and level are 

essential. Factor refers to the independent variable which has effects on the 

dependent variable. Level refers to variable incremental value of the factor. 

Each factor is maintained at different levels as per the orthogonal array 

design. For an orthogonal array with four different independent input 

factors/parameters each having three set of levels, full-scale test array 

named L27 will be time-consuming. Therefore L9 array would be better way 
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of approaching these parameters and levels. As mentioned earlier, the power 

of an orthogonal array is the ability to evaluate several factors in a minimum 

number of tests. This method is efficient, as much information can be 

obtained from a few trials. 

 

The design of an experiment involves the following steps: 

 

 Selection of parameters and its levels 

 Selection of orthogonal array based on the number of parameters 

and levels 

 Assigning the variables to each column based on OA 

 Conducting the experiments based on the OA arrangement 

 Analyzing the results of experiments (performance data) using 

signal to noise ratio (SNR) 

 Determination of optimum level of parameters 

 

3.5.2. Selection of Parameters and Their Levels 

 

Among the various coating parameters which influence the corrosion 

resistance of the electroless Ni-P-nano-TiO2 coatings revealed in the 

literature review, our study is confined only to most influencing four 

parameters at three levels namely bath temperature, pH of bath, bath 

loading, and concentration of nano-TiO2 as shown in Table 3.3. 

 

Table 3.3: Selected parameters and their levels 

 

Parameters 
Levels 

1 2 3 

A Temperature, (°C) 80 84 88 

B pH 4 5 6 

C Bath loading, (dm2/l) 0.25 0.5 1 

D Nano-TiO2 concentration, (g/l) 2 4 6 
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3.5.3. Selection of Orthogonal Array and Assignment of the Variables 

 

Based on selection of four parameters and three levels for the 

optimization of coating parameters of the electroless Ni-P-nano-TiO2 coatings 

in this work (Level = 3, Parameter = 4 as shown in Table 3.3), the minimum 

number of experiments to be conducted has been computed as 9. This 

indicates that the best suitable orthogonal array is L9. Table 3.4 shows the 

design matrix for L9 orthogonal array which consist of four parameters and 

their levels which were assigned as shown in the corresponding rows for 

each experiment. Nine experiments were conducted as per the L9 orthogonal 

array shown in Table 3.4 and performance variable for each experiment was 

observed. 

 

Table 3.4: L9 orthogonal array for four parameters at three levels 

 

Experiment 

no. 

Parameters and their levels 

Temperature  

 

(°C) 

pH 

Bath 

loading 

(dm2/l) 

Nano-TiO2 

concentration 

(g/l) 

1 80 4 0.25 2 

2 80 5 0.5 4 

3 80 6 1 6 

4 84 4 0.5 6 

5 84 5 1 2 

6 84 6 0.25 4 

7 88 4 1 4 

8 88 5 0.25 6 

9 88 6 0.5 2 
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3.5.4. Analysis of Signal to noise ratio (SNR) 

 

Taguchi’s analysis helps to understand the effect of the parameters 

and their levels over the objective function using a statistical degree of 

performance called signal to noise ratio (SNR). There are three types of 

SNRs used in Taguchi method namely, smaller-the-better (STB), larger-the-

better (LTB) and nominal-the-best (NTB) for minimization, maximization and 

normalization problems respectively. Selection of SNR model is based on the 

objective of the problem. Consequently, the optimal level of parameter is 

selected as the level having the highest SNR. The SNR (dB) for LTB, STB 

and NTB models can be determined as shown in equations 3.2, 3.3 and 3.4 

respectively. Mean value of response and variance can be determined using 

equations 3.5 and 3.6 respectively. 
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3.5.5. Analysis of variance (ANOVA) 

 

In addition, analysis of variance, a statistical technique is used for 

determining the effect of a parameter on any particular response wherein the 

total variability of the response is separated into contribution of each 

parameter. The purpose of this analysis in this study was to find out the 

significance of process parameters and their percent contribution for 

minimized corrosion rate in the composite coated substrate. The corrosion 

rate of the coatings is the response variable considered for this study. The 

most influential process parameter was found by calculating the percentage 

of contribution of every parameter to the corrosion resistance of the 

electroless Ni-P-nano-TiO2 coatings. The percentage contribution was 

determined using equation 3.7. 

 

                
   

   
           (3.7) 

 

Where SSi is the sum of the square for ith parameter and SST is the total sum 

of square of all the parameters. 

 

    ∑ [                
          (3.8) 

 

    ∑    
 
            (3.9) 

 

where SNRL is the level mean signal to noise ratio and SNRT is the Total 

mean of SNR values. 

 

3.5.6. Confirmation Test  

 

The confirmation experiment is the integral step in validating the 

optimality obtained from Taguchi analysis. The confirmation experiment was 

conducted using the obtained optimum level of parameters. The performance 

variable value obtained from the confirmation experiment should be lesser 

than all other performance variable values, since this study is based on the 
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minimization problem thereby confirming the optimality. Thus, the 

experimental results will confirm that the Taguchi’s design for optimization of 

coating parameters is suitably applied for the present study. 

 

3.6. EFFECT OF SURFACTANTS ON Ni-P-NANO-TiO2 COATINGS 

 

In order to investigate the effect of surfactants on characteristics of 

electroless Ni-P-nano-TiO2 coatings, experiments were conducted as per the 

procedure explained in Section 3.4. Based on the results obtained from 

optimization, the values of parameters namely Temperature, pH, bath 

loading, nano-TiO2 concentration were used to study the effect of surfactants. 

The values of other parameters were maintained as shown in Table 3.2. 

 

The concentrations of surfactants were only varied to study the 

influence of surfactants on Ni-P-nano-TiO2 coatings. Various concentrations 

of anionic - sodium dodecyl sulphate (SDS) and cationic - dodecyl trimethyl 

ammonium bromide (DTAB) were used as the surfactants. The different 

surfactant concentrations were arrived based on critical micelle concentration 

(CMC) values of SDS and DTAB as shown in Table 3.5 [69, 78]. 

 

Table 3.5: Different concentrations of two types of surfactants used 

 

Type of the bath /surfactant 
CMC  

(g/l) 

Concentration 

(g/l) 

Anionic / SDS 2.393 

0.5 x CMC 

1.0 x CMC 

1.5 x CMC 

2.0 x CMC 

Cationic / DTAB 4.347 

0.5 x CMC 

1.0 x CMC 

1.5 x CMC 

2.0 x CMC 
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3.7. CHARACTERIZATION OF DEPOSITS 

 

3.7.1. Scanning Electron Microscope (SEM) Analysis 

 

The surface morphology of the electroless coated samples as 

examined by means of high resolution scanning electron microscope (HR-

SEM) equipped with energy dispersive X-ray spectrometer (EDS), which was 

used for the determination of chemical composition of the coatings shown in 

Figure 3.2. 

 

 

 

Figure 3.2: Hitachi S–3000H scanning electron microscope 

 

3.7.2. X-ray diffraction (XRD) studies 

 

The crystal structure of the electroless coatings was identified using X-

ray diffraction method (XRD, Bruker, X’Pert) by scanning in the range of 2θ = 

10 to 90° and is shown in Figure 3.3. The structures were studied by the X-

ray diffractometer with a Cu Kα radiation and a monochromator at 30 mA and 

50 kV. The step size and scanning rate were 0.02° and 4°/min respectively. 
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Figure 3.3: Bruker D8 – X-ray diffractometer 

 

3.7.3. Surface Roughness Measurement 

 

The surface roughness of the electroless coated samples was 

measured using a stylus instrument as shown in the Figure 3.4. The standard 

roughness estimation parameter, namely average roughness value (Ra) was 

measured for all the coated samples. It is defined as average value of the 

peak and valley distances measured along the centreline over the 

assessment length. All the reported data represent the average of five 

surface roughness measurements on each coated sample. 

 

 

Figure 3.4: Taylor Hobson – Surface roughness measuring 

instrument (Talysurf) 
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3.7.4. Corrosion Test 

 

Corrosion resistance of the deposits in 3.5 wt. % NaCl solution at 

ambient temperature was conducted by potentiodynamic polarization as per 

ASTM G 59-97 [113] and electrochemical impedance spectroscopy (EIS). 

The corrosion tests were conducted using PARSTAT model 2273 as shown 

in Figure 3.5. Three electrode configuration was employed consisting of 

working electrode as the coated sample, reference electrode as saturated 

calomel electrode (SCE) and counter electrode as platinum. Potentiodynamic 

polarization studies were carried out at a scan rate of 0.5 mV/s in the range 

of -0.2 to +0.2 V versus open circuit potential (OCP). Corrosion current 

density (Icorr) and corrosion potential (Ecorr) were identified directly from Tafel 

plot. In general, corrosion current density (Icorr) serves as a measure of the 

corrosion rate. 

 

Thus corrosion rate in mils (0.001 in.) per year (mpy) can be 

determined from equation 3.10. 

 

Corrosion rate (mpy) = Icorr K (1/ρ) Ɛ     (3.10) 

 

where K is a constant, unit-less and equal to 0.12866, ρ is the density of 

corroding metal in g/cm3 units , Icorr is given in units of µA/cm2, and Ɛ is the 

gram equivalent of corroding metal. 

 

The EIS studies were conducted using a frequency response analyser 

(FRA) coupled to a Princeton applied research PARSTAT potentiostat / 

galvanostat / FRA Model 2273. The measurements were carried out in a 

frequency range of 100 KHz to 10 MHz with an applied AC signal of 10 mV. 

Powersuite software was used for analysing the acquired EIS data. 
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Figure 3.5: PARSTAT potentiostat / galvanostat / FRA model 2273 –  

Corrosion testing equipment 

 

3.7.5. Adhesion Test 

 

The adhesive strength of the coating on substrate was measured with 

the help of linear scratch test equipment (Revtest, CSM, Switzerland) as 

shown in Figure 3.6. Acoustic signals were emitted when delamination or 

cracking took place at the scratch path. The adhesion strength of coating is 

normally characterized by critical load (Lc), described as the load at which 

failure happens and first acoustic signal is sensed [88, 92, 94, 108, 109]. The 

coating adhesion strength was measured at the coating surface by 

progressive test load method, in which the load was gradually increased from 

1 to 40 N at a loading rate of 3 N/min for a distance of 3 mm. 

 

Scratch test was conducted using Rockwell diamond indenter (200 

µm). Scratches with progressive scar width were produced consequently with 

a gap of 5 mm in between scratches. Four different test runs were conducted 

for each coated specimen and the two coinciding values were stated as the 

critical load for each specimen. The parameters like applied load range and 

scratch length were chosen based on the literature which also states that a 

critical load of 30 N with a Rockwell C diamond tip is sufficient for sliding 
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contact applications [92, 94]. Also, the scratch test was conducted as per 

standard ASTM C 1624-05 [110]. Parameters like applied normal load, 

frictional force, tangential force, penetration depth of the indenter and 

acoustic emission were recorded in the computer simultaneously during 

running of the tests. 

 

 

 

Figure 3.6: CSM Scratch testing equipment 

 

3.7.6. Microhardness Measurement 

 

The microhardness of the coating was measured using microhardness 

tester with a Vickers diamond indenter (Future-Tech, Japan) as shown in the 

Figure 3.7. 

 

Microhardness was measured on the specimen’s surface applying 100 

g load for a duration of 10 sec following ASTM E 384-11 standards [107]. 

Average value of five measurements performed at different locations on the 

coating was quoted as the final microhardness value. 
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Figure 3.7: Future–Tech Microhardness measuring instrument 

 

3.7.7. Wear Test 

 

Wear resistance of the deposits was tested using a pin-on-disc 

machine as shown in Figure 3.8 (Ducom Wear Tester-TR-201 CL wear and 

friction monitor, India) integrated with a computer based data acquirement 

system under dry sliding conditions at 25 °C. Electroless Ni-P-nano-TiO2 

composite coated specimens with and without surfactants were taken as the 

pins. The wear tests were performed against AISI D2 high carbon-high 

chromium steel discs with hardness of 65 HRc and composition (in wt. %) of 

1.5 % C, 12 % Cr, 0.6 % Mn, 0.3 % Ni, 0.03 % P, 0.3 % Si, 0.25 % Cu, 0.03 

% S, 0.8 % Mo, 0.9 % V, and balanced with Fe. The applied load was 10 N at 

a sliding velocity of 1.25 m s-1 (400 rpm) for a 1000 m sliding distance. 
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Wear test for each surfactant concentration was conducted thrice and 

the average value of specific wear rate and friction coefficient were taken as 

experimental results. The values used for calculating parameters like sliding 

velocity and time duration were taken based on literature which also states 

that sliding distance of 1000 m and a load of 10 N are the conditions 

sufficient for performing dry sliding wear and friction tests on coatings [30, 97, 

111]. The wear test was carried out as per test standards of ASTM G 99-05 

[112]. 

 

 

 

Figure 3.8: Ducom – Pin on Disc Wear testing machine 

 

The mass loss of the samples resulted from the wear test was 

determined using an electronic balance (Shimadzu-AUW220D) with an 

accuracy of 0.01 mg. Wear rate was determined using equation 3.11. 

 

Specific wear rate = 
  

    
       (3.11) 

 



44 
 

where ΔV is the volume loss in mm3, L is the load in Newton and d is the 

sliding distance in metre. The coefficient of friction (COF) was calculated by 

dividing the frictional force with applied load. 
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4. RESULTS AND DISCUSSION 

 

This chapter highlights the results of various investigations carried out 

regarding electroless Ni-P-nano-TiO2 composite coating. The broad 

categories of results discussed in this chapter are: 

 

 Optimization of coating parameters of electroless Ni-P-nano-TiO2 

composite coating using Taguchi experimental design. 

 Investigation of the effect of sodium dodecyl sulphate (SDS) as 

anionic and dodecyl trimethyl ammonium bromide (DTAB) as 

cationic surfactants on the various characteristics of electroless 

Ni-P-nano-TiO2 coatings. 

 

4.1. DETERMINATION OF OPTIMUM COATING PARAMETERS USING 

TAGUCHI METHOD 

 

The Taguchi design was employed to establish the optimal conditions 

and to find the parameters having the most dominant influence on the 

corrosion rate of the electroless Ni-P-nano-TiO2 composite coating. Table 4.1 

represents the Taguchi orthogonal array design and results of the 

measurements. 

 

The optimum parameters were determined using the experimental 

results that were converted into signal to noise ratio (SNR). In this study, the 

objective was corrosion minimization, hence the SNR ratio analysis was 

performed considering corrosion rate as the response variable with smaller 

the better SNR model as shown in equation 4.1. 

 

             (∑
  

 

 

 
   )                         (4.1) 

 

where   is the repetition number of each experiment under same condition of 

design parameters and   is the corrosion rate of individual measurement at 

the jth test. 
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Table 4.1: Corrosion rate and SNR for the experiments 

 

Expt. 
no. 

Parameters and their levels 

Corrosion 
Rate 
(mpy) 

SNR 

Temperature 
 

(°C) 
 

[A] 

pH 
 
 
 

[B] 

Bath 
loading 
(dm2/l) 

 
[C] 

TiO2 
conc. 
(g/l) 

 
[D] 

1 80 4 0.25 2 5.90 -15.41 

2 80 5 0.5 4 4.23 -12.52 

3 80 6 1 6 5.65 -15.04 

4 84 4 0.5 6 6.62 -16.41 

5 84 5 1 2 4.62 -13.29 

6 84 6 0.25 4 4.39 -12.84 

7 88 4 1 4 5.40 -14.64 

8 88 5 0.25 6 4.68 -13.40 

9 88 6 0.5 2 3.64 -11.22 

Total mean, SNRT -13.86 

 

The level mean signal to noise ratio (SNRL) which is the mean of all 

the SNR’s obtained for a particular parameter at a definite level has been 

calculated and shown in Table 4.2. For parameter A at level 1, SNRL has 

been calculated using the SNR values (-15.41, -12.52, -15.04) from the 

experiment nos. 1, 2, 3. For parameter B at level 1, SNRL has been 

calculated using the SNR values (-15.41, -16.41, -14.64) from the experiment 

nos. 1, 4, 7. Similarly, the mean of the SNRs (SNRL) for other selected 

parameters for each level has been determined. 

 

The delta statistics ΔSNR was calculated as the difference between 

maximum SNR and minimum SNR of a particular parameter. Ranking was 

assigned based on the value of delta statistics from higher to lower as shown 

in Table 4.2. Based on the ranking, pH has been identified as the parameter 
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having the largest influence on the response variable. Nano-TiO2 

concentration, bath temperature were the second and third influencing 

parameters followed by bath loading. 

 

Table 4.2: Response Table for SNR 

 

Levels 

SNRL 

Temperature pH 
Bath 

loading 

nano-TiO2 

concentration 

1 -14.33 -15.49 -13.89 -13.31 

2 -14.19 -13.07 -13.39 -13.34 

3 -13.09 -13.04 -14.33 -14.95 

ΔSNR = 

(max-min) 
1.24 2.45 0.94 1.64 

Rank 3 1 4 2 

 

 

The effects of each parameter at three different levels on corrosion 

rate in terms of SNRL are shown in Figure 4.1. A higher value of SNRL infers 

a greater influence of the particular parameter at that level. The maximum 

value in each graph corresponds to the optimum level of that particular 

parameter. Therefore the optimum level for the chosen range of parameters 

for minimized corrosion rate was obtained as A3B3C2D1 ( Temperature of 

88° C, pH of 6, Bath loading of 0.5 dm2/l, and nano-TiO2 concentration of 2 

g/l). 
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Figure 4.1: SNRL of each parameter at different levels 

 

4.1.1. Analysis of Variance (ANOVA) 

 

The idea of this analysis is to find out the significance of process 

parameters and their percent contribution for minimized corrosion rate in the 

composite coated substrate. The percentage of contribution was calculated 

using the following equations. 

 

                
   

   
           (4.2) 

 

where SSi is the sum of the square for ith parameter and SST is the total sum of 

square of all the parameters. 

 

    ∑ [                
         (4.3) 

 

    ∑    
 
           (4.4) 

 

The SSi and percent contributions of the chosen parameters on the 

corrosion rate were calculated and listed in Table 4.3. It was observed that 
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pH was the most significant parameter with highest percentage (%) of 

contribution on the corrosion rate and bath loading was the least influencing 

parameter with lowest contribution. 

 

Table 4.3: Percentage Contribution of Coating Parameters 

 

Parameter SSi % contribution 

Temperature 2.767 13.54 

pH 11.812 57.94 

Bath loading 1.327 6.47 

nano-TiO2 concentration 4.493 22.03 

 

4.1.2. Confirmation Test 

 

The confirmation experiment was conducted by setting the operating 

parameters in optimized condition shown in Table 4.4. It was found that the 

tests conducted at optimal conditions experienced a corrosion rate of 3.59 

mpy, which was found to be lesser than the least corrosion rate obtained 

from all the nine experiments. The experimental results have confirmed that 

the Taguchi design for improving the corrosion resistance is suitably applied 

for the present study. 

 

Table 4.4: Optimized Coating Parameters 

 

Parameter Level 

Temperature 88 °C 

pH 6 

Bath loading 0.5 dm2/l 

nano-TiO2 concentration 2 g/l 
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4.1.3. Inference from Optimization Results 

 

Extensive literature revealed that there has been no adequate study 

on optimizing the coating parameters of electroless nano-TiO2 coatings. So, 

the above results have revealed more clarity on to what extent the coating 

parameters considered in this study can affect the nature and corrosion 

behaviour of the coatings. As far as the optimization is concerned, each 

parameter’s individual contribution towards the response variable has also 

been explicitly understood. 

 

As per the EDS analysis, the amount of TiO2 incorporated in the Ni-P 

matrix at optimum condition is higher than all other combinations of 

parameters, but still can be increased above the maximum value obtained by 

avoiding agglomeration of particles. The need arises to achieve maximum 

incorporation of TiO2 in the deposit at this defined optimal coating condition. 

Surfactant helps to increase the amount of codeposited TiO2 particles, reduce 

the agglomeration of particles and achieve improved coating characteristics. 

However, the usage of surfactant is to be monitored for avoiding bath 

deterioration as a result of increased surface activity provoked by the 

surfactant molecules. 

 

Investigations were conducted based on the prescribed CMC levels of 

the surfactants to study the impact on surface morphology, composition, 

structure, roughness, corrosion resistance, adhesion, microhardness, wear 

and friction behaviour of the coatings. 

 

 

 

 

 

 

 

 



51 
 

4.2. EFFECT OF SURFACTANTS ON THE PROPERTIES OF 

ELECTROLESS Ni-P-NANO-TiO2 COMPOSITE COATINGS 

 

4.2.1. Surface Morphology 

 

Figures 4.2a and b show the SEM micrographs of electroless Ni-P 

coatings and Ni-P-nano-TiO2 coatings without surfactants respectively. The 

nature of the surface of the Ni-P coating seems to be dense and no surface 

damage is noticed (Figure 4.2a). In the case of Ni-P-nano-TiO2 coating 

without surfactant (Figure 4.2b), a nodular structure was observed with the 

presence of microvoids. The surface gets affected by the embedded TiO2 

particles in Ni-P layer and distinctly widens the boundaries between nickel 

and the incorporated particles in the matrix. Also, from the same micrograph 

of the Ni-P-nano-TiO2 coating without surfactant, it can be seen that the Ni-P 

matrix shows mild agglomeration of TiO2 particles in spite of carrying out 

ultrasonic and magnetic agitation. The agglomeration of particles was 

analogous to the inferences reported by Elina et al. [54]. 

 

Figures 4.2c-f show surface morphology of Ni-P-nano-TiO2 coatings at 

various concentrations of SDS surfactant. In the presence of anionic 

surfactant SDS, the embedded TiO2 grains into the matrix significantly 

increasing the surface expansion of the composite Ni-P-TiO2 layer compared 

to that of coating without surfactant. At lower concentration of the surfactant 

(Figure 4.2c), a nodular structure with microvoids was obtained. When the 

surfactant concentration was equal to or above CMC, smooth surface was 

formed and microvoids were reduced (Figures 4.2d, e), which is also 

confirmed by the roughness measurements shown in Section 4.2.4. This is in 

complete agreement with the investigations of Alsari et al. and Elansezhian 

et al. [73, 114]. However, when the level of surfactant concentration was at 2 

× CMC (Figure 4.2f), microvoids were again observed to have increased. 
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Figure 4.2: Surface morphology of coatings: Without surfactant 

[(a) Ni-P, (b) Ni-P-nano-TiO2]; Ni-P-nano-TiO2 with SDS surfactant [(c) 0.5 

× CMC, (d) 1 × CMC, (e) 1.5 × CMC, (f) 2 × CMC] 

 

Figure 4.3 shows surface morphology of electroless Ni-P-nano-TiO2 

coatings at various concentrations of DTAB surfactant. In the presence of 

DTAB, the surfactant tends to form globular aggregates at the surface of the 

specimen due to electrostatic attraction between the substrate’s negative 

charge and the cationic head groups of the surfactant. At lower concentration 

of DTAB surfactant, nodular structures were formed (Figure 4.3a). When the 

concentration was at 1 × CMC, the surface morphology slowly changed from 

non-smooth nodular structure to a smoother surface with uniform distribution 

of TiO2 particles (see Figure 4.4) and there was no appearance of voids in 

the surface of the coating (Figure 4.3b) which was also confirmed by the 
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surface roughness measurements shown in Section 4.2.4. These results 

display a similar trend as stated in the investigation of Medina-Valtierra et al. 

who studied the effect of CTAB on the roughness of TiO2 films formed by sol-

gel process [115]. As the concentration increases (above 1 × CMC), non-

smooth nodular structures were observed affecting uniform distribution of 

particles (Figures 4.3c, d). 

 

 

 

Figure 4.3: Surface morphology of composite coatings: Ni-P-nano-TiO2 

with DTAB surfactant [(a) 0.5 × CMC, (b) 1 × CMC, (c) 1.5 × CMC, (d) 2 × 

CMC]. 

 

It is known that the substrate’s attractive force is primarily responsible 

for the nickel coating. However, the effectiveness of the coating attained is 

dependent on both the attractive and repulsive interactions of the surfactant 

molecules. In case of SDS surfactant, the distribution of nano-TiO2 particles 

in the deposit appears to be uneven and relatively poor compared to the 

deposits obtained using DTAB which shows better uniformity (see Figure 

4.4). 
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4.2.2. Elemental Composition 

 

The results of elemental composition of the coatings obtained by EDS 

analysis are given in Table 4.5, confirming the presence of Ni, P, Ti and O 

elements in the coatings. However, composition of these elements seems to 

have varied to an extent depending upon the level of surfactant in the coating 

process. There is a need for uniform distribution of nano TiO2 particles in the 

Ni-P matrix because the role of TiO2 and nature of its dispersion are primarily 

responsible for enhancing the properties of the deposit. 

 

Table 4.5: Elemental composition (determined by EDS analysis) as a 

function of surfactant type and concentration in the plating bath 

 

Deposited 

elements 

(wt.%) 

SDS Concentration 

0 0.5 × CMC 1 × CMC 1.5 × CMC 2 × CMC 

Ni 93.8 ± 1.5 90.9 ± 1.2 90.3 ± 0.8 88.5 ± 0.6 93.6 ± 0.7 

P 4.9 ± 0.4 6.6 ± 0.3 6.0 ± 0.4 6.5 ± 0.2 5.3 ± 0.5 

Ti 0.9 ± 0.2 2.0 ± 0.2 3.3 ± 0.2 4.5 ± 0.4 0.7 ± 0.2 

O 0.3 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.2 0.4 ± 0.1 

Deposited 

elements 

(wt.%) 

DTAB Concentration 

0 0.5 x CMC 1 x CMC 1.5 x CMC 2 x CMC 

Ni 93.8 ± 1.5 91.0 ± 1.1 86.1 ± 0.7 88.7 ± 0.8 90.9 ± 1.0 

P 4.9 ± 0.4 6.3 ± 0.2 6.9 ± 0.5 7.0 ± 0.5 7.0 ± 0.3 

Ti 0.9 ± 0.2 2.2 ± 0.3 6.7 ± 0.2 4.0 ± 0.2 1.7 ± 0.3 

O 0.3 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.2 
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Table 4.5 shows the variation of weight percentage of the co-

deposited TiO2 particles with respect to different levels of surfactant 

concentration. It is noted that the weight percentage of TiO2 increases with 

increasing concentration of surfactant up to certain value and then decreases 

gradually. A maximum of 6.95 wt. % of TiO2 was obtained for a DTAB 

concentration of (1 × CMC). Similarly, for SDS concentration of about (1.5 × 

CMC), 4.88 wt. % of TiO2 was obtained. 

 

At a concentration of surfactant lower than the CMC value, the surface 

tension was not enough to drive the nickel and TiO2 particles to actively take 

part in the coating reaction. However, at concentrations of surfactants 

namely, 1.5 × CMC of SDS and 1 × CMC of DTAB, the particles involved in 

coating were not allowed to leave the substrate, thereby aiding a high rate of 

deposition. Subsequently, the weight percent of TiO2 was also higher at the 

above mentioned values of surfactant concentration. This can also be 

attributed to the increase in the electric potential of the TiO2 particles to a 

higher positive level which increased the possibility of electrostatic absorption 

of the dispersed TiO2 particles on the substrate. Any further addition of the 

surfactants above these observed levels of concentration decreased the 

amount of TiO2 content in the coatings because of the excess surfactant 

molecules which surround the TiO2 particles. These results display a similar 

behaviour as stated by the researchers in their investigations on the effect of 

surfactants on composite coatings [92, 116]. 

 

In case of both the surfactants, there was an optimum level of 

concentration at which the weight of the embedded TiO2 was maximum. At 

particular concentration levels of surfactants, namely (1 × CMC) of DTAB and 

(1.5 × CMC) of SDS, there is a decrease in the contact angle leading to 

better wettability of the particles. Also, the plating bath becomes saturated 

with excess surfactant which means that all the TiO2 particles would be 

completely surrounded by surfactant molecules. The excessive surfactant will 

be absorbed by the cathode and it will invariably affect the deposition rate of 

both Ni2+ and TiO2 particles. Because of slower deposition, only a smaller 
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amount of TiO2 particles have been embedded in the Ni-P Matrix at levels 

higher than the optimum surfactant concentration. 

 

In addition, the major reason which attributes to the higher amount of 

codeposited TiO2 content using DTAB systems than anionic surfactant SDS 

is that the cationic surfactant changes the zeta potential of the TiO2 particles 

to a more positive level. Also, there is an improvement in the probability of 

electrostatic absorption of the suspended particles on the matrix of cathode. 

The addition of anionic surfactant SDS marginally weakens the rate of 

incorporation of particles in the coating by altering the zeta potential towards 

a more negative value. This negative charge borne on SDS draws the Ni2+ 

ions hindering it to actively take part in forming the Ni-P matrix [117]. 

 

 

Figure 4.4: Elements map: of nickel, phosphorus, titanium and 

oxide distribution: (a, b, c, d) Ni-P-nano-TiO2 without surfactant, (e, f, g, 

h) Ni-P-nano-TiO2 at 1.5 × CMC of SDS, (i, j, k, l) Ni-P-nano-TiO2 at 1 × 

CMC of DTAB. 

 

Figure 4.4 shows that the map of various elements distributed on the 

surface of the composite coatings with and without surfactants. The 
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elemental maps (Figures 4.4g and k) display an even distribution of titanium 

particles on the surface of the Ni-P matrix in presence Ni-P-nano-TiO2 at 1.5 

× CMC of SDS and at 1 × CMC of DTAB surfactants respectively, whereas 

(Figure 4.4c) reveals the presence of colloids and titanium particle 

agglomeration in the absence of surfactants. Moreover, the elemental map 

for Ti in the coatings with 1 × CMC of DTAB can be observed with a denser 

and more uniform particle distribution compared to that of coating with SDS 

and without surfactants. 

 

4.2.3. XRD Analysis 

 

The XRD patterns of electroless Ni-P-nano-TiO2 composite coatings 

with and without surfactants are shown in Figure 4.5.  

 

 

Figure 4.5: XRD Spectrum of electroless Coatings 

The analysis indicates that there is a mixture of amorphous and 

crystalline phases in the deposits. A broad peak at 2θ = 45° can be seen in 
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all the coatings which indicates the amorphous structure of Ni-P deposits. 

The small TiO2 peak at around 2θ = 25° in XRD patterns also confirms the 

presence of crystalline TiO2 particles embedded in the Ni-P matrix in the 

presence of SDS and DTAB surfactants (Figures 4.5c and d). These results 

are in accordance with the investigations on electroless Ni-P-nano-TiO2 

composite coatings by Chen et al. and Novakovic et al. [47, 50]. 

 

4.2.4. Surface Roughness 

 

The roughness measurements of the coatings quoted in terms of the 

Ra values with respect to varying concentrations of surfactants are shown in 

Table 4.6. It was found that the Ra value for the deposits without surfactant 

was higher than the deposits in presence of SDS and DTAB surfactants 

irrespective of any concentration level. It was also noticed that, at levels of    

1 × CMC for DTAB and 1.5 × CMC for SDS, the surface roughness was 

found to have the smallest value. Further increase in surfactant concentration 

led to an increase in surface roughness value. This behaviour is in complete 

agreement with the studies on effect of surfactants on the surface roughness 

of electroless coatings [40, 73, 121]. 

 

Table 4.6: Average surface roughness of the deposits as a function of 

surfactant type and concentration in the plating bath 

 

Roughness 
Measurements 

SDS Concentration 

0 0.5 x CMC 1 x CMC 1.5 x CMC 2 x CMC 

Ra (µm) 0.478 0.435 0.289 0.264 0.279 

Roughness 
Measurements 

DTAB Concentration 

0 0.5 x CMC 1 x CMC 1.5 x CMC 2 x CMC 

Ra (µm) 0.478 0.446 0.295 0.339 0.341 
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The decrease in the surface roughness at optimum concentrations 

indicates that there is an improvement in the surface from uneven 

irregularities to smooth finish. Generally, incorporation of hard or soft 

particles in the electroless Ni-P matrix impacts on the surface roughness. As 

the role of surfactant is to prevent agglomeration and aid in even distribution, 

it results in decrease of surface roughness, i.e., a smooth surface finish. 

 

4.2.5. Corrosion Behaviour 

 

Figure 4.6 shows the polarization curves for the substrate, electroless 

Ni-P coated specimen, composite coated specimen (Ni-P-nano-TiO2) with 

and without the use of surfactants DTAB and SDS. The values of corrosion 

potential and current density were arrived using Tafel Plot after 

experimenting with the coated samples in 3.5 wt. % NaCl solution. The 

corrosion potential and current density for electroless Ni-P-nano-TiO2 

composite coating were measured as -362 mV and 8.52 µA/cm2 respectively. 

Tests with varying concentrations of the surfactants were performed to 

evaluate the corrosion parameters. The levels of surfactant concentration 

which resulted in enhanced corrosion behaviour were at 1 × CMC for DTAB 

and 1.5 × CMC for SDS. In the presence of cationic surfactant DTAB at 1 × 

CMC concentration, the corrosion potential and the current density were 

measured as -318 mV and 5.38 µA/cm2 whereas for coatings using anionic 

surfactant SDS at 1.5 × CMC concentration, the values were -337 mV and 

6.99 µA/cm2 respectively. It is very clear from the above values that the 

addition of surfactant to the plating bath significantly enhanced the corrosion 

behaviour. Analysis on corrosion characteristics show a similar trend as 

stated by Mafi and Dehghanian in their investigations on the effect of different 

surfactants on composite coatings [101]. 

 

Basically, electroless Ni-P coatings have an improved corrosion 

resistance than the plain substrate; however the contribution of the coatings 

towards enhanced corrosion behaviour is dependent on factors such as 

phosphorus, co-deposited particle contents and the nature of the corroding 

solution [26]. Mukherjee et al. have reported that the medium and high 
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phosphorus amorphous Ni-P coatings show good corrosion resistance [118]. 

In this study, a similar behaviour was noticed as all the coatings had an 

amorphous structure internally (Figure 4.5) and had medium phosphorus 

content (Table 4.5). 

 

 

Figure 4.6: Polarization curves of different specimens including 

substrate, Ni-P, Ni-P-nano-TiO2, Ni-P-nano-TiO2 at 1.5 × CMC of SDS, Ni-

P-nano-TiO2 at 1 × CMC of DTAB 

Figure 4.6 clearly indicates that the coatings with higher amount of co-

deposited TiO2 particles exhibited better corrosion properties in the presence 

of both SDS and DTAB systems. The reason behind the increase in amount 

of TiO2 embedded in the Ni-P matrix under the influence of surfactants 

(concentration in terms of CMC) is due to the decrease in surface tension 

between the hydrogen produced at the surface during the plating process. 

Electroless Ni-P-nano-TiO2 coatings with cationic surfactant DTAB had lower 

value of current density than the base specimen, Ni-P, Ni-P-nano-TiO2 

without surfactant and the same with the anionic surfactant SDS. The 
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corrosion rates have been calculated from Icorr values and are shown in Table 

4.7. The addition of DTAB surfactant at this optimal concentration level of 1 × 

CMC improves the corrosion resistance owing to the fact that the molecules 

of the surfactant prevent agglomeration of TiO2 particles which leads to 

uniform distribution of particles in the coating matrix of Ni-P. Thus it results in 

a more uniform surface with fewer defects making it an effective barrier 

against the diffusion of the corrosive ions through the metal surface. 

 

Table 4.7: Corrosion characteristics of Ni-P and Ni-P-nano-TiO2 

composite coatings 

 

Sample Rct (Ω / cm2) Cdl (µF) 
Corrosion rate 

(mpy) 

Ni-P 1251 43.7 4.31 

Ni-P-nano-TiO2 2527 51.2 3.64 

Ni-P-nano-TiO2 (SDS) 

0.5 x CMC 3598 30.7 3.66 

1.0 x CMC 3849 29.8 3.18 

1.5 x CMC 4076 28.6 2.99 

2.0 x CMC 3718 29.9 3.34 

Ni-P-nano-TiO2 (DTAB ) 

0.5 x CMC 4602 27.1 3.49 

1.0 x CMC 5381 25.2 2.3 

1.5 x CMC 4713 26.5 2.69 

2.0 x CMC 4821 26.9 3.06 

 

 

The results obtained from the polarization curves of the specimen are 

confirmed by Nyquist plots (Figure 4.7). All the plots are simple semi-circles 

which indicate a single time constant for each coating. The curves appear to 
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have a similarity in their shape, but differ extensively in their size. This may 

account for the similar process occurring on all the coatings, but over a 

different effective area in each case [119]. An equivalent circuit model (Figure 

4.7) consisting of solution resistance (Rs), double layer capacitance (Cdl) and 

charge transfer resistance (Rct) was utilized to determine the corrosion kinetic 

parameters of the coatings. A similar circuit model was used by Afroukhteh et 

al. to study the corrosion behaviour of electroless Ni-P coated steel in 3.5 wt. 

% NaCl solution [103]. 

 

 

Figure 4.7: Nyquist plots of the specimens in 3.5 wt. % NaCl solution 

with schematic equivalent circuit diagram 

The Rct and Cdl values are tabulated in Table 4.7. The Cdl values are 

associated with the porosity or presence of micro voids in the coatings. Ni-P-

nano-TiO2 coating without surfactant showed higher Cdl values than Ni-P 

coating which indicates the presence of micro voids in Ni-P-nano-TiO2 
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coatings. This coincides with the previous findings of Novakovic et al. [48]. 

After addition of SDS and DTAB surfactants to the Ni-P-nano-TiO2 coatings, 

the Cdl values have reduced considerably. It means that the coating 

deposited in presence of surfactant was more stable and less porous. 

Presence of surfactant increased the Rct value of the coatings compared to 

that of the coatings without using surfactant. Cationic surfactant DTAB had 

highest TiO2 incorporation and high Rct value compared to SDS surfactant in 

the Ni-P-nano-TiO2 system. 

 

The high values of the charge transfer resistance (Rct) obtained for the 

coatings in the present study correspond to better corrosion protective ability 

of electroless Ni-P-nano-TiO2 in the presence of the anionic and cationic 

surfactants. From Figure 4.7, it is seen that the charge transfer resistance of 

the Ni-P coatings increased to ~ 2500 Ω /cm2 as TiO2 particles were 

introduced in the system without surfactants. In the presence of SDS 

surfactant at 1.5 × CMC, Ni-P-nano-TiO2 coatings showed a charge transfer 

resistance of ~ 4100 Ω /cm2. In the presence of DTAB surfactant at a level of 

1 × CMC, Ni-P-nano-TiO2 coatings had charge transfer resistance of ~ 5400 

Ω /cm2. At an optimum concentration of DTAB (1 × CMC), the charge transfer 

resistance of Ni-P-nano-TiO2 coatings increased four times to that of Ni-P 

deposits which implies a considerable improvement in corrosion protective 

ability of the coatings using DTAB. 
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4.2.6.  Adhesion Behaviour 

 

The effect of surfactants on the adhesive behaviour of deposits has 

been discussed based on the results shown in Figure 4.8 and Figure 4.9. 

SEM micrographs of the composite coating surface (without surfactant), 

coating with SDS surfactant at concentration of 1.5 × CMC and coating with 

DTAB surfactant at concentration of 1 × CMC for which the scratch tests 

were performed are shown in Figure 4.8. These levels of concentrations were 

established based on the experimental results obtained for the substrates 

that had the highest weight percent of TiO2 particles incorporated in the 

coating for specific surfactants. The compound property of adhesion is 

influenced directly by the surfactant by means of modifying the interfacial 

properties of the surface of substrate and the deposit. 

 

Figure 4.9 shows the characteristics of the acoustic emission signals 

of the coated specimens corresponding to the rate of loading and the depth 

of penetration. It is interpreted from the graph (Figure 4.9a) that there is no 

sign of cohesive or adhesive failure up to a test load of ~13 N for the 

composite coatings without using surfactants. But beyond a particular level 

(here 13 N), brittle natured cracks and cohesive spallation of coating were 

observed in the scratch path (Figure 4.8a). For coatings using SDS 

surfactant (Figure 4.9b), the test load of ~19 N was found to be the critical 

limit above which mild tensile cracks were observed (Figure 4.8b). However, 

for coatings involving DTAB surfactant (Figure 4.9c), cohesive failure 

(spallation) of coating was observed only above a test load of ~29 N. 

Furthermore, there were no linear or radial cracks observed in the scratch 

path (Figure 4.8c), compared to that of the other two specimens. This proves 

the effective adhesion of the coatings due to the excessive attractive forces 

between the layers. When SDS and CTAB surfactants were added to the 

electroless bath, interfacial adhesion behaviour of the coatings was better 

with smaller number of cracks and delamination. 

 

The behaviour of cohesive spallation of the coating in all the above 

cases was analysed based on the coating scratch profile shown in Figure 
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4.9. Though the penetration depth (30 µm) was maximum for the coating 

without the use of surfactant, it was found to be lower than the thickness of 

the coated deposit (34.2 µm). The magnitude of penetration depth for the 

coating involving SDS surfactant (22 µm) was lying in between that of the 

composite coatings without surfactant and coating using DTAB surfactant 

(penetration depth - 13 µm). The thickness of the composite coating with 

SDS and DTAB surfactants were 25.2 µm and 28.4 µm respectively. The 

penetration depth was found to be the smallest for the coating influenced by 

the DTAB surfactant, for which the magnitude of the depth was half of the 

coating thickness of the deposit. 

 

Figures 4.9a, b and c, also show that the friction coefficients of all the 

coatings are increasing linearly with test load, but the amount of increase is 

relatively small for the coating with DTAB surfactant at a concentration of 1 × 

CMC. Altogether, it should be noted that the penetration depth had 

decreased and the critical load had increased with the addition of SDS and 

DTAB surfactants. Moreover, the considerable increase in the amount of 

incorporated TiO2 in the coating can be owed to the effect of SDS and DTAB 

surfactants. 
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Figure 4.8: Surface morphology of scratch pattern: (a, b) Ni-P-

nano-TiO2 (without surfactant), (c, d) Ni-P-nano-TiO2 at 1.5 × CMC of 

SDS, (e, f) Ni-P-nano-TiO2 at 1 × CMC of DTAB. 
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Figure 4.9: Scratch profile of deposits: (a) Ni-P-nano-TiO2 (without 

surfactant), (b) Ni-P-nano-TiO2 at 1.5 × CMC of SDS, (c) Ni-P-nano-TiO2 

at 1 × CMC of DTAB. 
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4.2.7.  Microhardness 

 

Figure 4.10 shows the microhardness of electroless Ni-P-nano-TiO2 

deposit against SDS and DTAB surfactant concentrations. TiO2 nano 

particles co-deposited in the coating facilitated to impede the plastic 

deformation of nickel matrix and therefore enhanced the microhardness. 

Nevertheless, in the absence of surfactants, the agglomeration of TiO2 

particles weakened the incorporation and homogeneity of distribution of 

these particles in the coatings which resulted in lower hardness when 

compared to coatings under the influence of surfactants. The microhardness 

of the Ni-P-nano-TiO2 deposits increased with increasing concentration of 

surfactants up to the CMC value and then decreased. The increase in 

surfactant concentration helped to strengthen the coating matrix by 

incorporation of particles in the deposits with improved dispersion. 

 

 

Figure 4.10: Microhardness of deposits at various concentrations of 

SDS and DTAB surfactants 
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According to EDS and XRD analysis, the increase in percentage of 

TiO2 content in the coated substrate observed with increasing concentration 

of surfactant led to a mixture of nano crystalline and amorphous structure. As 

the surfactant concentration reached the levels of 1.5 × CMC (SDS) and 1 × 

CMC (DTAB), the amount of incorporated TiO2 particles was maximum. Also, 

the coatings had maximum average microhardness values measuring 789 

HV100 and 829 HV100 for SDS and DTAB surfactant respectively. This is in 

accordance with the investigations of Song et al. and Elan et al. [120, 70]. 

Thus, microhardness value increases significantly for DTAB and marginally 

for SDS at the above observed levels. 

 

4.2.8.  Wear Behaviour 

 

Figure 4.11 shows the specific wear rate of composite Ni-P-nano-TiO2 

deposits under the influence of various levels of SDS and DTAB surfactant 

concentrations. The wear rate decreased with increasing concentrations of 

the surfactants up to a level of 1.5 × CMC for SDS and 1 × CMC for DTAB 

and increased gradually beyond these levels. The wear rate was found to be 

the lowest wherein the bath had surfactant concentrations equal to 1.5 × 

CMC of SDS and 1 × CMC of DTAB which coincides with the higher 

microhardness of the composite coatings. 

 

The surfactant helped in improving the wettability of the metal matrix 

and particles, thereby improving the consistency of suspending fluid. At lower 

concentrations of the surfactants, the dispersion and wetting of TiO2 particles 

is insufficient and unconstructively impacts the co-deposition of suspended 

TiO2 particles into metal matrix. At surfactant concentration of 1.5 × CMC of 

SDS and 1 × CMC of DTAB, the TiO2 particles are completely surrounded by 

the surfactant molecules which prevent agglomeration. So these levels of 

surfactant concentration are considered to be the optimal levels of 

concentration. However, at concentrations of surfactant beyond this level, the 

excess surfactant molecules get absorbed over the cathode, and obstruct the 

self-catalyzing reaction completely. Therefore, it becomes vital to operate at 

an optimum level of surfactant concentration in order to improve the co-
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deposition of solid particles which ultimately results in the increase of TiO2 

content in the coating. 

 

 

Figure 4.11: Specific wear rate of the deposits at various 

concentrations of SDS and DTAB surfactants 

 

Adhesive wear can be described by the movement of any object from 

one plane to another, which would later be eliminated as wear trash. Various 

factors like hardness and adhesion level between the contacting surfaces 

influence the rate of adhesive wear. Adhesive wear is indirectly associated 

with the hardness of the surface, which indicates how much tops of the 

asperities deform plastically. As the hardness is higher, deformation is less 

which makes the contact less intimate. This in turn leads to reduced friction. 

When the weight percentage of TiO2 particles co-deposited in the nickel 

matrix is small, these nano particles will have larger space gaps in the metal 

matrix. Hence, adhesive strength between the particles and the metal matrix 

decreases which results in poor wear resistance of the coatings. However, 

when the weight percentage is larger, the inter-particle gap in the nickel 
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matrix becomes diminished and the particles are firmly held which results in 

increased adhesive strength between the particles and the metal matrix. 

Hence, the wear resistance of the composite coating increases with increase 

in weight percentage of TiO2. 

 

4.2.9. Surface Morphology of Wear Tracks 

 

Figures 4.12 and 4.13 show the wear tracks analysed using SEM to 

identify the wear mechanism in the coatings produced with varying levels of 

SDS and DTAB surfactant concentrations. It is seen that the specimens 

without the use of surfactant in the plating bath has rigorous damage (Figure 

4.12a). This may be because of their less desirable characteristics like low 

hardness, ductility and an evident poor adhesion compared to that of the 

coatings in the presence of DTAB and SDS surfactants. Also, the relatively 

low hardness of the coatings obtained without surfactants paves way for the 

development of debris leading to an enlargement of the area of contact 

between the interacting surfaces. The above results indicate that the wear 

mechanism is adhesive wear. 

 

Introduction of TiO2 particles into the Ni-P matrix helped in retarding 

the displacement of the particles of composite coating and has been 

attributed to be a reason for improved wear resistance. The existence of 

adhesive movement between the coating and the substrate has also been 

shown from SEM microstructures. The surface of Ni-P-nano-TiO2 composite 

coatings without surfactant displayed worn out patches and some removal of 

coating (Figure 4.12a). These patches composed of longitudinal furrows and 

small sized grooves along the sliding direction. The surfactants were added 

to increase the TiO2 content responsible for hindering the adhesive 

movement of the interfacial layers, eventually to improve the compactness of 

the Ni-P-TiO2 matrix. When SDS and DTAB surfactants were added, the 

wear tracks became comparatively smoother and showed a mild scuffing 

(Figures. 4.12b-e and 4.13). However, when the surfactant concentrations 

were gradually increased up to a certain limit (1.5 × CMC of SDS and 1 × 

CMC of DTAB), the wear tracks displayed very small signs of deterioration of 
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coatings and showed better smoothness of the surface (Figures 4.12d and 

4.13b). Therefore, the above levels of surfactant concentrations are 

considered to be the optimal levels for improved wear behaviour. 

 

 

 

Figure 4.12: Surface morphology of wear track of the deposits: Ni-P-

nano-TiO2 [(a) Without surfactant]; With SDS surfactant [(b) 0.5 × CMC,      

(c) 1 × CMC, (d) 1.5 × CMC, (e) 2 × CMC] 
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Figure 4.13: Surface morphology of wear track of the deposits: 

Ni-P-nano-TiO2 with DTAB surfactant [(a) 0.5 × CMC, (b) 1 × CMC, (c) 1.5 

× CMC, (d) 2 × CMC] 

 

4.2.10. Coefficient of friction 

 

Ni-P-nano-TiO2 composite coatings had smaller wear rate and lower 

coefficient of friction when compared with Ni-P coatings, whereas the 

coefficient of friction was observed to be greater in the composite coating 

obtained without surfactant compared to the coating obtained using 

surfactants. It was found that frictional coefficient decreased with increase in 

surfactant concentration in the plating bath. The effect of concentration of 

SDS and DTAB surfactants on friction coefficient is shown in Figure 4.14. It 

was noticed that frictional coefficient dropped down considerably when 

surfactant concentration was increased in case of both SDS and DTAB 

surfactants. At surfactant concentration values of 1.5 × CMC of SDS and 1 × 

CMC of DTAB, the average coefficient of friction was found to be minimum, 
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which were established as the optimum concentrations of surfactants for 

reduced friction coefficient. This can be owing to the smoother, low porous 

and uniform surface of Ni-P-nano-TiO2 coatings produced in the presence of 

surfactants. 

 

 

Figure 4.14: Average coefficient of friction of the deposits at various 

concentrations of SDS and DTAB surfactants 

 

The graphical plot obtained for frictional coefficient acquired using the 

software integrated with pin on disc machine is shown in Figure 4.15. Plain 

Ni-P coatings (Figure 4.15a) had the highest wear rate and friction 

coefficient. Ni-P-nano-TiO2 composite coatings without surfactant (Figure 

4.15b) showed a similar trend but had relatively high frictional coefficient 

compared to that of coatings using surfactants. This is due to the 

agglomeration of TiO2 particles and poor incorporation of particle content in 

the composite coating. This agglomeration leads to increase in friction 

coefficient of the composite matrix. Hence rapid destruction of the composite 
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layer occurs at this stage. In case of using SDS and DTAB surfactants 

(Figures 4.15c and d), the frictional coefficient slightly reduced and at 

optimum concentrations (1.5 × CMC of SDS and 1 × CMC of DTAB), the 

coatings had lower frictional coefficients than coatings obtained without 

surfactant. This clearly indicates that the incorporation of TiO2 nano particles 

and the resistance of these particles to get agglomerated in presence of 

surfactants had contributed to improvement in the frictional behaviour. 

 

 

Figure 4.15: Typical variations of coefficient of friction with respect to 

time of the deposits: (a) Ni-P, (b) Ni-P-nano-TiO2 (without surfactant),  

(c) Ni-P-nano-TiO2 at 1.5 × CMC of SDS, (d) Ni-P-nano-TiO2 at 1 × CMC of 

DTAB. 
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5. CONCLUSION AND SCOPE FOR FUTURE WORK 

 

5.1. CONCLUSION 

 

The applications of electroless nickel composite coatings have been 

widening in many fields because of their desirable surface properties. 

Therefore, it becomes very important to investigate the development and 

advancement of these coatings to cater for the needs of the globe. Moreover, 

understanding of the coating behaviour and their sensitivity is encouraged 

with the sole purpose of improving the characteristics of the coatings. The 

main purpose of this work was to determine whether use of surfactants 

helped in improving coating characteristics and enhancing coating 

performance. The effect of surfactants on the characteristics of electroless 

nickel composite coatings, particularly Ni-P-nano-TiO2 coatings has been 

elaborately studied. 

 

Electroless Ni-P-nano-TiO2 was successfully coated on mild steel 

substrate. Taguchi method was used to optimize the coating parameters for 

effective coating process. This analysis helped in arriving at optimal coating 

parameters in order to enhance the corrosion behaviour of electroless Ni-P-

nano-TiO2 coatings. It was found that pH parameter had the most substantial 

influence on corrosion rate. The optimal parameter combination for 

minimized corrosion rate was Temperature of 88° C, pH of 6, bath loading of 

0.5 dm2/l, and nano-TiO2 concentration of 2 g/l. 

 

The conclusions obtained from a complete assessment of the effect of 

surfactants on electroless Ni-P-nano-TiO2 composite coatings are briefly 

discussed. It was found that nano TiO2 particles had a significant influence in 

enhancing the properties of the coating but their effect was not completely 

realized as the particles got agglomerated in the deposit. So, two types of 

surfactants – anionic and cationic were introduced to the plating bath in order 

to prevent the agglomeration of nano TiO2 particles. TiO2 nanoparticles have 

been successfully co-deposited in Ni-P matrix in the presence of SDS and 

DTAB surfactants at various concentrations in terms of CMC. It was 



77 
 

observed that the addition of these surfactants at the levels of 1.5 × CMC of 

SDS and 1 × CMC of DTAB prevented particles to agglomerate in the 

electroless plating bath, leading to fine deposition and better uniformity. This 

revealed that the surfactant type and concentration significantly impacts on 

the properties of composite coatings. The co-deposited TiO2 content had 

maximum values of 6.95 wt. % & 4.88 wt. % at the concentrations of 1 × 

CMC DTAB and at 1.5 × CMC SDS respectively which were better than TiO2 

content obtained without surfactants. This resulted in considerable 

improvement in surface morphology, corrosion, scratch resistance, 

microhardness, and wear behaviour of composite coatings at optimal level of 

surfactant concentration which is revealed by the following observations. 

 

 The investigations on the surface morphology of electroless Ni-P-

nano-TiO2 coatings reveal that uniform distribution of TiO2 was 

observed at an optimum concentration of DTAB (1 × CMC) 

whereas nodular structures of Ni-P along with presence of TiO2 

were observed for the SDS surfactant. 

 The corrosion resistance of Ni-P-nano-TiO2 coating at optimal 

concentration of DTAB (1 × CMC) was considerably increased 

compared to Ni-P-nano-TiO2 deposits obtained with SDS and 

without surfactant. 

 The scratch resistance of the composite coatings with DTAB 

surfactant at (1 × CMC) was higher than coatings obtained with 

SDS and without surfactant as proved by the higher critical load 

and lower penetration depth resulting in improved adhesion of the 

coatings. 

 In the presence of surfactants, microhardness of the composite 

coatings had improved significantly. The maximum microhardness 

value was measured as 789 HV100 for SDS and 829 HV100 for 

DTAB at optimum surfactant concentrations. 

 The wear resistance of the Ni-P-nano-TiO2 composite coatings 

had also been increased by the addition of SDS and DTAB 

surfactants. For DTAB at 1 × CMC concentration, the specific 
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wear rate drastically decreased compared to Ni-P-nano-TiO2 

deposits obtained with SDS and without surfactant. 

 

In general, addition of surfactants to the EN plating bath has been 

proved to improve the quality of the electroless deposits. With nano 

composite coatings having superior properties, the surfactant plays an 

important role in enhancing the utilization of the materials to a great extent. 

Therefore, effects of surfactants on the characteristics of electroless Ni-P- 

nano-TiO2 deposits have been extensively studied. Consequently, effects of 

concentrations and type of the surfactants on the characteristics of the Ni-P-

nano composite deposits, such as surface morphology, composition, wear 

and corrosion behaviour, and the structural changes were analysed. Among 

various concentrations of surfactants experimented, 1 × CMC of DTAB and 

1.5 × CMC of SDS have been found to be optimal concentrations at which 

significant improvements were observed in surface characteristics of Ni-P-

nano-TiO2 composite coatings. In particular, DTAB at 1 x CMC concentration 

showed most desirable set of properties. Apart from identifying the optimal 

levels of surfactants to be used for applications of Ni-P-nano-TiO2 coatings, 

the studies have also analysed the degree of sensitivity each surface 

characteristic has to that particular surfactant. 

 

5.2. SCOPE FOR FUTURE WORK 

 

 In the present study, typical anionic and cationic surfactants were 

used to improve the coating efficiency of electroless nickel 

composite coating process. Other types of surfactant such as 

Zwitterionic and non-ionic could be tried out.  

 Similar study on other substrates like magnesium, aluminium can 

also be conducted as they find wide applications in many 

industries. 

 Other solid particles like graphene oxide can also be codeposited 

similar to nano TiO2 in presence of surfactants which is used in 

many tribological applications. 
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 Corrosion resistance of the electroless nickel composite coatings 

in other corrosive media (acidic) along with stirring is worthy to be 

investigated. 

 High temperature wear behaviour of the electroless nickel 

coatings could be investigated since the composite coatings may 

find high temperature applications. 

 The transmission electron microscopy analysis can be performed 

on the electroless nickel structures to investigate the atomic 

arrangement at different surfactant concentrations. 
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