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AAbbssttrraacctt 
 
Electroless nickel (EN) plating is a deposition process by chemical reaction of reducing agent 

present in the coating bath itself without the use of electricity. It has received widespread 

attention for industrial applications due to its high hardness, good corrosion resistance, 

uniformity of coatings, etc. EN coatings can be classified into three main categories, namely 

pure nickel, alloy, and composite coatings. Several research studies have been already carried 

out to investigate the characteristics of EN Pure coating, binary (Ni-B, Ni-P, etc.), and ternary 

alloy coatings (Ni-W-P, Ni-Cu-P, etc.). Metallic elements like tungsten (W), Cobalt (Co), 

molybdenum (Mo) have been incorporated to form binary, ternary, or quaternary alloys to 

improve the properties like thermal stability, hardness, tribological behavior, and corrosion 

resistance. Nanoparticles like Al2O3, SiO2, ZrO2, TiO2, and SiC are being widely used due to 

their excellent wear resistance and hardness. TiN also can be an ideal candidate for coating due 

to its high hardness, chemical resistance, and high melting point. Carbon nanotube (CNT) and 

Carbon nanofibers (CNFs) are being used since they possess outstanding electrochemical and 

mechanical properties including high tensile strength and elastic modulus. The electroless 

nickel-based alloy coatings were investigated based on coating deposition rate, coating 

thickness, surface morphology, phase structure, tribological and mechanical behaviors of 

coatings. The deposition rate and coating thickness were observed to vary with coating bath 

parameter concentration as well as operating conditions. The surface morphology and phase 

structure were also observed to depend on coating bath composition. The surface morphology, 

as well as phase structure ultimately, lead to a change in coating characteristics.  

It was observed from the literature survey that electroless Ni-B (ENB) coatings deposited with 

low sodium borohydride in the coating bath exhibit a crystalline structure. The same 

transformed into an amorphous structure with the rise in sodium borohydride concentration 

leading to an increase in surface hardness of the coatings. The surface hardness also improved 

due to the rise in boron content in the coatings with the increase in sodium borohydride 

concentration in the coating bath solution. Hence, the variation of the coating bath parameters 

and concentration may impact the coating composition. The coating composition may lead to a 

change in surface roughness, surface morphology, and phase structure which may ultimately 

lead to a change in coating characteristics. The present work explores the dependencies of bath 

parameters on the coating characteristics of different electroless nickel coatings such as Ni-B, 



vii 

 

Ni-B-W, and Ni-B-Mo, etc.  

In the present work, an attempt is made to deposit Electroless Ni-B, Ni-B-W, and Ni-B-Mo, etc. 

coatings on mild steel substrate. Analysis of the performance of the coatings in terms of 

mechanical properties and tribological characteristics are made. The surface roughness of the 

coatings is compared with the surface roughness of the uncoated substrate. The friction and 

wear behavior of coatings are evaluated using a tribo-tester. Surface hardness, as well as scratch 

test, are carried out. Mechanical properties like Elastic modulus, nano-hardness are evaluated 

using the nanoindentation technique. Scanning electron microscope (SEM), X-ray diffraction 

technique (XRD) and energy dispersive X-ray (EDAX) analysis are used to study surface 

morphology, microstructure, and composition, respectively. Finally, a comparative study is 

conducted to compare the performances of Ni-B, Ni-B-W, and Ni-B-Mo, etc. 

The present thesis contains seven chapters. Chapter 1 introduce electroless nickel coatings and 

surveys the relevant literature to arrive at the specific objectives. Chapter 2 presents the 

materials and methods used I the present study. Chapter 3, 4 and 5 considers the mechanical and 

tribological behaviour of Ni-B, Ni-B-W and Ni-B-Mo coatings, respectively. For each of these 

variants, coating thickness, surface morphology, chemical composition, phase structure, surface 

roughness, hardness, scratch-resistance, friction, wear and corrosion resistance have been 

considered in detail. Chapter 6 presents a comparative study of these alloy coatings. Finally, the 

set of conclusions and scope of future study are presented in Chapter 7. 
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Chapter 1: Surface Modification - Electroless Coating 

and Its Evolution  
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1.1 Introduction 

A diverse array of material finds their application across industries like housing, 

agriculture, transportation, and more, catering to both industrial and individual needs. 

Mild steel is one of them which is widely used in industries. The components made of 

mild steel may not always perform as desired due to some limitations. Alluminium may 

have a light weight but it is not suitable for tribological application. Hence, either the 

alluminium is to be replaced or the surface behaviour of alluminium is to be modified. 

Therefore, the problem may be resolved by changing the base metal of the components or 

some sort of surface treatments may be done to improve the surface characteristics as per 

requirements. The components used in corrosive environments like chemical industries or 

sea water application are prone to corrosion attack. The mild steel is not a suitable choice 

for the use in such cases. Hence, it is required to use some other material for such 

applications which may not be a feasible solution always. The mild steel finds its wide 

application in industries due to its high strength, light weight, high strength to weight 

ratio. The mild steel has a lot of disadvantages in some specific applications. Likewise, 

the other materials are also not always suitable for all application due to specific 



2 
 

limitations. Hence, one material may possess certain advantages but may have certain 

limitations in terms of surface characteristics. In such cases, the specific material is to be 

replaced by a suitable one which may not be feasible always. Hence, surface 

characteristics of the material is required to modify as per requirement to use it for that 

specific purpose. The surface characteristics may be modified by different methods which 

is discussed in the following sections. 

 

1.2 Surface Modification 

Surface modification is nothing but the modification of its surface behaviours of 

the base metal which may not possess or may not be sufficient under certain specific 

applications. The replacement of base metal is not a suitable solution always. Hence, an 

alternate method is to modify its surface behaviours. The modification of surface leads to 

generate surfaces with changed properties which is very much different from the base 

material. Various surface modification techniques have been developed to fulfil the 

purpose to protect ever-degrading materials. Components made of different materials 

degrade primarily due to the component-to-component interaction or component-to-

environment interaction. There may be different form of degradation but all starts with 

the surface and hence, the surface modification is necessary. The surfaces modification is 

done to achieve the required surface properties of the base material leading to enhance 

the life of the materials. There are various surface modification techniques evolved over 

the time and successfully is being used in industries which are displayed in Figure 1.1. 

The coatings are nothing but a thin layer provided over a substrate of any material. It is 

usually used to provide a protective layer over the base metal or to change the surface 

behaviours of the parent metal. A thin film of coating may improve surface smoothness, 

tribological behaviour, corrosion resistance, hardness against indentation as well as 

scratch etc. Therefore, it is better to deposit a coating layer as per the requirement instead 

of changing the base metal. The soft coatings are used in packaging industries, mobile 

phone casings, and automotive industries for soft touch feeling purposes etc. The hard 

coatings are found to be used in automobile industries like bearings, oil seal valves, 

cylinder liners, piston rings for tribological applications, gas turbine blades and knife 
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sharpeners against severe conditions. There are several methods displayed in Figure 1.2 

to develop coated layers over any substrate material. 

 

 

Figure 1.1: Surface Modification Techniques Used in Industries (Budinski, 1988). 

 

 

Figure 1.2: Various Coating Techniques 

 

The various coatings are deposited through various deposition techniques like 

atomic deposition, thermal spray coating, PVD, CVD, electrodeposition, electroless 

coatings etc. 
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The particulate deposition techniques is the one in which the dry particles are 

deposited over the substrate through spontaneous attachment of particles over substrate 

surfaces. The powder coating is also a particulate deposition technique. These are mainly 

a surface finishing technique. Powder coatings are used to protect the roughest, toughest 

machinery as well as the daily household items. The spray paint is also a coating 

deposition method. It is also an art form using spray paint, traditionally done on 

posterboard, but can be done on any non-porous material, such as wood, metal, glass, 

ceramic or plastic. The spray paint also acts as a protective layer against corrosion but 

does not provide any improvement in surface hardness, scratch hardness or tribological 

properties. 

The atomic Vapor deposition refers to any process in which materials in a vapor 

state are condensed through condensation, chemical reaction, or conversion to form a 

solid material. The physical vapour deposition (PVD) method is used for the high-purity, 

solid coating material such as titanium, chromium and aluminium. The metals are either 

evaporated by heat or by bombardment with ions (sputtering) to develop the coatings 

over substrate. PVD methods are clean when carried out under dry vacuum condition. It 

is known to provide high wear resistance, hardness at high operating temperatures, low 

friction, anti-sticking properties, scratch resistant purposes. But this method cannot used 

to coat bore holes, slots etc. as it can deposit coatings upto a depth equal to the bore 

diameter or width of the opening. The coating deposit in this method is corrosion 

resistant only under certain conditions. In order to achieve a uniform coating thickness in 

this method, the parts are required to be rotated during processing. Whereas, the chemical 

vapour deposition (CVD) is a widely used method for depositing thin films of a large 

variety of materials. It is often used in the semiconductor industry to produce thin films. 

A thin film is a layer of material ranging from fractions of a nanometre to several 

micrometres in thickness. It also provides high wear resistance and it is suitable for 

coatings of bore holes, slots etc. But the deposition temperature is very high. It also 

restricts the deposition of several metals (e.g. TiAlN) together. The coating deposition of 

sharp edges become rounded after coating deposition in this method. On the other hand, 

the electrodeposition method uses electric current through a solution called an electrolyte. 

In this method, two terminals called electrodes are dipped into the electrolyte and 
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connected them into a circuit with a battery or other power supply. The electricity helps 

the electrolyte to splits up and some of the metal atoms are deposited over the electrode 

to form a thin layer. All kinds of conducting metals including gold, silver, tin, zinc, 

copper, cadmium, chromium, nickel, platinum, and lead can be deposited over the 

substrate. Electrodeposition is used for mainly two purposes - decoration and protective 

layer. The gold and silver are plated over jewellery to make it cheaper instead of making 

them from solid gold or silver. While the metals like tin and zinc are deposited over metal 

substrates as a protective outer later. The food containers are often tin plated to make 

them corrosion resistant and several iron made items are plated with zinc (galvanization) 

for the same reason. Alloys such as brass and bronze can also be plated using the same 

electrodeposition method. The major problem in electrodeposition is the use of electricity 

and the non-conducting materials can not be coated with this method. The sharp edges, 

intricate shapes are difficult to coat with electrodeposition methods. The electroless 

coating deposition technique is named due to the absence of electricity for coating 

deposition. The electroless coatings are popular for deposition of various nickel-based 

coatings like nickel-boron, nickel-phosphorous or many ternary or quaternary coatings. 

The electroless nickel-boron (ENB) coatings are popular for their tribological and 

mechanical properties. On the other hand, the surface hardening is done through diffusion 

to alter the surface properties of the base metal. Thin coatings, hard facing and thermal 

spraying are used to deposit new materials on top of the base metal. The coatings are 

provided for shielding of the base material from harsh environment by enhancing the 

overall property of the parent material. Coatings are generally used to meet particular 

property needs of the underlying base material and may also enhance the visual 

appearance of the components. The electroless coating method is one of such surface 

modification process. The electroless coatings may be used to deposit coatings over any 

intricate shapes of any materials such as conductive or nonconductive materials, and it 

can also be used to modify surface behaviours of any substrate surface which makes the 

electroless coating a better choice than the other coating deposition methods. 

1.3  Electroless Coating Process 

The coating process was disclosed due to a chemical accident which is 

distinguished by Wurtz in 1844. The use of same method was applied and established as 
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a coating method by Brenner and Riddell (1946). Electroless coating is nothing but a 

coated layer development process with the use of chemical reactions and presence of 

heat. It does not use electricity like electrodeposition. A number of investigations on 

electroless coatings is already carried out to explore different characteristics like friction 

and wear for tribological applications, corrosion resistance for anticorrosion use purpose, 

and mechanical properties for industrial use or decorative uses [Domínguez et al. 2012; 

Wang et al. 2014; Fetohi et al. 2015; Wang et al. 2016; Kundu et al. 2018; Lee and 

Lee, 2018]. Different electroless coatings are found to improve the wear and corrosion 

properties of materials which are also used for making different engineering components 

[Delaunois and Lienard, 2002; Narayanan and Seshadri, 2004; Gilley et al. 2012; 

Sudagar et al. 2013; Gadhari and Sahoo, 2016; Ghaderi et al., 2016; Loto, 2016]. In 

this chemical reaction process, a reducing agent is required to break the metal salts into 

metal ions. The same metal ions are deposited over any substrate material to form a 

uniform coated layer. The electroless process can achieve uniform coated layer thickness 

over any complicated shapes which is not possible in electrodeposition process. The 

electroless coating method may also be used to coat nonconducting materials as well. The 

glass fiber reinforced epoxy resin is a non-conducting material which is used to 

manufacture printed circuit boards, popularly known as PCB and the copper circuits are 

printed on the PCB boards through electroless deposition method. The electroless coating 

process is also used for electromagnetic shielding, decorative coatings, functional 

coatings for oil and gas, automotive, chemical and aerospace industries [Das and Sahoo, 

2011; Sahoo and Das, 2011; Sha et al., 2011; Bülbül et al. 2012; Domínguez-Ríos et 

al. 2012; Çelik et al. 2016]. The electroless coatings is seen to form smooth surface 

without any effective pitting [Krishnan et al. 2006; Vitry et al. 2012; Vitry et al. 2012; 

Bülbül et al. 2013; Madah et al. 2015; Wan et al. 2016]. In the contrary, a rough 

surface is also may be formed using electroless coating method [Vitry et al. 2012; 

Bülbül et al. 2013; Madah et al. 2015; Wan et al. 2016]. Both type of surfaces is 

formed under certain conditions. Hence, a necessary condition for a sound coating is the 

optimal transfer rate of metal ions onto the substrate from the chemical bath. Generally, 

slow deposition of metal ion leads to formation of smooth surface and faster deposition or 

random deposition of metal ions makes the surface rough. The slow deposition of metal 
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ions occurs usually due to slow reaction rate and leads to low coating thickness.  A faster 

rate of chemical reaction also causes the precipitation of the metal ions. 

 

 

Figure 1.3: A Schematic Diagram of a Typical Electroless Coating Setup 

 

Hence, it is necessary to apply a catalyst to control the reaction kinetics 

[Szunerits and Thouin, 2007]. The applied catalyst promotes the deposition of metal 

ions on substrate surface and avoids the precipitation of metal ions in the solution. A lot 

of studies are also being reported now a days where an attempt is made to improve the 

electroless coating behaviours with the incorporation of different metallic elements like 

boron (B), phosphorous (P), tungsten (W), Cobalt (Co), molybdenum (Mo), copper (Cu) 

etc [Anik et al. 2008; Das and Sahoo, 2011; Afroukhteh et al. 2012; Ranganatha et 

al. 2012; Arias et al. 2013; Aydeniz et al. 2013; Wang et al. 2015; Mukhopadhyay et 

al. 2018d]. Various composite coatings are also being developed with the addition of 

micro particles or nano particles to enhance the properties of these coatings. The 

mechanical behaviours like hardness, elastic modulus may further be altered with the 

addition of various nano-particles along with base alloy coating matrix. The nano-

particles like TiO2, ZrO2, Al2O3, ND are a few of the elements seen so far to be used with 
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the base alloys [Kaya et al. 2008; Radwan et al. 2015; Niksefat and Ghorbani, 2015; 

Taha-Tijerina et al. 2019]. The addition of these nano-particles is also found to be used 

to alter tribological behaviours as well [Kaya et al. 2008; Radwan et al. 2015; Niksefat 

and Ghorbani 2015; Taha-Tijerina et al. 2019]. Recently, few carbon-based nano-

particles such as CNT, SiC, WC and graphene are also found to be used as reinforcement 

material to develop coatings with altered coating characteristics [Ma et al. 2014; Luo et 

al. 2015; Yazdani et al. 2018]. 

A schematic diagram of electroless coating deposition setup is displayed in 

Figure 1.3. The electroless coating deposition set up contains a glass beaker, stand to 

support the temperature feedback system, an electromagnetic heater cum stirrer. The 

coating bath solution is heated with the help of electric heater. The substrate is suspended 

with the help of a string and immersed into the coating bath solution. The substrates made 

of any materials may be coated using the same process even with intricates shapes. The 

substrates with complicated shapes or sharp edges or made of non-conducting materials 

may also be coated as it is immersed in the coating solution during coating deposition 

process. General specimen preparation and coating deposition process is explained step 

by step as mentioned below. 

First Step: Preparation of substrates are as per required shape and size which is polished 

to achieve smooth surface. 

Second Step: The substrate surface cleaning and conditioning are carried out in a 5% 

NaOH solution. 

Third Step: Degreasing with acetone. 

Fourth Step: Rust removal with 50% HCl. 

Fifth Step: The substrate surface is then catalysed by dipping into 5% NaOH solution. 

Sixth Step: The substrate is immersed into coating solution at predefined temperature to 

deposit coatings with or without magnetic stirrer. Nano-particles are agitated in deionised 

water prior to addition into coating solution to develop nano-composite coating. 

Final Step: The coated substrates are rinsed well with deionized (DI) water to remove 

any residual coating solution. 
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1.4 Bath Composition and Deposition of Electroless Coatings 

The electroless coating method is used to develop Ni-B and Ni-P alloy coatings. 

The same coating bath is being used to develop several types of coatings with the 

addition of few other elements with basic bath composition. The basic coating bath 

composition to develop electroless Ni-B and Ni-P alloy coatings are displayed in Table 

1.1 and Table 1.2 for Ni-P and Ni-B coatings, respectively. The specimens are immersed 

into the coating bath solution after the initial treatments done to the substrate. The coating 

bath solution contains source of metal ions in the form of metal salts.  

 

Table 1.1: A Typical Coating Bath Composition of Electroless Ni-P Coatings [Park 

and Kim, 2018] 

Bath Parameter Quantity  Operating Conditions  Quantity 

Nickel Sulphate (NiSO4) in g/l 20-40 pH of the Solution 5.2 

Lactic Acid (C2H6O3) in g/l 9-15 Bath Temperature in ⁰C 90 

Sodium Hypophosphite 

(NaPO2H2) in g/l 

20-40 Coating Duration in hours 2 

Acetic Acid (CH3COOH) in g/l 20-30 Bath Volume in mL 500 

Lead Nitrate (PbNO3) in g/l 2 Stirring Rate in rpm 200 

 

The chemical bath compositions are presented in Table 1.1 and Table 1.2 

contains nickel sulphate and nickel chloride, respectively as primary source of nickel in 

the coating bath solution. The coating bath also needs a suitable reducing agent which 

extracts the metal ions in the coating bath solution such as sodium borohydride, sodium 

hypophosphite etc. Besides, the sodium borohydride and sodium hypophosphite are also 

used as source of boron and phosphorous in the electroless Ni-B and Ni-P alloy coatings, 

respectively. The coating bath also contains complexing agent, stabilizers, buffers etc. 

The function of complexing agent, used in coating bath solution is to prevent the pH to 

fall drastically and also restricts the nickel ions to precipitate in the solution. Acetic acid, 

succinic acid and lactic acid are few of the complexing agents found to be used for 
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electroless nickel-based coatings as reported by Mallory, 1991 [Mallory, 1991]. The 

coating bath also contain stabilizers which prevents the coating bath to decompose 

spontaneously. 

 

Table 1.2: A Typical Coating Bath Composition of Electroless Ni-B Coating 

[Mukhopadhyay et al. 2018b] 

Bath Parameters Quantity Operating Conditions Quantity 

Nickel Chloride (NiCl2) in g/l 20 pH 12.5 

Sodium Borohydride (NaBH4) in 

g/l 

0.80 Coating Duration in 

hours 

4 

Lead Nitrate (PbNO3) in g/l 0.0145 Bath Temperature in ⁰C 90±2 

Ethylenediamine (C2H8N2) in g/l 59 Bath Volume in mL 200 

Sodium Hydroxide (NaOH) in g/l 40   

 

The spontaneous decomposition of coating bath solution may lead to formation of 

unnecessary hydrogen ions (H+) as well as the precipitation of nickel. Generally, the 

heavy metal ions like Sn2+, Sb3+, Hg+, Pb2+ etc. are known as good coating bath 

stabilizers [Mallory, 1991]. The coating bath solution also contains a buffer which helps 

to maintain the coating bath pH at required level. Generally, a strong acid or alkali is used 

to maintain the required bath pH. The coating bath is to be operated at a certain condition 

to obtain a good coating layer over a substrate. The elements remain present in the 

coating bath solution do not react with each other. The chemical solution is required to 

heat for a certain temperature to initiate the chemical reaction process [Baskaran et al. 

2006; Hamid et al. 2010]. It was observed that the chemical reaction in the coating bath 

solution starts at around 70ºC to deposit electroless Ni-B coatings [Baskaran et al. 2006; 

Hamid et al. 2010]. 

The electroless coatings possess step by step chemical reaction for the extraction 

of metal ions and the same metal ions are deposited over the substrate. The chemical 
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reactions during the electroless deposition process involves a combination of reduction 

reaction and oxidation reaction which is shown below [Mallory, 1991]. 

 

Oxidation: 

(1.1) 

 

Reduction:   

        (1.2) 

 

Overall reaction: 

                (1.3) 

 

The chemical reactions explained through the general equations in Eq. 1.1, 1.2 

and 1.3 show a glimpse of metal ion extraction from metal salts and depositions of those 

ions over the substrate. Figure 1.4 also shows the same metal ion extraction and 

deposition process. The chemical reaction occurs in main two steps where the metal salt 

releases electron and reduces nickel and hydrogen ions. The same metal ions are 

deposited on the metal substrate surface and releases some hydrogen. These are not 

sufficient to understand the complete chemical reactions of the electroless deposition 

process. The chemical reactions occur during the experimental deposition process are far 

complicated than the above-mentioned equations. A detailed observation and study on 

specific reduction process with different reducing agent is required to understand the 

phenomena during EN plating. 

Several numbers of chemical reactions are suggested by various researchers in 

previous studies in past decades since the evolution of electroless coating deposition. The 

chemical reactions and metal ion deposition mechanism suggested by Brenner and 

Riddell, 1946 is elaborated through two main equations as presented in Eq. 1.4 and 1.5. 

The same equations are popularised as the “Atomic hydrogen mechanism” later. The Eq. 

1.4 and 1.5 shows the deposition of pure nickel without addition of any other metal. 
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     (1.4) 

      (1.5) 

 

The subsequent experimental evidence disproved this explanation of pure nickel 

deposition. Gutzeit (1959) proposed a solution to resolve this ambiguity. He proposed 

that the existence of phosphorus could be accounted by the reactions outlined in Eq. 1.6 

and 1.7. 

 

      (1.6) 

      (1.7) 

 

   

(a)      (b) 

Figure 1.4: Electroless Coating Deposition Mechanism, (a) Ion Reduction & 

Deposition Mechanism and (b) Coloumnar Structure Development Mechanism  

 

The chemical reactions show that the NaH2PO2 splits up into Na2+ and H2PO2
- 

ions. The same H2PO2
- ions react with H ions producing H2O and  ions and leaves P 

ions to deposit on the substrate surface. It produces  ions which result an increase in 

the pH of the solution. Due to this increase in pH, the chemical reaction shown in Eq. 1.7 

speeds up and produces more H+ ions. This way layer-by-layer deposition of electroless 

coatings over the substrates are achieved. Nevertheless, this mechanism fails to offer a 
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satisfactory explanation for the concurrent reduction of both Ni and H2 in the electroless 

nickel (EN) plating process. But the “Hydride transfer mechanism” proposed by Gutzeit, 

1955 elaborates the continuous reduction of Ni and H2. Ni-B coatings, formed through 

the reduction of nickel salts by borohydride (BH4) ions, typically engage in the reactions 

illustrated below. 

 

     (1.8) 

        (1.9) 

     (1.10) 

 

While, the afore mentioned reactions in Eq. 1.8 and 1.9 illustrates the reduction of 

Ni but they do not account for the presence of boron in the coatings. Gourbunova et al. 

(1973) have put forth a mechanism involving the reduction by boron, as outlined in Eq. 

1.10. Several researchers have also reported different mechanism and only a few of them 

are elaborated in above discussion. 

 

1.5 Development of Electroless Coating Process with Time 

The electroless coating deposition method and its application was established by 

Brenner and Riddell [Brenner and Riddell, 1946]. A lot of researchers targeted to 

explore the different aspects of electroless coatings. Initially, researchers found to be 

unsuccessful to get a stable coating bath and no coating thickness was achieved. The 

chemical deposition method was utilised to deposit nickel on small components used in 

naval purposes by Mclean and Karten (1954). Gutzeit and Mapp (1954), 

recommended the ‘Kanigen’ method to deposit nickel-phosphorus to act against 

corrosion because of its impermeable nature. The Kanigen method was initially 

formulated by the engineering department of General American Transportation 

Corporation in 1947 to replace the complicated electroplating process [Gutzeit and 

Mapp, 1954]. The amorphous phase structure of the nickel deposition was thoroughly 

studied by Goldenstein et al., 1957. It was also reported that the metastable amorphous 

phase of nickel decomposes into a mixture of Ni3P and crystalline nickel at a temperature 
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of 300ºC. It was further reported to measure the coating deposition rate by Minjer and 

Brenner (1957). They further studied the impact of thiourea and a complexing agent on 

bath chemistry. Gutzeit (1959) recommended the electroless nickel deposition process 

which was initially suggested by Brenner and Riddell. The recommended electroless 

coating deposition model also explained the role of atomic hydrogen ion to extract the 

nickel ions to deposit the metal ions over any substrate. Though, it was already 

demonstrated that various metal ions of copper, nickel, cobalt etc on different substrates 

made of alluminium, iron, and magnesium by the early 1960s. But still some issues were 

remained about bath stability, obtain a smooth coated surface and the need of catalytic 

surface to initiate the chemical reaction. A lot of development of electroless Ni-B 

coatings and its modifications is done since its evolution in 1949. The development and 

modification of electroless Ni-B coatings during 1960-1980s have established it as a 

versatile on the basis of its tribological applications. A lot of research is also reported 

during 1960-1980s on the chemical bath chemistry. The development of electroless 

coating and its modifications since its evolution is elaborated in Figure 1.5. 

 

 
Figure 1.5: Development and Modification of Electroless Ni-B Since 

Evolution (Vitry et al., 2022) 
 

In recent years, a lot of research is going on the development of Ni-P and Ni-B 

based alloy or poly-alloy coatings with the addition of different metallic elements like 

boron (B), phosphorous (P), tungsten (W), Cobalt (Co), molybdenum (Mo), copper (Cu) 

to achieve high hardness, better corrosion resistance, low COF and high wear resistance 
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etc. The composite coatings are also being developed with the addition of micro particles 

or nano-particles of SiC, TiO2, Al2O3, WC, ZrO2 etc. to understand their characteristics 

for different applications. Hence, the study of the coating bath chemistry of electroless 

Ni-B and the impact of different coating bath elements on the characteristics of Ni-B 

coatings has become important. 

 

1.6  Application of Electroless Coatings 

The coatings are normally used to provide a protective layer over the base metal 

or to change the surface behaviours of the parent metal. A thin film of coating may 

improve surface smoothness, tribological behaviour, corrosion resistance, hardness 

against indentation as well as scratch etc. Therefore, it is better to deposit a coating layer 

as per the requirement instead of changing the base metal. The soft coatings are used in 

packaging industries, mobile phone casings, automotive industries for soft touch feelings, 

interior decorative purposes etc. The hard coatings are found to be used in automobile 

industries like bearings, oil seal valves, cylinder liners, piston rings for tribological 

applications, gas turbine blades and knife sharpeners against severe conditions. Protecting 

a soft metallic surface from damage like wear, corrosion, and oxidation, is a significant 

challenge for the tribology community. While hard tribological coatings effectively 

prevent surface damage against wear and friction at room temperature. But they 

frequently found to cease to function at elevated temperatures. Similarly, liquid lubricants 

also break down at higher temperatures. Therefore, it is necessary to use a coating which 

may act as a solid lubricant during use. 

The electroless coating characteristics vary with their composition. The 

electroless Ni-B coating with low boron content shows higher electrical conductivity, 

good solderability but lower contact resistance. The electroless Ni-B coatings with 

around 3 wt. % boron is suitable for the use in electronic devices. Hence, the electroless 

Ni-B is used as replacement of gold in many applications of electronic devices. Various 

particulate maters like PTFE may be co-deposited with nickel which reduces friction 

coefficient. Water pump motor shafts are often found to be coated with Ni-P-PTFE to 

enhance the service life by reducing the friction coefficient. On the other hand, hard 

particles like SiC, B4C, Si3N4 etc may be co-deposited which is useful for the application 
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in pneumatic cylinders, pump rotors to enhance life. Components used in fuel pumps are 

also coated with electroless Ni-P with high phosphorous content to enhance the service 

life by preventing from corrosion. Steel made differential pinions shafts, sleeve liners are 

also coated with electroless Ni-P coatings having 4 wt. % phosphorous to improve 

hardness and improve wear resistance which increases its service life. Similarly, fuel 

injector pipes, nozzles are also coated sometimes with electroless Ni-P coatings by 

several manufacturers.   Hard chromium coatings are widely used in industries due to its 

high hardness, wear resistance and low friction coefficient. The heat treated electroless 

Ni-P coatings with high phosphorous content (up to 12 wt. %) is comparable with 

chromium coatings. Hence, it may act as replacement of chromium coatings. 

Therefore, it is clear from the above discussion that the electroless coatings are 

widely used in industries. Hence, several researchers have developed different coatings 

with different combinations and composition to obtain different coating characteristics. 

The studies carried out by several researchers based on different characteristics are 

discussed in the following sections. 

 

1.7 Literature Review on Nickel Based Electroless Coatings 

Electroless nickel plating, in which hypophosphite is used as a reducer, is the 

most popular process for electroless deposition. Auto catalytic nickel ion reduction by 

hypophosphite occurs both in acid and in alkaline solutions. The addition of Phosphorus 

or Boron in the chemical reaction bath solution leads to co-deposition of nickel 

phosphorous (Ni-P) or nickel boron (Ni-B) over the substrate. The deposition of nickel 

with addition of boron or phosphorus contributes to the modification of coating 

behaviours. Generally, the borohydride reduced electroless nickel-boron (Ni-B) coatings 

show better tribological behaviour due to its surface morphology and it also possess good 

surface hardness behaviour due to presence of boron like hard elements in the coatings. 

On the other hand, addition of phosphorous with nickel makes the coatings to possess 

better strength, ductility. The electroless Ni-P coating with higher phosphorus content 

coating possess excellent fatigue strength. The electroless Ni-P coatings also possess very 

good corrosion resistance behaviour [Townsend, 1994]. The coating deposition process 
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and its characteristics are influenced by various factors like coating bath composition and 

operating conditions. The same is studied and presented in the following sections.  

 

1.7.1  Influence of Parameters on Deposition Rate 

The deposition rate of electroless coatings was observed to be influenced 

significantly by several coating parameters which was reported by Wolfgang Riedel in 

1991 [Riedel, 1991]. In the case of electroless Ni coating, a notable observation proposes 

a comparable influence of bath temperature on both electroless Ni-B coatings (reduced by 

borohydride) and Ni-P coatings (reduced by hypophosphite), as reported by Townsend in 

1994. Additionally, Glenn O. Mallory [Mallory, 1991] documented the impact of pH on 

a Ni-B coating (with dimethylamine borane as a reducing agent), highlighting its 

dependence on specific variables outlined below. 

 

 

 

The deposition rate of the coatings is most significantly influenced by coating 

bath temperature. Clearly, the majority of the chemical reactions taking place in the bath 

during the plating process are endothermic. The metal salts remain present in the coating 

bath generally do not react at ambient temperature. Therefore, the introduction of heat (an 

increase in temperature) accelerates the reaction and enhances the deposition rate. 

Obviously, care should be exercised to avoid over heating the bath, as it can result in the 

spontaneous decomposition of the coating bath solution. The coating bath temperature is 

usually kept within the range of 85-95 °C, though the chemical reaction may start much 

earlier than 85⁰C. The low temperature coating bath also is maintained even at around 

50⁰C. 

Figure 1.6 illustrates the changes in the coating deposition rate with bath 

temperature, as reported by Townsend in 1994. A little change in coating bath 

parameters is meant to be a change in coating bath composition. The change in coating 

composition impacts the coating characteristics which is extensively reported in previous 

studies [Anik et al. 2008]. The literature also suggests that a change in coating bath 
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temperature of electroless Ni-B coatings is also plays a significant role to decide the 

coating characteristics. Delaunois et al. (2000) investigated the influence of coating bath 

temperature on borohydride reduced electroless Ni-B alloy coating deposition on 

aluminum alloy. The results showed that the coating thickness increased with 

corresponding increase in the coating bath temperature. Likewise, an increase in coating 

deposition rate with coating bath temperature or a direct correlation is reported by 

Gorbunova et al. (1973). Oraon (2007) conducted a study that revealed a linear 

correlation between the coating deposition rate and bath temperature, particularly for 

shorter immersion periods. In case of longer immersion periods, the deposition rate 

reaches a saturation point. After reaching saturation, further increases in bath temperature 

led to a subsequent decline in the deposition rate or decomposition of the coating bath 

some times. 

 

 

Figure 1.6: Coating Deposition Rate vs Bath Temperature Plot [Townsend, 1994] 

 

While, the influence of coating bath temperature in an acidic bath which uses 

dimethylaminborane (DMAB) as reducing agent is also reported by Hamid et al. (2010). 

They endeavoured to develop Ni-B coated layers by submerging copper and steel 

substrates into the coating bath at temperatures of 60°C and 80°C for different deposition 
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time. They also observed that the coating deposition rate is low at 60°C which is 

considered to be low coating bath temperature. The deposition rate does not follow any 

linear relationship with deposition time rather the deposition rate is observed to decline 

with time. This decline in deposition rate is occurred due to the decreased concentration 

of DMAB over time and the remaining in the coating bath solution are the byproducts of 

chemical reactions. This is the only possible explanation in context to the phenomenon 

(Hamid et al., 2010). 

 

 

Figure 1.7: Coating Deposition Rate vs Coating Bath Solution pH Plot [Baldwin and 

Such., 2017] 

 

The electroless nickel phosphorus (ENP) coating deposition method necessitates 

different chemical reactions which is affected by the change in coating bath solution pH. 

The reduction reaction is usually improved with the rise in chemical solution pH resulting 

an improvement in nickel deposition over the substrate but a reduction in phosphorous is 

observed. The reduction reaction of phosphorous is hindered with rise in chemical 

solution pH resulting the formation of hydroxide ions as a byproduct of the reduction 

reaction. The development of electroless nickel-based coatings is mainly controlled by 

the nickel reduction reaction. Hence, the improvement in deposition rate with the rise in 
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pH indicates that the deposition rate may be controlled as per requirement with the 

manipulation of chemical solution pH. The Figure 1.7 shows an increase in coating 

thickness with coating bath pH which indicates an increase in deposition rate with the rise 

in pH as reported by Baldwin and Such (2017). 

 

 

Figure 1.8: Coating Deposition Rate vs Sodium Phosphate Concentration Plot 

[Mallory, 1991] 
 

The thickness of electroless nickel (EN) coatings is determined by the duration of 

substrate immersion in the solution bath. Studies conducted by Oraon (2007) and Vitry 

et al. (2012) indicate a direct correlation between immersion time and coating thickness. 

The deposition rate remains relatively constant for initial 2 hours (approximately) before 

experiencing a sharp decline without replenishing the coating bath. Oraon (2007) 

concluded that there is a clear relationship between deposition time and coating 

thickness. Similarly, Vitry et al. (2012) observed that during Ni-B electroless deposition, 

there is an initial increase in coating thickness, with a growth rate exceeding 40μm/min 

for up to 4 minutes. Subsequently, the coating undergoes densification, resulting in no 

further increase in thickness for the next 4 to 7 minutes. Following this period, the 

coating thickness tends to increase almost linearly over the course of 1 hour of 
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immersion. While the selection of the reducing agent may impact the deposition rate to 

some extent, particularly up to a certain concentration. The general trend indicates that 

the deposition rate tends to rise with an increase in the concentration of the reducing 

agent. Figure 1.8 illustrates the reported relationship between the coating deposition rate 

and the concentration of the reducing agent. It is evident from the graph that the 

deposition rate experiences an upward trend with the concentration of the reducing agent 

(sodium hypophosphite) until reaching a specific threshold, beyond which the rate 

stabilizes and remains relatively constant. 

 

    

    

Figure 1.9: Typical Surface Morphology of Electroless Ni-P-Cu Coatings (a) As-

deposited (800X), (b) As-deposited (2500X), (c) Heat Treated (800X) and (d) Heat 

Treated (2500X) Conditions [Duari et al. 2016] 

 

1.7.2  Surface Morphology, Phase Structure 

The electroless nickel-based coatings are nothing but the different variant of 

coatings deposited with addition of phosphorous, boron to form binary nickel-

phosphorous (Ni-P), nickel-boron (Ni-B) alloy coatings. Tungsten, molybdenum may 
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further be incorporated to develop Ni-P based ternary coating (Ni-P-W, Ni-P-Mo) or Ni-

B based ternary (Ni-B-W, Ni-B-Mo) alloy coatings. The surface appearance of 

electroless coating exhibits a characteristics resemblance to cauliflower which is formed 

with nodules. The amount of phosphorous present in electroless Ni-P based coatings has 

a notable impact on both their structure and properties [Gould et al., 1981; Fan et al. 

2012]. The nodules of the cauliflower-like morphology tend to become larger with 

increased amount of phosphorus in the coatings [Fan et al., 2012]. Similar types of 

morphology are also observed for Ni-P based ternary alloy coatings like Ni-P-W 

[Palaniappa et al. 2008], Ni-P-Mo [Balaraju et al. 2014]. Ni-P-Cu [Duari et al. 2016] 

coatings are also reported to pass through a grain refinement to modify the surface 

morphology of Ni-P coatings with the introduction of copper. The Figure 1.9 shows the 

surface morphology of electroless Ni-P-Cu coatings at different resolutions [Duari et al. 

2016]. An extensive study is reported by Goldenstein et al. (1957) on the impact of 

phosphorus content on Ni-P coatings which suggests that the as-deposited Ni-P alloy 

coatings having phosphorous content more than 7 wt.% possess amorphous phase 

structure. Subsequent heat treatment prompts the amorphous phase to crystalline phase 

with Ni and NiP like crystalline phases [Goldenstein et al. 1957; Sribalaji et al. 2016; 

Duari et al. 2016]. Heat treatment results in the precipitation of crystalline nickel and its 

phosphides as can be seen in Figure 1.10. Hard phases of crystalline nickel and Ni3P is 

precipitated along with a metastable phase of Ni3P2 and Ni-Cu solid solution. Similar 

characteristics has been observed by Yu et al. 2011 [Yu et al. 2011] for electroless Ni-P-

Cu coatings heat treated at 500°C for 1 hour. The Figure 1.11 represents the coated 

surface morphology of electroless Ni-B coatings as reported by Surden et al. 2019 

[Surden et al. 2019]. The surface morphology of the electroless Ni-B coatings is 

reportedly observed to possess an appearance which resembles with cauliflower 

[Delaunois et al. 2000; Krishnaveni et al. 2005; Baskaran et al. 2006; Vitry et al. 

2008; Bülbül et al. 2013; Madah et al. 2015; Wan et al. 2016; Yazdani et al. 2018; 

Bonin et al. 2019; Sukackiene et al. 2020]. The nodules of the surface are also observed 

to become larger with boron content into coatings due to rise in sodium borohydride 

concentration in the coating bath solution [Baskaran et al. 2006]. Usually, electroless 

Ni-B coatings possess a uniform surface morphology with uniform distribution of 
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nodules [Delaunois et al. 2000; Krishnaveni et al. 2005; Baskaran et al. 2006; Vitry 

et al. 2008; Bülbül et al. 2013; Wan et al. 2016]. 

 

      

Figure 1.10: XRD Spectrum of Electroless Ni-P-Cu Coatings, (a) As-deposited and 

(b) Heat-treated Conditions [Duari et al. 2016] 

 

      

Figure 1.11: Typical Surface Morphology of Electroless Ni-B Coatings Obtained at 

Sodium Borohydride Concentration of (a) 0.5 g/l and (b) 1.0 g/l [Surden et al. 2019] 

 

The nodules of the surfaces are also found to agglomerate to form clusters upon 

heat treatment [Bülbül et al. 2013]. This trend may also be observed for electroless Ni-P 

coatings as well [Duari et al. 2016]. Whereas, electroless Ni-B coatings generally 

possess amorphous phase with boron content above 4 wt.% and in as-deposited condition 
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[Baskaran et al. 2006, Bekish et al. 2010, Venkatakrishnan and Karthik 2019]. The 

same coatings with boron content below 4 wt. % usually found to possess a mixture of 

amorphous crystalline phase in its as-deposited condition [Baskaran et al. 2006, Bekish 

et al. 2010, Venkatakrishnan and Karthik 2019]. 

 

 

Figure 1.12: XRD Spectrum of As-deposited and Heat-treated Electroless Ni-B 

Coatings [Mukhopadhyay et al. 2018a] 

 

The same amorphous phase of as-deposited Ni-B coatings get transformed into 

crystalline phase upon heat treatment. This type of phase transformation upon heat 

treatment may also be observed in case of electroless Ni-P coatings as reported by 

Krishnaveni et al. (2012). Krishnaveni et al. (2012) also reported that the as-deposited 

electroless Ni-P or Ni-B coatings possess a single broad in peak in its XRD spectrum 

which confirms its amorphous phase. Sharp peak in XRD pattern indicates the presence 

of crystalline peaks [Cullity, 1978] and the presence of both sharp peaks with broad 

hump is the indication of coexistence of amorphous phase with crystalline peaks 

[Delaunois and Lienard, 2002; Dervos et al. 2004; Ziyua et al. 2006]. It is also 

reported that the electroless Ni-B coatings possess a cauliflower-like surface morphology 

with columnar structure [Rao et al. 2005]. It was also reported by Watanabe and 
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Tanabe (1983) that the electroless Ni-B deposits possess amorphous phase which was 

confirmed through SEM and XRD patterns. The similar findings are also reported by a 

few other researchers [Srivastava et al. 1992; Evans and Schlesinger, 1994]. These 

surface morphology and phase structure of the electroless Ni-B coatings are also found to 

depend on the amount of boron present in the coatings [Gaevskaya et al. 1996; Anik et 

al. 2008; Vitry, Kanta and Delaunois, 2011; Vitry et al. 2012]. The Figure 1.12 shows 

the typical XRD spectrum which shows the phase transformation of electroless Ni-B 

coatings with sodium borohydride concentration as well as with the variation in heat 

treatment temperature. 

 

1.7.3 Physical and Mechanical Properties 

1.7.3.1 Surface Roughness 

Surface roughness is a critical factor in assessing the tribological behaviour of 

coatings. Frequently, the level of surface roughness determines whether the friction 

coefficient between two contacting surfaces will be high or low [Goettems et al., 2017]. 

It is also reported that the COF value decreased for the Ni-P coated samples compared to 

the uncoated substrate [Goettems et al., 2017]. Similar type of reduction in COF value 

may also be observed upon deposition of Ni-B coatings over alluminium alloy substrate 

[Vitry et al., 2008]. The surface roughness is also reported to be reduced due to surface 

modifications upon heat treatment [Vitry et al., 2008]. The electroless Ni-B coated 

surface roughness is influenced by the roughness of the substrate. The coatings deposit on 

the substrate surface and grow in locally perpendicular to the surface to form coloumnar 

structure. Therefore, deposition of the coatings in coloumnar form over a smooth 

substrate surface led to formation of an even smoother than the substrate itself, as the 

columns will be parallel to each other. However, the deposition of coatings over rough 

substrate surface, the columns will tend to form an uneven arrangement in height which 

acts as the roughness asperities resulting a rougher coated surface than the substrate. The 

roughness asperities ultimately may impact the friction and wear behaviour of coatings 

largely. 
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1.7.3.2 Surface Hardness 

 The surface hardness of any material surface may be altered with the deposition 

of coating layer over it. It is reported by Sha et al. (2011) that the hardness of electroless 

Ni-P coated surface varied within the range of 450-500 HV which is improved further 

upon heat treatment nearly about 1000 HV. It is already mentioned that the amorphous 

phase of as-deposited Ni-P coatings transform into crystalline phase with some hard 

phases like Ni and Ni3P which may have contributed in this improvement in surface 

hardness. This phase transformation behaviour is observed by several researchers with 

the help of X-ray diffractometry and this phase transformation might have contributed to 

the improvement in surface hardness [Rabizadeh et al. 2010; Islam and Shehbaz, 2011; 

Ma et al. 2014; Czagány et al. 2017]. The formation and presence of hard phases like 

Ni3P is contingent upon both the phosphorus content in the as-deposited coatings and the 

temperature of heat treatment [Rabizadeh et al. 2010; Czagány et al. 2017]. Moreover, 

the heat-treatment of electroless Ni-P coatings is reported to enhance the abrasion 

resistance and promotes better adhesion between the substrate and coating [Mallory, 

1991; Rabizadeh et al. 2010]. Similarly, electroless Ni-B coatings achieve high hardness 

and wear resistance through the precipitation of intermetallic phases like Ni3B upon heat 

treatment. Several studies suggests that the surface hardness and wear resistance of Ni-B 

coatings is superior compared to Ni-P coatings deposited with electroless method 

[Riedel, 1991; Pal and Jayaram, 2018]. 

It is reported that incorporation of nanoparticles enhances the hardness of Ni-B 

coatings [Kaya et al. 2008; Niksefat and Ghorbani, 2015; Radwan et al. 2015, Taha-

Tijerina et al. 2019]. Initially, nickel-boron ions adhere to the nanoparticle surface 

which is incorporated into the Ni-B coating bath solution and subsequently attached with 

the specimen surface. As a result, nickel-boron atoms trap the particles, causing them to 

be incorporated into the coating. The nano-particles incorporated into the coatings 

provides resistance against the dislocation resulting an enhancement in surface hardness 

[Shakoor et al., 2014]. The addition of the nano-particles also restricts the grain growth 

leading to a development in density resulting an increase in coating hardness as well as 

the yield stress of the coated surface [Yazdani et al., 2018]. Moreover, the addition of 

nano-particles into Ni-B matrix and their uniform distribution also led to an improvement 
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in its hardness for the nano-particles itself being hard [Georgiza et al., 2017].  These are 

the main mechanisms through which the inclusion of nano-particles augment hardness. 

 

 

Figure 1.13: Ductility vs Phosphorus Content Plot for Electroless Ni-P Coatings 

[Duncan, 1996] 

 

1.7.3.3 Ductility and Tensile Strength 

 Tensile strength and ductility are primarily influenced by the presence of amount 

of phosphorus in the coatings. Duncan (1996) has proposed the relationship between the 

mechanical properties and the various phases present in the coatings on the basis of Ni-P 

equilibrium phase diagram. It is noted that β and γ phases exist along with the α-Ni 

phase. The β phase constitutes a solid solution of 4.5 wt. % phosphorus in nickel, 

exhibiting a crystalline nature. Conversely, the γ phase is amorphous with approximately 

11% to 15% phosphorus. These phases are metastable and tend to decompose into Ni3P 

and α-nickel upon heat treatment [Duncan, 1996]. The same is also reported by Kreye et 

al. 1986. The Figure 1.13 elaborates the significance of phosphorus content on the 

ductility of the coatings as reported by Duncan, 1996. The Figure 1.13 also indicates 

that the coatings with low or high phosphorous content usually are ductile in nature 

relative to the coatings with mid phosphorous content. The mid-phosphorous content 
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coatings contain a mixture of α and β phases besides the high stress [Duncan, 1996]. The 

high stress along with two metastable phases leads to reduction in ductility of the mid-

phosphorous coatings. 

 

 

Figure 1.14: Tensile Strength vs Phosphorus Content Plot for Electroless Ni-P 

Coatings [Duncan, 1996] 

 

Figure 1.14 illustrates the relationship between tensile strength and phosphorus 

content in coatings. Duncan (1996) has also reported a higher tensile strength for the 

coatings with medium and high phosphorus contents. The coatings usually contain β-

phase solid solutions at lower concentrations of phosphorous. However, with an increase 

in phosphorus content, the proportion of the amorphous phase increases with the 

formation of γ phase. This transition leads to development of a stressed microstructure 

resulting an initial increase in tensile strength. However, the tensile strength decreases 

with the phase transformation into fully amorphous. 

 

1.7.4 Tribological Test 

Wear is nothing but a gradual material removal or damage or deformation of solid 

surfaces due to the relative motion of one surface over another. It can result from various 
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wear mechanisms which is known as modes of wear. The specific combination of these 

mechanisms depends on the surface contact conditions. Common wear mechanisms 

include adhesive, abrasive, fatigue, corrosive, fretting, erosion, and chemical wear. In 

real-world scenarios, it's typical for multiple wear mechanisms to act simultaneously. It is 

found that there is a correlation between surface hardness and wear resistance of coatings 

like wear rate decreases with increased surface hardness. Hence, electroless nickel (EN) 

coatings usually exhibit excellent wear resistance and abrasion resistance due to their 

high hardness. Numerous researchers have confirmed the superior wear resistance of EN 

coatings [Gawne and Ma, 1988; Barker, 1993; Baudrand and Bengston, 1995; Berkh 

et al. 1996]. Additionally, the incorporation of tungsten with binary EN coatings has been 

found to enhance their wear resistance due to increased surface hardness of ternary alloy 

coatings. The surface hardness and wear resistance are even comparable to hard 

chromium and high alloy materials [Nemane et al. 2022]. The surface hardness of any 

material serves as an indicator of its resistance to wear. There are several other factors 

like surface texture and applied stress, also play significant roles in deciding wear 

resistance of any surface [Madah et al. 2015]. The wear resistance of any electroless 

nickel-based coatings is influenced by factors such as composition, surface morphology, 

surface roughness and the type of heat treatment, heat treatment duration etc [Balaraju et 

al. 2016, Sürdem et al. 2019]. Heat treatment typically enhances the coating's hardness 

which consequently improves its wear resistance [Balaraju et al. 2016, Sürdem et al. 

2019]. Heat treatment may also help to form a rough surface due to coarsening of the 

grains of the coatings become coarse which potentially may lead to a reduction in its 

wear resistance [Vitry and Bonin, 2017; Arias et al. 2019]. Study suggests that the as-

deposited coatings or the furnace annealed coatings possess higher wear rate compared to 

the laser irradiated coatings [Tsujikawa et al., 2005]. But the increased hardness may be 

achieved through appropriate heat treatment methods which makes them preferable for 

wear-resistant applications. However, it is worth noting that the coatings heat treated at 

400°C in an environment of 5% H2 and 95% Ar, the Taber wear index drastically 

dropped to 13 for electroless Ni-B coatings [Kanta et al., 2010]. For applications 

requiring high wear resistance, such as sliding surfaces or flow through pipes, deposition 

of electroless Ni-B coatings over aluminium substrates may prove to be more effective 
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than plated steel [Kanta et al., 2009]. Vitry et al. (2008) carried out scratch test which 

demonstrates strong adhesion between electroless Ni-B coting and aluminum alloy 

substrate. It is reported by Srinivasan et al. (2010b) that the electroless Ni-B coatings 

possess columnar structure which is suitable for tribological behaviours and it is believed 

to be the main reason for their high wear resistance. This type of coloumnar structure aids 

in holding lubricant even during adhesive type wear. It is observed that electroless nickel-

based coatings generally exhibit abrasive type or adhesive type or combination both type 

of wear mechanism. Due to the high solubility of nickel and iron with each other, 

adhesive wear mechanism typically dominates the deterioration of as-deposited Ni-B 

coatings from the counter surface material. It is observed that some tailored coatings 

demonstrate superior wear behavior compared to the substrate material upon 

incorporation of particles with electroless nickel which is very common. Incorporation of 

tungsten with electroless Ni-P coatings has been shown to enhance their wear resistance 

possibly due to strengthening of nickel matrix in a solid solution [Palaniappa and 

Seshadri, 2008]. Nickel atoms present in electroless nickel-phosphorous deposits are 

drawn towards iron atoms present in the counter disc. This attraction leads to wear and 

gradual removal of the coating material. In certain cases, oxide particles adhere to the 

interface between the coated pin and the counter disc, resulting in a negative wear depth 

curve [Palaniappa and Seshadri, 2008]. Additionally, the accumulation of oxides at the 

interface serves as a lubricant, effectively decreasing the COF value for the heat-treated 

coatings [Palaniappa and Seshadri, 2008]. 

Additionally, the addition of ZrO2 with electroless Ni-P-W coatings is seen to 

enhance the wear resistance of the coatings as reported by Gay et al., 2007. Studies have 

shown that the abrasion resistance of steel may be improved upon incorporation of 

tungsten carbide (WC) as reinforcement with electroless Ni-P matrix to form Ni-P-WC 

[Liu et al. 2007; Luo et al. 2015]. The enhanced abrasion resistance observed in Ni-P-

WC composite coatings may be attributed to the supportive role of the nickel matrix. This 

matrix effectively holds the tungsten carbide (WC) particles within its structure [Liu et 

al. 2007; Luo et al. 2015]. This structural arrangement enables the electroless coating to 

endure excessive damage caused by the shearing action of the sliding counterpart. 

Various other soft and hard particulates like alumina (Al2O3) [Alirezaei et al. 2005], 
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boron carbide (B4C) [Araghi and Paydar, 2010], and silicon carbide (SiC) [Sarret et al. 

2006], have been demonstrated as particle inclusions in these types of coatings. The EN 

coatings heat treated above 400°C has a detrimental effect on wear resistance of the 

coatings as seen to be reported by several researchers [Novák et al. 2010; Gilley, K.L. et 

al. 2012; Goettems et al. 2017; Mukhopadhyay et al. 2018f]. This phenomenon arises 

from the formation of intermetallic phases resulting a reduction in adhesion between the 

coating and the substrate. Novák et al. (2010) investigated wear tracks and identified the 

abrasion type wear mechanism to dominate. The study further reveals the delamination of 

coatings heat treated above 450°C due to formation of excessive intermetallic phases [Pal 

et al. 2011; Domínguez-Ríos et al. 2012; Pancrecious et al. 2018]. The study also 

suggests that the incorporation of Al2O3 with Ni-P matrix reduced flaking and improved 

the wear resistance compared to as-deposited Ni-P coatings [Alirezaei et al. 2005]. There 

exists a reciprocal correlation between the volume percentage of B4C particles and the 

wear resistance demonstrated by Ni-P-B4C coatings as reported by Ebrahimian-

Hosseinabadi et al. (2006). The wear resistance of Ni-P-B4C composite coatings 

enhanced with addition of B4C particles upto 25% volume percentage and the wear 

resistance decreases drastically upon further rise in B4C particle percentage [Araghi et 

al. 2010]. This reduction in wear resistance of the Ni-P-B4C coatings is attributed to the 

presence of particles within the matrix and effective support to retain them [Araghi et al. 

2010]. The inclusion of SiO2 nanoparticles aids in impeding the dislocation movements 

within the composite coatings, facilitating the accompanying crystallization of an 

amorphous Ni-P matrix at elevated temperatures [Sadreddini et al. 2014; Li et al. 2017]. 

A study also reported an improvement in specific wear rate of Ni-P-TiO2 due to 

incorporation of 4 g/l nano-TiO2 compared to as-deposited Ni-P coatings [Makkar et al. 

2014]. 

 

1.7.5 Corrosion Resistance Test 

EN coatings serves as a protective layer over substrate by shielding the substrate 

material from environmental damage. In their deposited form, these coatings usually 

possess amorphous phase in its as-deposited condition and exhibit high resistance against 

corrosion [Anik et al. 2008, Wan et al. 2016]. The amorphous phase structure and 
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absence of grain boundaries contribute to their excellent anti-corrosive properties of the 

coatings [Anik et al. 2008, Wan et al. 2016]. However, it is seen that the corrosion 

resistance of electroless coatings reduces due to a microstructural change in the coatings 

from amorphous to crystalline upon heat treatment [Anik et al. 2008, Wan et al. 2016]. 

Tomlinson and Carroll (1990) investigated and reported the relationship among surface 

roughness, coating thickness, and corrosion resistance of the coatings. The study also 

suggests that the corrosion resistance increased with coating thickness for a given 

substrate roughness. 

 

1.7.6  Nanocomposite Coatings 

The electroless coatings are also developed with the addition of various particles 

of micro or nano size to deposit composite coatings. The various composite coatings may 

be developed with the use of reinforcement of several types of particles like SiC, WC, 

diamond, TiC, Cr3C2, Al2O3, SiO2, Cr2O3, TiO2, ZrO2, CeO2, YSZ, Fe3O4, K2Ti6O13, 

Si3N4, MoS2, PTFE, BN, Talc, B4C, CaF2, polymer, CNT and graphite [Liu et al. 2007; 

Matsubara et al. 2007; Yu et al. 2011; Afroukhteh et al. 2012a, Afroukhteh et al. 

2012b; Ashassi-sorkhabi and Es, 2013; Sharma and Singh, 2013; Ma et al. 2014; 

Hsu et al. 2015; Islam et al. 2015; Luo et al. 2015; Murty et al. 2015; Soleimani et al. 

2015; Wang et al. 2015; Wu et al. 2015; Ardakani et al. 2017; Dadkhah and Ansari, 

2016; Sharma and Sharma, 2016; Shi et al. 2016; Farrokhzad, 2017; Li et al. 2017; 

Sadreddini et al. 2017; Xie, 2017]. It is reported in many literatures that the addition of 

these nano-particles as reinforcement has improved the surface hardness of the coated 

specimens besides an enhancement in the wear resistance of the nano-composite coatings 

[Xu et al. 2005; Bigdeli and Allahkaram, 2009; Ranganatha et al. 2012; Karthikeyan 

and Ramamoorthy, 2014; Sadreddini and Afshar, 2014]. Makkar et al. (2014) 

studied the impact of TiO2 addition with electroless Ni-P matrix and demonstrated an 

enhancement in wear resistance behaviour of TiO2 reinforced nano-composite compared 

to as-deposited Ni-P [Wu et al. 2015]. The Table 1.5 represents a comparative report on 

specific wear rate of as-deposited Ni-P coatings and TiO2 reinforced nano-composite 

coatings at different applied loads and sliding speeds. The study indicates a reduction in 
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specific wear rate of TiO2 reinforced composite coatings by 30% approximately which 

confirms the improvement in wear resistance due to TiO2 inclusion. 

 

Table 1.3: Comparison of Wear Rates Against Applied Load and Sliding Speed for 

Ni-P and Ni-P-TiO2 [Makkar et al. 2014] 

Coatings Load 

(N) 

Specific wear rate 

(10-6 mm3/Nm) 
Sliding 

Velocity (m/s) 

Specific wear rate 

(10-6 mm3/Nm) 

Ni-P 1.00 7.85 0.10 8.00 

1.50 25.00 0.20 15.00 

2.00 61.78   

Ni-P-TiO2 1.00 1.43 0.10 1.50 

1.50 3.93 0.20 4.48 

2.00 18.9   

 

1.7.7  Lead Free Coatings with the use of Green Bath 

The electroless coatings are deposited using a chemical solution which need to be 

stable during the coating deposition by reduction reaction. The chemical bath contains 

some metal salts which do not react with each other at room temperature. But the 

chemical reaction starts at certain temperature and the chemical reaction is expected to 

continue till the metal ions present in the solution. The metal ions are reduced with the 

help of a suitable reducing agent. There are few metal salts which helps to stabilize the 

chemical reaction process so that the chemical bath does not decompose fast. There are a 

few commonly used stabilizers reported in different literatures [Bonin et al. 2019; Bonin 

et al. 2020; Agarwal et al. 2024]. The most of the chemical bath solutions to deposit 

coatings based on nickel-boron uses lead as stabilizers. Lead is a well-known hazardous 

material and hence banned in many countries. Therefore, it imposes a restriction to 

develop coating using lead-based stabilizers. However, this electroless coating deposition 

method cannot be neglected due to its superior tribo-mechanical behaviours. Hence, the 

researchers are trying to develop lead free coating bath solution or stabilizer free coating 

bath solution [Bonin and Vitry, 2020; Yunacti et al. 2021; Agarwal et al. 2024]. On 

the other hand, few more chemicals like bismuth, tin is found to be used as stabilizers in 

different coating baths which may replace lead as stabilizer [Bonin et al. 2019; Bonin et 

al. 2020; Agarwal et al. 2024]. Hence, development of eco-friendly production in the 

field of electroless coating is drawing attention all over the globe [Bonin et al. 2019; 
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Bonin et al. 2020; Bonin and Vitry, 2020; Yunacti et al. 2021; Banerjee et al. 2022; 

Agarwal et al. 2024]. 

Overall, it is seen that the electroless coating has become popular gradually since 

the time of invention by Brenner and Riddell in 1946 [Brenner and Riddell 1946] for its 

excellent properties. Generally, electroless nickel-phosphorous coating is well known for 

its mechanical properties and nickel-boron coating is popular for its tribological 

properties. The use of electroless coatings can be found in industries like automobile, 

chemical, oil, gas and aerospace for their excellent mechanical, physical and tribological 

behaviours. Hence, chemically deposited Ni-B coatings were studied by several 

researchers based on deposition rate, plating thickness, surface morphology and surface 

texture etc. [Anik et al. 2008; Kanta et al. 2009; Kanta et al. 2010; Hamid et al. 2010; 

Bonin et al. 2019; Mohanty et al. 2019; Sukackiene et al. 2020]. It is seen that the 

coating characteristics depend on the composition, temperature and pH of the coating 

bath [Anik et al. 2008; Bonin et al. 2018; Bonin et al. 2019; Sukackiene et al. 2020, 

Bonin et al. 2020]. The behaviour of the coatings is further modified through heat 

treatment [Bekish et al. 2010; Pal et al. 2011; Taha-Tijerina et al. 2019]. It is seen that 

the surface morphology and phase structure of as-deposited coatings is changed upon 

heat treatment. The amorphous phase of as-deposited coatings turns crystalline upon heat 

treatment [Hamid et al. 2010; Taha-Tijerina et al. 2019]. Boron content in the coating 

also depends on sodium borohydride concentration as well as coating bath temperature 

[Baskaran et al. 2006; Hamid et al. 2010; Sukackiene et al. 2020]. The as-deposited 

coating with low boron content (of about 4 wt. %) possesses crystalline phase structure 

which becomes a combination of amorphous and crystalline structure with the rise in 

boron content in the coatings [Baskaran et al. 2006; Venkatakrishnan and Karthik, 

2019]. It is also seen that the behaviour of coatings also depends on boron concentration. 

The surface morphology and phase structure found to vary with the coating’s chemical 

composition which leads to a change in coatings behaviours [Pal et al. 2011; 

Venkatakrishnan and Karthik, 2019; Sukackiene et al. 2020]. The study also suggests 

that the surface hardness and wear resistance of as-deposited coatings increase with boron 

concentration [Bekish at el. 2010] and this improvement in hardness is possible for the 

homogeneous distribution of boron and amorphous structure. The same is improved 
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further with heat treatment [Balaraju et al. 2016; Mohanty et al. 2019] and may be 

attributed with the evolution of various boride phases like Ni2B, Ni3B during thermal 

treatment [Krishnaveni et al. 2005; Anik et al. 2008; Kanta et al. 2009; Hamid et al. 

2010; Vitry et al. 2012; Yildiz et al. 2017]. But the corrosion resistance deteriorates 

after heat treatment [Riddle and Bailer 2005; Anik et al. 2008]. Tribological and 

mechanical behaviours are also seen to vary with the change in microstructure [Pal and 

Jayaram 2018]. Amorphous structure of coating shows improved adhesion strength to 

aluminium substrate which results in an increase in surface hardness besides friction and 

wear behaviour [Delaunois et al. 2002; Hamid et al. 2010; Vitry et al. 2011]. It is 

reported that the surface hardness of the as-deposited coatings does not change much 

with the boron content upto 6 wt. % but the same improves due to increase in boron 

concentration upto 9 wt. % [Vitry and Bonin, 2017]. It is also found that various alloy 

coatings are also deposited with addition of different hard particles like Mo, W and 

investigated based on different coating characteristics [Serin et al. 2015; Serin and 

Göksenli, 2015; Hosseini et al. 2019; Nemane and Chatterjee, 2020]. Chemically 

deposited Ni-B-W or Ni-B-Mo coatings exhibit cauliflower like surface morphology 

which is a common feature of borohydride reduced ENB coatings [Serin et al. 2015; 

Serin and Göksenli, 2015; Yildiz et al. 2017]. The low boron content coatings show 

crystalline structure but addition of both tungsten and molybdenum prevents the 

nucleation leading to formation of amorphous structure [Yildiz et al. 2013; Aydeniz et 

al. 2013; Yildiz et al. 2017]. The addition of tungsten with electroless Ni-B to form 

ternary Ni-B-W alloy coating improved the coated surface hardness further [Aydeniz et 

al. 2013; Yildiz et al. 2013; Mukhopadhyay et al. 2018g; Nemane et al. 2022] but the 

addition of molybdenum does not improve the surface hardness of Ni-B-Mo coatings 

[Serin and Göksenli, 2015; Serin et al. 2015; Mukhopadhyay et al. 2018e]. The 

addition of molybdenum improved the thermal stability of electroless Ni-B-Mo coatings 

compared to Ni-B coatings [Serin and Göksenli, 2015; Serin et al. 2015; 

Mukhopadhyay et al. 2018e]. It is also observed that the surface porosity of electroless 

Ni-B-W coated surface is reduced due to tungsten oxide layer deposition over surface 

upon heat treatment [Yildiz et al. 2013]. The wear behaviours of Ni-B-W coated surface 

is also improved after heat treatment. Nano-hardness and elastic modulus of coatings are 
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determined using loading-unloading curve obtained from nano-indentation based model 

[Musil et al. 2002; Wei and Lin 2005] which shows good agreement for lower 

indentation depth with the data obtained from “Korsunsky and Kings” model 

[Domínguez-Ríos et al. 2012]. Surface hardness and Young’s modulus of electroless Ni-

B coatings are seen to increase after heat treatment within the temperatures range of 

300°C to 450°C. It is reported that the mechanical properties are observed to increase 

with heat treatment duration and this increase may be attributed to the dissipation of hard 

boride phases like Ni2B, Ni3B etc during heat treatment [Vitry et al. 2011; Domínguez-

Ríos et al. 2012]. Moreover, hardness and Young’s modulus value of coatings are seen to 

increase further due to incorporation of hard nano-particles like ZrO2, Al2O3 because of 

grain refinement [Radwan et al. 2015]. The reinforcement of nano-particles reduces the 

active area for entry of corrosive solution leading to improvement in corrosion behaviour 

[Radwan et al. 2015]. Surface hardness, corrosion resistance and wear behaviour of as-

deposited and heat-treated nano-composite coatings improve with reinforcement of hard 

nano-particles like TiO2, ND, alumina etc into Ni-B matrix [Kaya et al. 2008; Niksefat 

and Ghorbani, 2015; Taha-Tijerina et al. 2019]. 

 

 1.13 Summary of Literature Review 

Electroless nickel (EN) plating is a deposition process by chemical reaction of 

reducing agent present in the coating bath itself without the use of electricity. It has 

received widespread attention for industrial applications due to its high hardness, good 

corrosion resistance, uniformity of coatings, etc. EN coatings can be classified into three 

main categories, namely pure nickel, alloy, and composite coatings. Several research 

works have been already carried out to investigate the characteristics of EN Pure coating, 

binary (Ni-B, Ni-P, etc.), and ternary alloy coatings (Ni-W-P, Ni-Cu-P, etc.). Metallic 

elements like tungsten (W), Cobalt (Co), molybdenum (Mo) have been incorporated to 

form binary, ternary, or quaternary alloys coatings to improve the properties like thermal 

stability, hardness, tribological behavior, and corrosion resistance. Nanoparticles like 

Al2O3, SiO2, ZrO2, TiO2, and SiC are being widely used due to their excellent wear 

resistance and hardness. TiN may also be an ideal candidate for coating due to its high 

hardness, chemical resistance, and high melting point. Carbon nanotube (CNT) and 
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Carbon nanofibers (CNFs) are being used since they possess outstanding electrochemical 

and mechanical properties including high tensile strength and elastic modulus. 

Various EN coatings are observed to deposit with different combinations of bath 

composition to determine the coating characteristics. The electroless nickel-based alloy 

coatings are observed to investigate based on coating deposition rate, coating thickness, 

surface morphology, phase structure, tribological and mechanical behaviours of coatings. 

The deposition rate and coating thickness are observed to vary with coating bath 

parameter concentration as well as operating conditions. The surface morphology and 

phase structure are also observed to depend on coating bath composition. The surface 

morphology, as well as phase structure ultimately, lead to a change in coating 

characteristics.  

 

 

Figure 1.15: Research Work Plan 

 

It was observed from the previous studies that the electroless Ni-B (ENB) 

coatings deposited with low sodium borohydride in the coating bath exhibit a crystalline 

structure. The same transformed into an amorphous structure with the rise in sodium 

borohydride concentration leading to an increase in surface hardness of the coatings. The 
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surface hardness also improved due to the rise in boron content in the coatings with the 

increase in sodium borohydride concentration in the coating bath solution. Hence, the 

variation of the coating bath parameters and concentration may impact the coating 

composition. The change in coating composition may lead to a change in surface 

roughness, surface morphology, and phase structure which may ultimately lead to a 

change in coating characteristics. The proposed work aims to explore the impact of bath 

parameters on the coating characteristics of different electroless nickel coatings such as 

Ni-B, Ni-B-W, and Ni-B-Mo.  

 

1.14  Research Work Plan 

Based on the literature survey, research objectives and outline of the work are 

defined. The Figure 1.15 represents the research work plan. 

 

1.15 Research Objectives 

Based on the literature survey following objectives have been derived. 

➢ To prepare borohydride reduced electroless Ni-B, Ni-B-W and Ni-B-Mo coatings. 

➢ To characterize the coatings on the basis of surface morphology, phase structure 

and elemental analysis using SEM, XRD and EDAX. 

➢ To study the surface roughness and tribological behaviours of the as-deposited 

coatings. 

➢ To study the surface hardness and elastic modulus of the as-deposited coatings 

using nano-indentation techniques. 

➢ To study the scratch hardness of the as-deposited coatings using micro-scratch test 

➢ To study the corrosion resistance of the coatings. 

➢ To compare the Ni-B based binary and ternary coatings with different bath 

compositions. 

 

1.16 Research Work Methodology 

The research work decided from the literature survey which is to be carried out under 

the current investigation. The same is elaborated through the flowchart as mentioned in 

Figure 1.15. The research work methodology is also explained through the Figure 1.16. 
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The flowchart displayed in Figure 1.16, elaborates the coating deposition to coating 

characterisation process. The coatings are then tested for different coating characteristics. 

 

 

Figure 1.16: Research Methodology to be Followed 

 

1.17 Closure 

The literature survey elaborates the current state of the research work on electroless 

nickel-boron based coatings. The literature survey also presents the importance of 

electroless Ni-B coatings in industrial applications. However, there are lot of questions 

regarding the variation in tribo-mechanical behaviour of electroless nickel-boron based 

coatings is yet to be answered completely. What may be the impact of variation in 

coating bath composition on mechanical and tribological behaviour of coatings? How the 

variation in coating bath composition may impact the corrosion behaviour of nickel-

boron based coatings? An attempt has been made to answer these questions in the 

following chapters which is the outcome of the current study. 
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Chapter 2: Materials and Methods 

 

Outline: 2.1 Introduction, 2.2 Sample Preparation, 2.3 Bath Composition and Coating 

Deposition, 2.4 Coating Characterisation, 2.4.1 Coating Thickness, 2.4.2 Surface 

Morphology, 2.4.3 Chemical Composition, 2.4.4 Phase Structure, 2.5 Physical and 

Mechanical Behaviours, 2.5.1 Surface Roughness, 2.5.2 Nanoindentation Test, 2.5.3 

Micro-Scratch Test, 2.6 Tribological Test, 2.7 Corrosion Resistance Test, 2.7.1 

Potentiodynamic Polarisation, 2.7.2 Electrochemical Impedance Spectroscopy, 2.8 

Closure 

 

2.1 Introduction 

The current chapter elaborates the fundamental aspects of sample preparation and 

coating deposition process for different coatings. This chapter also contains the coating 

bath composition to deposit coated layer of Ni-B, Ni-B-W and Ni-B-Mo coatings. The 

chapter further elaborates the characterisation techniques used for characterisation of 

coatings. The detailed test procedure to understand the variation in tribo-mechanical 

behaviours and corrosion resistance behaviour is also elaborated in this chapter. 

Different test parameters and procedures are also discussed in the following sections. 

 

 

Figure 2.1: Flowchart of Sample Preparation 
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2.2 Sample Preparation 

For coating deposition, AISI 1040 steel is used as substrate material. Samples with 

dimensions of 15 mm × 15 mm × 2 mm were used for basic characterization and 

mechanical tests. The samples with dimensions of 6 mm diameter x 30 mm long 

dimension were used for tribological tests. AISI 1040 steel contains 0.32-0.43 wt.% C, 

0.10-0.25 wt.% Si, 0.68-0.85 wt.% Mn, 0.03 wt.% S, 0.06 wt.% P and the remainder is 

Fe. The samples were prepared and the surfaces were ground to achieve smooth surface 

finish with an average surface roughness value of 0.285 μm (Ra). The electroless nickel 

(EN) coatings are known to follow the substrate’s surface profile. The specimens with 

homogeneous surface texture were chosen for the EN coatings. The specimens were 

washed properly with soap water and degreased by dipping them into acetone followed 

by rinsing with deionized water. The specimens were again rinsed with deionized water 

after the acid pickling treatment in 50% HCl solution. This treatment ensures the smooth 

and defect free surface of the specimens without any rust or oxide layers. Then the 

specimens were dried and used for the coating deposition. The same process is 

elaborated through the process flowchart displayed in Figure 2.1. 

 

2.3 Bath Composition and Coating Deposition 

The electroless borohydride reduced alloy coatings (Ni-B, Ni-B-W, Ni-B-Mo) 

were deposited over steel substrates. The specimens with smooth and uniform surface 

are selected for the coating deposition. The steel substrate possesses catalytically active 

surface. Hence, the coatings may be deposited over the steel substrates straightway 

through chemical deposition process. However, the specimens are dipped into lukewarm 

PdCl2 to accelerate the deposition process further. The steel substrates were dipped into 

the coating bath solution for about 4 h. Double coating baths were used by replacing 200 

ml coating bath with another one after 2 h to ensure significant coating thickness. The 

specimens are removed from the coating bath solution after four hours and are rinsed 

with deionized water. The coating bath load is maintained within the range of 28.5 to 

31.1 cm2/L. No mechanical or ultrasonic agitation is used during the coating deposition 

process. Alternatively, bath replenishment is chosen so that the coating bath stability 

and deposition rate is not hampered as well as the deposition of diffused layer does not 
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take place due to the reduction of reactive species. The detailed coating procedure is 

also explained through the flowchart given in the Figure 2.2. 

 

 

Figure 2.2: Flowchart of Coating Deposition Process 

 

The coating bath contains nickel chloride (NiCl2) as source of nickel ions and 

sodium borohydride (NaBH4) is the source of boron ions in the solution. The sodium 

borohydride also acts as reducing agent. Suitable amount of ethylenediamine (C2H8N2), 

sodium hydroxide (NaOH) and lead nitrate (PbNO3) were also used as complexing 

agent, buffer and stabilizer, respectively. Electronic heater cum stirrer was used to 

maintain the necessary temperature of the coating bath while the bath pH was monitored 

using a digital pH meter and maintained at about 12.5. The coating bath temperature is 

controlled with the help of the electronic heater which is displayed in Figure 2.3. The 
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coatings are deposited by varying each parameter individually with temperature and 

keeping the other parameters constant at their mid-level values. The working range of 

the chemicals with their level of concentrations used for coating deposition are 

mentioned in the Table 2.1. 

 

Table 2.1: Coating Bath Parameters and Their Level of Concentrations 

Elements Purpose Level 1 Level 2 Level 3 Level 4 Level 5 

NiCl2 in g/l Source of Ni ion 10 15 20 25 30 

NaBH4 in g/l 
Reducing Agent 

Source of B ion 
0.40 0.60 0.80 1.00 1.20 

Na2WO4 in g/l Source of W ion 15 20 25 30 35 

Na2MoO4 in g/l Source of Mo ion 15 20 25 30 35 

Temperature (°C) Operating condition 75 80 85 90 95 

C2H8N2 in g/l Complexing Agent 59 

NaOH in g/l Buffer 40 

PbNO3 in g/l Stabilizer 0.0145 

 

The chemical used during the coating deposition process is supplied from Merck 

Life Science Private limited. The substrates were cleaned with acetone (Merck, 99%) 

and made rust-free using HCl acid (Merck, 37%) solution. The chemicals present in the 

coatings bath are Nickel (II) Chloride Hexahydrate (Merck, 98%), Sodium Hydroxide 

Pallets (Merck, 97%), Sodium Borohydride (Merck, 95%), Sodium Tungstate Dihydrate 

(Merck, 99%), Sodium Molybdate Dihydrate (Merck, 99%), Lead (II) nitrate purified 

(Merck, 99%), Ethylenediamine (Merck, 99%). 

The chemical required for specific coatings are mixed by adding them 

sequentially in appropriate proportionate to get the final chemical solution. All the 

chemical salts remain present in the solution but do not react with each other at room 

temperatures. The chemical bath prepared in this process is also known as autocatalytic 

bath which is used to deposit coatings. This coating deposition method do not use any 

electricity unlike electrodeposition method rather it uses chemical reduction reaction to 
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deposit coatings. The electroless coating bath solution contains a reducing agent which 

extracts the metal ions. The same metal ions then deposit over the substrate surface. The 

substrates used for coating deposition process must possess a catalytically active surface 

or the surface is activated if do not possess catalytically active surface. Sometimes, some 

catalysts are also used to accelerate the coating deposition process. 

 

 

 Figure 2.3: Coating Deposition Set up 

 

 

Figure 2.4: (a) Prepared Cylindrical Specimen and (b) Weighing Balance 
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2.4 Coating Characterisation 

2.4.1 Coating Thickness 

The coatings are developed over steel substrates with different compositions. The 

coatings are known to follow substrate surface and possess a uniform thickness. The 

prepared samples of 6 mm diameter and 30 mm lengths are shown in Figure 2.4(a). The 

coatings are also developed over samples of size 15 mm x 15 mm x 2 mm. The weight of 

the samples is measured before and after the coating deposition process. The mass gain of 

the samples indicates the deposition of coatings. The thickness of the coated layers is also 

calculated from the mass gain and a constant coating density. The mass of the specimens 

is measured by a sensitive electronic balance Afcoset ER-182 A which is shown in 

Figure 2.4(b). The coated square shaped and cylindrical samples are displayed in Figure 

2.5.  

 

 

Figure 2.5: Coated Substrates 

 

 

Figure 2.6: Schematic Diagram of Coated Layer Thickness 
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The electroless Ni-B coatings which contains 5% boron is seen to possess a 

density of 8.25 gm/cm3 [Vitry et al. 2022]. Hence, a constant density of 8.25 gm/cm3 is 

considered to estimate the coating thickness. So, considering a constant density and 

uniform coating thickness, initial estimation of coating thickness is done from the mass 

gain.  

 

 

Figure 2.7: SEM, S3400N, HITACHI 

 

The same coating thickness is further measured using scanning electron 

microscopy (SEM) with different magnifications. The specimens are cross cut to expose 

the coated layer thickness. The same coated layer is examined under SEM to measure the 

coated layer thickness. A schematic diagram of coating thickness is displayed in Figure 

2.6 where the substrate and the coated layer may be observed clearly. 

 

2.4.2 Surface Morphology 

The coated surfaces are further observed under SEM to examine the surface 

morphology. The coatings are examined using Scanning Electron Microscope (SEM, 

S3400N, HITACHI) with secondary electron detector. The SEM set up is displayed in 
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Figure 2.7. The cross cut coated specimens are examined under SEM not only just to 

measure the coated layer thickness but also to understand the coating deposition process. 

The coating deposition mechanism ultimately leads to the development of final surface 

morphology of the coatings. The coated surface is investigated for the understanding of 

the surface formed during coating deposition process at different condition which 

ultimately may lead to modifications in coating behaviours. 

 

 

Figure 2.8: FESEM, SIGMA, CARL ZEISS 

 

      

Figure 2.9: SEM Image of Coated Surface Morphology, (a) SEM Image and 

(b) FESEM Image 

 

Figure 2.8 shows a FESEM (Field Emission Scanning Electron Microscope) set 

up which is also used to determine the coating thickness as well as surface morphology of 

the coatings. The SEM set up contains a beam of electrons which is directed towards the 
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specimen surface and it generates signals in the form of secondary / backscattered 

electrons or characteristic X-rays. The signals actually represent the surface structures 

and hence the signals are received by detectors to generate images of the same surface 

structure on a computer screen. The FESEM machine are equipped with a field emission 

guns (FEGs) attachment which provides high resolution images. Figure 2.9 

(representative) represents the SEM images obtained from SEM and FESEM machines. 

 

2.4.3 Chemical Composition 

The deposition of coated layer is confirmed through scanning electron 

microscope. The next important step is to investigate the chemical composition of the 

coating and the phase structure of the coatings obtained with different coating bath 

compositions and operating conditions. The chemical composition study is to ensure the 

presence of all the key elements in the coatings which is expected to deposit. The 

concentration of those key elements and their distribution over the coated surface also 

plays an important role to decide the material properties and performance to certain 

extent. Energy Dispersive X-ray Spectroscopy (EDAX / EDS / EDX) is very common 

and popular technique in this regard. The chemical composition was determined at a low 

energy level of 10-15 KeV using EDAX. The EDAX setup carries a super ultrathin 

window for the effective transmission of low-energy x-rays. The system is calibrated with 

Si. While the ENB coating EDAX spectrum was compared with a standard boron sample 

spectrum to determine the boron content. 

 

  

Figure 2.10: Representative EDAX Mapping Image of Coated Surface 
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The FESEM set up displayed in Figure 2.8 contains additional attachment with it 

which has a field emission guns (FEGs) which enables it in the detection of different 

elements present in a material. Generally, it is difficult to detect light elements (atomic 

number < 9) under most of the SEM machines. The FESEM is capable of detecting light 

elements. Moreover, the FESEM is better suited for EDAX mapping of elements or 

analysis of composition through energy dispersive spectroscopy (EDS) attachment. It 

uses the energy of X-rays produced due to the electron beam directed towards the 

material surface and it allows the identification of elements. The representative EDAX 

mapping image of the coated surfaces are displayed in Figure 2.10 which shows the 

distribution different elements on coated surfaces. On the other hand, the Figure 2.11 

show a representative EDAX spectrum of coated surface. Different peaks corresponding 

to different elements present in the EDAX spectrum confirms their presence in the 

coatings. 

 

 

Figure 2.11: Representative EDAX Spectrum of Coatings 

 

These are useful to quickly determine the relation between material structure and 

the properties. In the field of material research microscopic techniques are at the forefront 

wherein newer combinations of material properties are examined and developed. Test 

samples are carefully prepared by standard metallography. Different tools like optical 

microscope, scanning electron microscope, X-ray diffraction, Raman spectroscopy, 

atomic force microscopy etc. are available for characterisation purpose. The objective of 

the present microstructural study is to examine the distribution of particles, grain 

structure, and identification of phase elements in the as-deposited coated surfaces. 
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Figure 2.12: X-ray Diffraction (XRD) Instrument (D8ADVANCED, BRUKER, 

USA) 

 

2.4.4 Phase Structure 

XRD is a non-destructive method. The fundamental principle behind X-ray 

diffraction (XRD) is based on the constructive interference of monochromatic X-rays 

with crystalline material. These X-rays are generated by a cathode ray tube, filtered to 

ensure monochromaticity, collimated to focus them, and then directed towards the 

sample. When the incident rays strike the sample under conditions satisfying Bragg's Law 

(n = 2d sinθ), they produce constructive interference and a diffracted ray. As per Bragg's 

Law, the lattice spacing and diffraction angle in a crystalline sample are directly 

proportional to the wavelength of the electromagnetic radiation used for diffraction. 

Detection and analysis of the diffracted X-rays are necessary. By scanning the sample 

across a range of 2θ angles, which exposes the material to all possible diffraction 

directions of the lattice. The diffraction peaks can be observed and converted to d-

spacings for identification. The Figure 2.12 shows the XRD instrument 
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(D8ADVANCED, BRUKER, USA) used for XRD analysis. The phase structures of the 

as-deposited coatings were determined using the diffractometer which is equipped with 

Cu-Kα radiation source with a scanning rate of 0.02°/s within the range of 2θ1 to 2θ2 of 

20° to 90°. The characteristics of XRD plots can rapidly determine whether a specific 

phase is crystalline or amorphous. Crystalline phases are identified by sharp, well-defined 

diffraction peaks. Whereas amorphous phases exhibit broad, diffuse peaks. This 

distinction is fundamental in analyzing the structural properties of materials using X-ray 

diffraction techniques. A representative XRD pattern obtained from the instrument is 

displayed in Figure 2.13. 

 

 

Figure 2.13: Representative XRD Spectrum of Coatings 

 

2.5 Physical and Mechanical Behaviours 

2.5.1 Surface Roughness 

The geometric parameters are crucial to a coating. Its surface roughness, 

significantly impacts its mechanical integrity. Thus, precise measurement of roughness is 

essential for coating evaluation. The contact method, employing a stylus traversing the 

surface, is utilized to measure the surface roughness of the electroless nickel coatings. A 
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Talysurf profilometer (Surtronic 3+, Taylor Hobson, UK) is employed for measuring the 

required roughness parameters. The surface roughness tester employed under current 

study is displayed in Figure 2.14. After the deposition of electroless Ni-B coating over 

AISI 1040 steel substrates, the surface roughness of the coatings is also measured with 

another stylus based profilometer (MGW SURFACE ROUGHNESS TESTER SRT-1) 

for few specimens. The set up is equipped with a diamond stylus having a tip radius of 5 

μm. The measurements were taken for a sampling length of 4 mm. 

 

 

Figure 2.14: Surface Roughness Tester (Surtronic 3+, Taylor Hobson) 

 

Measurements typically start from the extreme outward position, with the 

measuring stroke determined by the traverse length, which is usually five times the cut-

off length by default. The surface roughness measurements are conducted with a 

Gaussian filter and 4 mm sampling length, while the stylus traverse speed is maintained 

at 1 mm/s. Measurements on coated samples are repeated at least three times in different 

orientations, and the average of the three values is recorded finally. The average 

roughness serves as the response variable for the conducted studies. The measured profile 

from the Talysurf is digitized and processed through the advanced surface finish analysis 

software Talyprofile for evaluating the roughness parameters considered in the present 

work. 
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2.5.2 Nanoindentation Test 

Nanoindentation has gained popularity as a method for measuring properties at 

the nano/micro-scale, such as creep resistance, hardness, fracture toughness, and elastic 

modulus, particularly for thin films and coatings. Unlike traditional methods, 

nanoindentation calculates the contact area indirectly from the penetration depth without 

the need for imaging the indent. This makes it a versatile and efficient technique for 

characterizing material properties at small scales. The test set up may be used to conduct 

the indentation test in two basic methods. One is indentation depth-based method and the 

other one is applied load-based method. In depth-based method, the indentation is carried 

out for a fixed depth of indentation and the applied load varies depending upon the 

material property. The higher the load required, higher the indentation hardness. On the 

other hand, the applied load-based method is carried out for a fixed load and the 

indentation depth may vary depending upon the material property. The higher is the 

indentation hardness if the indentation depth is less. 

 

 

Figure 2.15: Nano-indentation Test Setup (NHT-1, CSM) 

 

Nano-indentation behaviour of the electroless nickel-boron based coated samples 

is tested with the help of a nano-indentation tester (NHT-1, CSM) which is displayed in 

Figure 2.15. The test set up is equipped with a triangular based pyramid shaped 

Berkovich indenter. All the nano-indentation tests are conducted for a maximum 

indentation depth of 500 nanometre. A uniform loading unloading rate of 40 mN/min and 
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a pause time of 2 seconds are used to carry out the tests. The surface hardness and elastic 

modulus are determined from the loading unloading curve obtained from the data 

recorded in the computer attached with the nano-indentation test set up. The mechanical 

properties of the coatings can be determined from the data obtained from nano-

indentation test (Hysitron, Nano-indenter) using Oliver and Pharr method [Domínguez-

Ríos et al. 2012]. The nano-indentation tests are conducted with the help of indentation 

depth-based method [Vitry et al. 2008] for a maximum indentation depth of 500 

nanometre. To avoid the substrate effect on the mechanical properties of the coatings, the 

maximum indentation depth of indentation is maintained less than one-tenth of minimum 

coating thickness [Pal et al. 2018]. All the nano-indentation tests are carried out for three 

times. The average values of those three test results of nano-hardness are calculated and 

reported. 

 

 

Figure 2.16: A Typical Loading-unloading Curve 

 

The data generated during the nano-indentation test is recorded in a computer 

attached with the set up. The loading unloading curve obtained using the recorded data is 

displayed in Figure 2.16. The loading unloading curve is used to calculate the elastic 

modulus. The calculation of the elastic modulus in nanoindentation follows the Oliver 



55 
 

and Pharr method, which relies on generating a load-displacement curve. This curve 

provides insight into the elastic modulus of the specimen. The analysis method, proposed 

by Oliver and Pharr in 1992, utilizes the specimen's elastic unloading response to 

determine the tip-sample contact size during unloading. The stiffness of the elastic 

contact is determined based on Hertz' theory, providing a robust framework for 

understanding material properties at small scales. 

The stiffness of contact is determined from the Eq. 2.2, 

         (2.2) 

The effective elastic modulus value is determined from Eq. 2.3, 

       (2.3) 

Where, , from this 

equation the term   may be obtained as the indenter properties are 

known and the  is calculated from the Eq. 2.3. 

 

 

Figure 2.17: Micro-Scratch Tester (TR-101-IAS, DUCOM, India) 

 

2.5.3  Micro-Scratch Test 

The scratch tester is used for the micro-scratch tests. The test setup comprises of 

various components necessary for the testing process as depicted in Figure 2.19. Scratch 
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hardness is measured using a micro-scratch test set up (TR-101-IAS, DUCOM, India) as 

per ASTM G171-03 standard. The test setup is provided with a diamond made Rockwell 

C type indenter and the indenter tip radius is 200 µm. The Figure 2.18 shows the scratch 

test process with the help of a conical shaped diamond indenter. The test set up contains a 

moveable table on which the specimen is fixed and the test specimen is moved with the 

table as required. The indentation load of 20N is applied with the help of a transducer. 

The scratch test is carried out on the coated surface at 5 different locations parallel to 

each other. The scratch width of each scratch is measured at different locations as shown 

in Figure 2.19. 

 

 

Figure 2.18: Schematic Diagram of Scratch Test Process 

 

The tests are conducted against an applied load of 20N and the scratch length is 

kept as 5 mm. The scratch velocity is kept constant at 0.1 mm/sec. Scratch marks made 

on the coated surface are captured using the scratch tester's integrated image acquisition 

system. The acquisition system is equipped with a camera boasting a resolution of 5 

megapixels. To facilitate input and visualization of test parameters, the scratch tester is 

linked to a computer via the "Winducom 2010" software. This software serves as a 

platform for managing and analyzing the scratch test data. The scratch width is measured 

at 10 different locations and the average of those values is used to calculate the scratch 

hardness. To ascertain the scar widths and calculate the scratch hardness (in GPa), the 

"Scar View 2016" software was employed. Following the guidelines outlined in ASTM 
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G171-03, the scratch hardness is determined based on the applied load and the average 

width of the scratch. This standardized approach ensures consistency and accuracy in the 

evaluation of scratch resistance. The following Eq. 2.4 is used to calculate the scratch 

hardness: 

 GPa      (2.4) 

Where HSP is scratch hardness, N is applied load in gm and X is scratch width in 

µm. 

 

 

Figure 2.19: Typical Image of Scratch Width 

 

2.6 Tribological Test 

The tribological behaviour of the coatings is investigated using a pin-on-disc 

tribotester (TR-20LE-CHM-400, DUCOM, India) under dry condition. The schematic 

diagram of the test set up is displayed in Figure 2.20. The coated pin samples are used as 

specimen for the tribo test. A circular disc of 115 mm diameter and 8 mm thick is used as 

counter surface. The circular disc is made of EN31 (58-68 HRC) steel. The specimens are 

kept fixed at a position and the counter surface is allowed rotate to provide sliding action. 

The pin sample is allowed to slide for a sliding distance of 514 m with a sliding velocity 

of 42.86 cm/sec at a track diameter of 60 mm against an applied load of 40N. The 
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computer attached to the tribotester is used to control the parameters and record the 

frictional force between the pin sample and the rotating disc. 

 

 

Figure 2.20: Schematic Diagram of Pin-on-disk Tribo-tester 

 

The wear rate is measured from the mass loss of the samples by measuring the 

mass before and after the test using a precision weighing balance with 0.01 mg precision. 

The specific wear rate (Ws in kg/N.m) is determined using the Eq. 2.5, 

      (2.5) 

Where M is the wear mass, L is sliding distance and W is the applied load. Sliding 

distance is calculated from the track diameter and the total revolution turned by the pin. 

The tribological test set up used in this current work is displayed in Figure 2.21. 

The tests are carried out as per ASTM G99-05 standard. The pin specimens are attached 

vertically at one end of loading lever against a rotating counter disc, made of EN31. The 

hardness of the counter surface is significantly higher compared to specimen. Constant 

load is applied through the loading pan at the end of loading lever which is operated 

manually. The test parameters like speed, test duration is controlled through specialized 
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software. The software also displays the real time variation in friction coefficient with 

sliding duration. The same real time data is recorded in the attached computer and it is 

used for further analysis. 

 

 

Figure 2.21: Pin-on-disk Tribotester (TR-20LE-CHM-400, DUCOM, India) 

 

2.7 Corrosion Resistance Test 

The corrosion behaviour of the coatings is investigated through Electrochemical 

Impedance Spectroscopy (EIS) and Potentiodynamic Polarisation (PDP) test methods. A 

three-electrode based potentiostat (Gill AC, ACM Instruments, UK) was employed for 

this purpose. The corrosion resistance behaviour of the coated specimens was tested 

against 3.5% sodium chloride (NaCl) solution as a corrosive medium. Only 1 cm2 area of 

the samples was exposed to the corrosive environment. A reference electrode (saturated 

calomel electrode) was used to estimate the potential difference. An auxiliary electrode 

was used to allow the applied current flow to the solution. Initially, open circuit potential 

(OCP) was provided a settling time of 15 min. The coated substrates were used to act as 

working electrode (WE), while a platinum electrode and saturated calomel electrode were 

employed to serve as an auxiliary electrode (AE) and reference electrode (RE), 

respectively. The potentiostat with electrochemical cell is displayed in Figure 2.22. The 

potentiostat set up was used to carry out PDP and EIS test to investigate the corrosion 

resistance of the as-deposited samples at normal room temperature of about 27°C. The 
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saturated calomel electrode was used as the reference electrode to measure the accurate 

potential difference. A platinum electrode (auxiliary electrode) makes the way of applied 

current flow to the solution. A dedicated software installed in the computer was used to 

collect the data and analyse. Double layered capacitance (Cdl) and charge transfer 

resistance (Rct) values were determined by fitting a semicircle with the Nyquist plot using 

the software installed in the accompanying computer. The corrosion current density (icorr) 

and the corrosion potential (Ecorr) of the electroless as-deposited coatings were obtained 

using Tafel extrapolation method. 

 

 

Figure 2.22: Electrochemical Corrosion Test Setup (3 Electrode Potentiostat) 

 

2.7.1 Potentiodynamic Polarization 

Polarization is a technique in electrochemistry to study the metal electrode 

behaviour against corrosive medium by adjusting the electrode's potential from its natural 

state and measuring the resulting current. If a metal isn't connected to any external circuit, 

then its potential is called Open Circuit Potential (OCP). This OCP represents the metal's 

equilibrium state and helps to determine its corrosion potential, dissolution potential, or 

equilibrium potential. An increase in the corrosion potential typically suggests the 

formation of protective films on the metal surface. These films act as barriers, shielding 

the metal from further corrosion. Conversely, a decrease in corrosion potential indicates 
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the breakdown or removal of these protective films, leaving the metal more vulnerable to 

corrosion. Therefore, monitoring changes in corrosion potential over time provides 

valuable insights into the stability and effectiveness of these protective films in corrosive 

environments. 

 

 

Figure 2.23: Typical Tafel Plot 

 

During anodic polarization, the potential of the working electrode shifts 

positively, making it the anode and causing the removal of electrons from it. This results 

in the oxidation of metal ions on the electrode surface, leading to corrosion. The current 

passing through the electrode during anodic polarization is directly proportional to the 

rate of metal ion oxidation. Conversely, cathodic polarization occurs when the potential 

of the working electrode shifts negatively, turning it into the cathode and supplying 

electrons to it. This leads to the reduction of metal ions on the electrode surface, 

potentially forming a protective film that reduces the corrosion rate. The current flowing 

through the electrode during cathodic polarization is directly proportional to the rate of 
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metal ion reduction. The data recorded from the Polarization test is used to obtain the 

tafel plot. Tafel plot is obtained by using the corrosion potential along Y axis and 

logarithmic value of corrosion current along X axis. It provides important information 

about the corrosion resistance of substrate material. The informations like corrosion rate, 

corrosion current density (Icorr) and the corrosion potential (Ecorr) may be obtained from 

this tafel plot. Figure 2.23 represents a typical Tafel plot which contains an anodic and a 

cathodic part. The linear segment of the plot is known as Tafel region. It is visual 

illustration of the correlation between electrode potential and the logarithm of the related 

current density during the electrochemical reactions. It emerges elevated overvoltage and 

points out the step that controls the electrochemical reaction rate. This method is widely 

acknowledged as a quick and precise technique for assessing the corrosion rate of 

materials. The Tafel extrapolation method's ability to offer continuous monitoring of 

exceedingly low corrosion rates makes it suitable across diverse applications which 

includes the prediction and mitigation of corrosion in both industrial and natural 

environments. The accuracy of this method may depend on various factors like 

temperature, electrode geometry, and solution composition etc. Hence, it may not provide 

the results compared to some other methods. 

 

2.7.2 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) or Impedance Spectroscopy is a 

non-destructive method. It serves as a technique for analyzing the dynamic behaviour like 

corrosion performance of electrochemical systems. It involves measuring electrical 

impedance of the system across various frequencies. EIS offers insights of the system 

resistance, capacitance, and inductance. These parameters may be further utilized to 

calculate the corrosion rate and inhibition level. The EIS also offer some important data 

which is useful for controlling the electrochemical process through optimization and this 

facility makes the system suitable for the use in materials science, corrosion engineering, 

and electrochemistry. In EIS, the electrode impedance vs frequency plot is used to 

analyse the behavior of electrical circuits. A small voltage signal supplied with the help 

of auxiliary electrode. The same is applied to the substrate surface through the corrosive 

solution. The response is received in the reference electrode to make a comparison. The 
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Randle’s circuit, commonly employed as equivalent electrical circuit diagram for ideal 

and non-ideal behaviours is presented in Figure 2.24. 

 

 

Figure 2.24: Randle’s Circuit Obtained from Gill AC Instrument for (a) Ideal 

Behaviour and (b) Non-ideal Behaviour 

 

 

Figure 2.25: Typical Nyquist Plot 

 

It is frequently utilized in electrochemistry to analyse electrochemical systems. In 

Figure 2.24, Rsol is the corrosive solution resistance in-between substrate surface / 

working electrode and reference electrode, and Rct is the charge transfer resistance. The 

double layer capacitance is represented as Cdl used in equivalent circuit diagram for ideal 

behaviour. While, CPEdl is the double layer capacitance for non-ideal behaviour. The data 

recorded during EIS test is used to obtain nyquist plot. The installed software in the 

attached computer uses the data collected during the test to plot the Nyquist plot 
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considering imaginary impedance on the y-axis and real impedance on the x-axis. Figure 

2.25 displays a typical Nyquist plot. The EIS test is carried out within the frequency 

range of 10-3 Hz to 105 Hz. The impedance is estimated from the measurements of the 

phase angle and induced current magnitude. The data generated and recorded during the 

EIS test with the help of potentiostat and frequency response analyzer may be stored in 

the attached computer for detailed analysis. A scanning speed of 1mV/s is used during the 

test. 

 

2.8  Closure 

This chapter contains the detailed elaboration of the specimen preparation, coating 

deposition, mechanical and tribological test procedures used in the current study. The 

chapter starts with the specimen preparation details, electroless coating deposition 

process with compositions. The chapter explains the coating characterisation like 

different characterisation techniques with the specification of the instruments and the 

process to interpret the test results. The basic material characterization techniques used 

under current study are XRD, SEM and EDAX. It is followed by nano-indentation 

behaviour, scratch test, corrosion test and tribological test. The tests are important to 

understand the tribo-mechanical behaviours of the coatings and may be correlated with 

the characterisation results. Finally, these tests are also helpful to compare the different 

materials developed in the current study. 
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Chapter 3: Electroless Ni-B Alloy Coatings 

 

Outline: 3.1. Introduction, 3.2 Experimental Details, 3.3 Coating Characterisation, 3.3.1 

Coating Thickness, 3.3.2 Surface Morphology, 3.3.3 Chemical Composition, 3.3.3 Phase 

Structure, 3.4 Physical and Mechanical Behaviours, 3.4.1 Surface Roughness, 3.4.2 

Nano-indentation Test, 3.4.3 Micro-Scratch Test, 3.5 Tribological Test, 3.6 Corrosion 

Resistance Test, 3.7 Closure 

 

3.1 Introduction 

The electroless coatings are deposited through chemical deposition process. 

Generally, sodium borohydride or dimethylaminborane (DMAB) is used to develop 

nickel-boron alloy coatings. Electroless nickel-boron coating is for its tribological 

properties. The behaviour of the chemically deposited nickel-boron coatings usually 

depends on the surface morphology, phase structure and coating composition. The 

surface morphology, phase structure and coating composition further depends on coating 

bath composition and coating bath operating conditions like bath temperature and pH. A 

little change in these may change the coating surface morphology, phase structure and 

coating composition resulting a change coating behaviour. The current chapter is focused 

on the analysis of the influence of the coating bath parameters on the different coating 

characteristics and it is extensively discussed in the following sections. 

 

3.2  Experimental Details 

Two different types of specimens are utilized to deposit coatings. The elements 

required for coating deposition are arranged. The coating bath elements are mixed in 

proper proportionate to prepare the coating bath solution. The sodium borohydride, nickel 

chloride and coating bath temperature is varied at five different levels. The nickel 

chloride is varied from 10 to 30 g/l. While, sodium borohydride and coating bath 

temperature is varied within the range of 0.4 to 1.2 g/l and 75 to 95 °C, respectively. The 

other coating bath elements are kept constant at their specified values. The low-level 

concentration (LLC) indicates the coating bath which contains 10 g/l NiCl2, 0.40 g/l 
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NaBH4 and coating bath temperature is maintained at 75°C. The mid-level (MLC) 

concentration is meant for 20 g/l NiCl2, 0.80 g/l NaBH4 and 85°C while high level (HLC) 

concentration contains 30 g/l NiCl2, 1.20 g/l NaBH4 and 95°C coating bath temperature. 

From now on, the different concentration levels will be called as LLC, MLC and HLC. 

But for the trend analysis, the coatings are deposited by varying the one parameter at a 

time and rest are kept constant at their mid-level values. So, the coatings are deposited for 

4 hours. The coated cylindrical specimens are cross cut to expose the coating layer 

thickness and the same is utilized to measure the coating thickness using SEM. The 

chemical composition of the coatings is examined through EDAX. The phase structure of 

the coatings is studied using X-ray Diffraction (XRD). The surface roughness of the 

coatings is examined using a stylus based profilometer. The indentation hardness of the 

coated surface and elastic modulus is determined using nanoindentation depth-based 

techniques. Whereas, the scratch hardness of the coated surface is determined using a 

micro-scratch tester against a constant applied load of 20N. The measured scratch width 

is utilized to calculate the scratch hardness and the same is reported in this report. The 

tribological tests are carried out to investigate the variation trend for friction and wear 

with different coating bath parameter concentrations. A three-electrode based potentiostat 

is also used to determine the corrosion resistance behaviour of the coatings against 3.5% 

NaCl solution. The detailed test procedure and methodology is elaborated in chapter 2. 

 

3.3  Coating Characterisation 

3.3.1  Coating Thickness 

The coatings deposited with various composition are characterized based on 

coating thickness, surface morphology, elemental analysis and phase structure. The cross 

section of the coatings is determined using SEM as shown in Figure 3.1. The rise in 

coating thickness with the bath parameter concentration increase can be observed from 

Figure 3.1. Lowest thickness of 8.714 µm is achieved for the low level concentrations 

while coatings obtained at mid-level and high-level concentration exhibit a minimum 

thickness of 21.96 µm and 30.60 µm, respectively. The increase in coating thickness is an 

indication of increase in deposition rate with the rise in level of parameters as the coating 
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deposited for all the combination is for equal time duration i.e., 4 hrs. The deposition rate 

increases as NaBH4 concentration increases in coating bath solution [Vitry et al. 2012] as 

well as increase in coating bath temperature. The increase in deposition rate with 

borohydride concentration can be attributed due to the increase in reduction rate with 

reducing agent [Vitry et al. 2012; Sukackiene et al. 2020]. 

 

      

 

Figure 3.1: SEM Image of Coating Thickness of As-deposited Ni-B Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

3.3.2 Surface Morphology 

All the as-deposited coating surface is bright and smooth for the coatings obtained 

below sodium borohydride concentration of 1.0 g/l but the same turns out to be grey 

coloured appearance and the surface also becomes a bit rough compared to the other 
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combinations when the borohydride concentration increased to 1.20 g/l [Vitry et al. 

2012]. The surface morphology of the as-deposited coatings is displayed in Figure 3.2. 

 

      

      

      

Figure 3.2: SEM Image of Surface Morphology of As-deposited Ni-B Coatings 

Obtained at (a)-(b) Low Level, (c)-(d) Mid-Level and (e)-(f) High Level 

Concentrations 



69 
 

From Figure 3.2, it can be seen that the low, mid and high; all three level coatings 

possess cauliflower like surface morphology for sodium borohydride concentration of 

0.40 g/l to 1.20 g/l, nickel chloride range of 15 g/l to 35 g/l and operating temperature 

range of 75°C to 95°C [Delaunois et al. 2000; Krishnaveni et al. 2005; Baskaran et al. 

2006; Vitry et al. 2008; Bülbül et al. 2013; Madah et al. 2015; Wan et al. 2016; 

Yazdani et al. 2018; Bonin et al. 2019, Sukackiene et al. 2020]. Besides, it also shows 

a homogeneous distribution of nodules throughout the coated surface [Delaunois et al. 

2000; Krishnaveni et al. 2005; Baskaran et al. 2006; Vitry et al. 2008; Bülbül et al. 

2013; Wan et al. 2016]. Cauliflower like surface morphology is famous for tribological 

applications as it decreases coefficient of friction between the mating surfaces by 

reducing the actual surface contact area between two surfaces [Baskaran et al. 2006]. 

Nodule size of as-deposited ENB coating increases with the level of parameters which 

can be attributed due to increased nodule size with sodium borohydride concentration and 

surface becomes compact [Baskaran et al. 2006]. This might help in improving the 

tribological behaviour of coatings. 

 

3.3.3  Chemical Composition 

The EDAX mapping of the as-deposited coating of various compositions has been 

displayed in Figure 3.3. Figure 3.3(a) shows the presence of nickel in the coatings while 

Figure 3(b) shows the presence of boron in the coating for low level concentration of 

coating bath elements. Similarly, Figure 3.3(c)-(d) and Figure 3.3(e)-(f) represent the 

presence of nickel and boron for medium and high level concentration of coating bath 

elements, respectively. From Figure 3.3, it can be observed that the intensity of green 

colour in the figure decreases with the increase in coating bath parameter concentration 

which is an indication of decrease in nickel percentage but at the same time the yellow 

colour intensity increases with coating bath parameter concentration which is an 

indication of rise in boron content. The elemental analysis of the coatings has been 

carried out through EDAX [Kaya et al. 2008; Bülbül et al. 2013; Dellasega et al. 2017]. 

The EDAX spectrum of the as-deposited coatings has been displayed in Figure 3.4. From 

Figure 3.4, it is clearly evident that the boron content increases with the increase in 

coating bath composition [Sürdem et al. 2019]. The boron contents in the coatings are 
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3.30-3.90% for low level, 6.30-7.10% and 8.30-9.70% for mid and high-level coatings 

while nickel concentration is 93.30-95.10%, 88.90-90.50% and 86.20-89.30% for low, 

mid and high-level concentration, respectively. 

 

      

      

      

Figure 3.3: EDAX Mapping Images of As-deposited Ni-B Coatings Obtained at (a)-

(b) Low Level, (c)-(d) Mid-Level and (e)-(f) High Level Concentrations 

 

Similar trend of increase in boron concentration is observed in previous works 

[Sürdem et al. 2019]. The increase in boron concentration may be attributed due to the 
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increase in reduction rate as the amount of borohydride increased in the coating bath 

[Sürdem et al. 2019]. On the other hand, nickel concentration decreases though the 

nickel chloride concentration increased. The decrease in nickel concentration is possibly 

due to rise in boron concentration where the increase in boron acts as dominant one. The 

existence of oxygen as well as carbon is observed but the concentration is very low. 

Therefore, it can be neglected as this negligible amount of oxygen and carbon might have 

accumulated from the external sources. 

 

      

 

Figure 3.4: EDAX Spectrum of As-deposited Electroless Ni-B Coatings Obtained at 

(a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

3.3.4  Phase Structure 

The XRD patterns of the as-deposited ENB coatings for low, mid and high-level 

bath composition are displayed in Figure 3.5. The low-level coating possesses a broad 

peak at about 53° [Jappes et al. 2005; Anik et al. 2008; Vitry et al. 2014; Vitry and 
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Bonin 2017; Sürdem et al. 2019]. The presence of hump in a XRD pattern indicates the 

presence of amorphous phase while the presence of sharp peaks indicates the presence of 

crystalline phase [Sürdem et al. 2019, Vitry and Bonin 2017]. The presence of both 

together is the indication of coexistence of amorphous-crystalline phase [Bülbül et al. 

2013, Sürdem et al. 2019, Vitry and Bonin 2017, Yildiz et al. 2017]. Hence, the XRD 

pattern of the coatings obtained at LLC indicates the coexistence of amorphous and nano-

crystalline phase structure [Vitry et al. 2008; Bülbül et al. 2013; Yildiz et al. 2017; 

Vitry and Bonin 2017; Sürdem et al. 2019]. 

 

 

Figure 3.5: XRD Patterns of As-deposited Ni-B Coatings 

 

The same broad peak diminishes for the mid-level and high-level concentration 

coatings which means that the phase structure of the coatings transformed into 

amorphous structure. The rise in borohydride concentration in as-deposited coating leads 

to transformation of crystalline to amorphous phase structure [Sürdem et al. 2019]. It is 

observed in previous studies that the coating with boron content less than 4 wt.% exhibits 

crystalline phase [Bekish et al. 2010, Baskaran et al. 2006, Venkatakrishnan and 

Karthik 2019]. The same phase gradually transforms into amorphous phase with the 

increase in boron content [Baskaran et al. 2006, Venkatakrishnan and Karthik 2019]. 
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Hence, the transformation of phase structure from amorphous-crystalline to amorphous 

phase under the current study may be correlated with the increase in boron content which 

is confirmed from EDAX results. 

 

3.4 Physical and Mechanical Behaviours 

3.4.1  Surface Roughness 

The variation of average surface roughness (Ra) value obtained with respect to 

varying coating bath temperature, nickel chloride and sodium borohydride concertation 

are displayed in Figure 3.6. Figure 3.6(a) represents the variation of average surface 

roughness with respect to coating bath temperature and sodium borohydride 

concentration which shows an increasing trend of average surface roughness with coating 

bath temperature as well as borohydride concentration. The chemical reaction starts at 

around 70°C which gradually increases upon increasing temperature upto around 90°C 

[Baskaran et al. 2006; Hamid et al. 2010]. 

 

      

Figure 3.6: Average Surface Roughness Plot with Varying Temperature and (a) 

Sodium Borohydride and (b) Nickel Chloride Concentrations 

 

Further increase in temperature does not impact the chemical reaction much. This 

increase in average surface roughness might be due to the increase in reduction rate 
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[Kanta et al. 2009; Vitry et al. 2012; Vitry et al. 2012; Bülbül et al. 2013; Madah et 

al. 2015; Wan et al. 2016]. Further increase in temperature does not change surface 

roughness for significant amount. But the surface roughness values are seemed to 

decrease at 0.4 g/l and 0.6 g/l concentration of sodium borohydride compared to substrate 

(Ra = 0.285 µm) which increased upon further increase in sodium borohydride 

concentration upto 1.2 g/l. The surface smoothening action can be attributed with the 

lower reduction rate upto 0.6 g/l borohydride concentration [Vitry et al. 2012] and the 

increase in surface roughness is due to the high reduction rate at higher borohydride 

concentration [Vitry et al. 2012; Sürdem et al. 2019]. Figure 3.6(b) shows that the 

surface roughness is found to decrease as the nickel chloride concentration in the coating 

bath solution increases. For any concentration of borohydride, average roughness 

increases upto 85°C which is possibly due to the increase in chemical reaction after 70°C 

[Hamid et al. 2010]. Upon increasing the temperature further does not change the 

chemical reaction much but higher concentration of nickel chloride smoothens the 

surface. Hence, the coated surface becomes smoother with the rise in nickel chloride 

concentration. 

 

3.4.2  Nano-Indentation Test 

Figure 3.7 shows the indentation depth vs applied load plot for various level of 

coating bath parameters, where it can be seen that the coating obtained at low level of 

bath parameter concentration requires minimum amount of load for same indentation. 

The high level of bath parameter concentration coatings requires maximum load. 

Therefore, this can be concluded that the hardness of the coatings increased as the bath 

parameter concentration increases. As-deposited coating hardness increases with boron 

content in the coating [Lekka et al. 2018; Sürdem et al. 2019]. The boron content in 

coatings increases with increase in borohydride concentration [Lekka et al. 2018; 

Sürdem et al. 2019]. The increase in borohydride concentration as well as nickel 

chloride may be the reason of this increase. Electroless Ni-B coating layer over steel 

substrate improves the surface hardness of underlying steel [Kaya et al. 2008]. The nano-

hardness test results have been displayed in the Figure 3.8 with the variation of 

temperature, nickel chloride and sodium borohydride. Figure 3.8(a) shows the increasing 
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trend of surface hardness with sodium borohydride as boron content increases with 

NaBH4 in the coatings [Anik et al. 2008; Bonin and Vitry 2016; Vitry and Bonin 

2017; Lekka et al. 2018; Sürdem et al. 2019]. 

 

 

Figure 3.7: Depth of Indentation vs Applied Load Plot 

 

      

Figure 3.8: Hardness Plot with Varying Temperature and (a) Sodium Borohydride 

and (b) Nickel Chloride Concentrations 
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The hardness is also found to increase as coating bath temperature increases 

which might be due to the increase in chemical reaction with temperature rise. The 

chemical reaction increases with the increase in coating bath temperature which may lead 

to an increase in boron content in the coating [Bonin and Vitry 2016; Lekka et al. 2018; 

Sürdem et al. 2019]. The surface hardness was observed to be a function of boron 

content. Hence, the increased boron content with temperature may leads to an increase in 

surface hardness [Anik et al. 2008; Bonin and Vitry 2016; Lekka et al. 2018; Sürdem 

et al. 2019]. The surface hardness variation plot with respect to temperature and nickel 

chloride displayed in Figure 3.8(b) also shows an increasing trend with nickel chloride 

content and temperature of coating bath solution. The surface hardness of nickel boron 

found to vary with boron content and grain size of as-deposited coatings [Bonin and 

Vitry 2016; Lekka et al. 2018]. The boron content as well as grain size of coatings 

increases with the increase in NaBH4 concentration in the coating bath [Bonin and Vitry 

2016; Lekka et al. 2018; Sürdem et al. 2019]. This might be a possible reason of 

increase in nano-hardness of the as-deposited coatings. The increase in nickel chloride 

might have increased the nickel content slightly and the combination of nickel and boron 

might be a possible reason for the increase in surface hardness with nickel chloride 

concentration though this change is less compared to the variation of borohydride. 

The elastic modulus of the as-deposited coatings was determined and represented 

in Figure 3.9. Figure 3.9(a) represents the fluctuation of elastic modulus with 

temperature and borohydride concentration. Figure 3.9(b) represents the fluctuation of 

elastic modulus with temperature and nickel chloride. The elastic modulus of nickel-

boron coatings is found to be the independent one to hardness [Vitry et al. 2008]. But, 

the elastic modulus of coating is also seen to depend on grain size [Zhou et al. 2003]. 

The elastic modulus of the as-deposited coatings is observed to increase with the sodium 

borohydride as well as nickel chloride concentration but it does not follow any specific 

trend with temperature variation. While the grain size of the coatings is found to increase 

with sodium borohydride concentration. Therefore, the increase in elastic modulus may 

be attributed with the increase in grain size of the as-deposited Ni-B coatings. Elastic 

modulus of the coatings is found to increase with NaBH4 concentration due to rise in 

boron content in the coating in previous works which agrees well with the current 
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increasing trend of elastic modulus. The lower elastic modulus shows less wear compared 

to higher elastic modulus [Vitry et al. 2008]. The coatings at low level concentration 

shows less wear besides low elastic modulus in this current study which also agrees well 

with the previous works [Vitry et al. 2008]. 

 

      

Figure 3.9: Elastic Modulus Plot with Varying Temperature and (a) Sodium 

Borohydride and (b) Nickel Chloride 

 

3.4.3 Micro-Scratch Test 

The scratch hardness of the coating was determined using the micro-scratch test 

and displayed in the Figure 3.10. From Figure 3.10(a), it can clearly be observed that the 

scratch hardness value increased with the NaBH4 concentration as well as coating bath 

temperature. Similar, trend may also be observed with the variation of nickel chloride and 

coating bath temperature. The scratch hardness is observed to increase with boron 

concentration. The boron concentration in the as-deposited coatings increases with the 

increase in sodium borohydride [Vitry and Bonin. 2017; Lekka et al. 2018; Sürdem et 

al. 2019]. The rise in boron content in the coating with sodium borohydride concentration 

might be the possible reason of this increase in scratch hardness [Anik et al. 2008; 

Sürdem et al. 2019]. Whereas, increase in reduction rate leads to an increase in boron 

content which further leads to an increase in scratch hardness as well as surface hardness 
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of the as-deposited coatings. Deposition of nickel with boron in the as-deposited coatings 

with the increase in nickel chloride might have increased nano-hardness as well as 

scratch hardness of the coatings. The coexistence of nickel and boron like hard particle in 

the Ni-B matrix might be a possible reason for the increase in surface hardness and 

scratch hardness. 

 

      

Figure 3.10: Scratch-Hardness Plot with Varying Temperature and (a) Sodium 

Borohydride and (b) Nickel Chloride Concentrations 

 

3.5  Tribological Test 

Figure 3.11 displays the variation of COF value with sliding duration which 

shows that COF value increased from low-level to mid-level. This increase in COF from 

low-level to mid-level might be due to increased sodium borohydride concentration as it 

increases surface roughness. The reduction rate during coating deposition is found to 

increase with borohydride concentration which may lead to high surface roughness 

[Vitry et al. 2012; Sürdem et al. 2019]. In contrary to the rise in surface roughness with 

borohydride concentration, the COF value decreased slightly at high level compared to 

mid-level but remained higher than low-level values. This decrease from mid-level to 

high-level is possibly due to increase in grain size with high boron content. The 

roughness peaks may have been grinded and smoothened the surface leading to reduction 
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in friction coefficient at high level concentration. Similar trend may also be observed in 

previous works [Madah et al. 2015]. 

 

 

Figure 3.11: Coefficient of Friction (COF) vs Sliding Duration Plot 

 

      

Figure 3.12: Average Coefficient of Friction (COF) Plot with Varying Temperature 

and (a) Sodium Borohydride and (b) Nickel Chloride 
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The as-deposited Ni-B coatings, as observed possess an average COF value of 

0.69 in previous work [Yazdani et al. 2018]. The COF value of the as-deposited coatings 

in this current study was observed to follow the similar trend [Yazdani et al. 2018]. 

Figure 3.12(a) presents the variation of COF values against coating bath temperature and 

sodium borohydride concentration. From Figure 3.12(a) clearly displays that the friction 

gradually increased with the rise in NaBH4 content in the coating bath. The boron 

concentration increased with the increase in coating bath concentration level as sodium 

borohydride concentration increased with bath parameter level. The higher borohydride 

concentration increases the boron concentration as well as reduction rate during coating 

deposition [Madah et al. 2015; Vitry and Bonin. 2017]. Hence, the surface roughness 

increases with the increased reduction rate due to rise in NaBH4 content which further 

leads to an increase in friction coefficient [Bülbül et al. 2013; Madah et al. 2015; Wan 

et al. 2016]. This increase in COF values agrees well with the rise in average surface 

roughness which also increases with sodium borohydride concentration. Figure 3.12(b) 

shows the variation of COF values with respect to coating bath temperature and nickel 

chloride concentration where it can be clearly seen that the friction coefficient gradually 

decreased with the rise in nickel chloride concentration in the coating bath. On the other 

hand, the COF value does not change significantly with coating bath temperature. The 

surface roughness of the as-deposited coatings was also observed to decrease with 

increase in nickel chloride concentration which agrees well with the improvement in 

friction behaviour due to the smoothening of surfaces with increased nickel chloride 

concentration. The increase in nickel chloride smoothens the surface, which leads to a 

decrease in friction coefficient value. But the friction coefficient does change 

significantly with temperature variation. 

Figure 3.13 represents the specific wear rate plot with the variation of coating 

bath parameters. From Figure 3.13(a), the specific wear rate of the as-deposited coatings 

is found to increase with the increase in NaBH4 but the same decreased with the rise in 

coating bath temperature. The surface roughness increases with sodium borohydride. 

Crushing and grinding of the roughness peaks during sliding leads to an increase in 

specific wear rate [Vitry and Bonin 2017]. On the other hand, the reduction rate 

increases with the increase in coating bath temperature. The increase in reduction rate 



81 
 

makes the coated surface rough which again increases the specific wear rate by breaking 

the asperities and grinding the wear debris into the worn-out surface [Madah et al. 2015; 

Vitry and Bonin 2017]. On the other hand, Figure 3.13(b) shows an increasing trend of 

specific wear rate with nickel chloride which might be due to the increase in Ni 

concentration in the coating and reduction in boron content. But for both cases, it was 

found to decrease the specific wear rate as the temperature rises. As discussed earlier that 

the chemical reaction for coating deposition starts at around 70°C and it increases with 

the temperature upto 90°C but it does not change much upon further increase upto 95°C. 

Hence, the chemical reaction rate increases with temperature which confirms the increase 

in nickel and boron content at higher temperature. This might be the reason of reduction 

in specific wear rate. On the other hand, the surface also becomes dense and compact at 

higher level of concentration this can also leads to an improvement in wear behaviour of 

as-plated coatings. 

 

      

Figure 3.13: Specific Wear Rate Plot with Varying Temperature and (a) Sodium 

Borohydride and (b) Nickel Chloride 

 

The wear mechanism of the as-deposited coatings has been analysed with the help 

of the SEM images of worn-out surfaces displayed in Figure 3.14. Figure 3.14(a)-(b) 

shows the worn-out surfaces of as-deposited coating at low level concentrations which 
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shows the wear debris present in the wear track. Some pits and prows are formed as well 

[Krishnaveni et al. 2005; Madah et al. 2015; Mukhopadhyay et al. 2018]. 

 

      

      

      

Figure 3.14. SEM Image of Worn-out Surface of As-deposited Ni-B Coatings 

Obtained at (a)-(b) Low Level, (c)-(d) Mid-Level and (e)-(f) High Level 

Concentrations 
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The magnified view of the worn-out surface also shows some crack formation. 

This is an indication of coexistence of delamination wear as well as adhesive wear 

mechanism [Madah et al. 2015]. The coating layers might have delaminated due to 

repeated loading during sliding [Madah et al. 2015]. Figure 3.14(c)-(d) also shows the 

presence of wear debris as well as patches. The similar type of wear mechanism can also 

be seen in Figure 3.14(e)-(f) where the rough surface peaks have been grinded severely. 

The grinding of rough asperities might have increased the specific wear rate of the 

coating with sodium borohydride concentration [Madah et al. 2015]. The surface 

roughness increases with sodium borohydride which leads to an increase in roughness 

peaks. Those roughness peaks are crushed and grinded during the sliding test. The 

grinded debris must have been trapped in between the two-mating surface which might 

have formed grooves along the sliding direction. This delaminated wear debris might be 

the reason of crack formation. 

 

      

 

Figure 3.15: EDAX Spectrum of Worn-out Surfaces of As-deposited Ni-B Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level 
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The worn-out surfaces further investigated for chemical composition with the help 

of EDAX which confirms the presence of Ni, B, C and O displayed in Figure 3.15. 

Although the concentrations of C and O in the wear debris were found to be very less 

which confirms that the wear depth have not reached upto substrate. This trend can also 

be seen in previous research work [Madah et al. 2015]. Moreover, the substrate 

deformation was not observed as well. Hence, the C present in the wear debris is an 

indication of adhesive type of wear [Madah et al. 2015]. 

 

3.6  Corrosion Resistance Test 

The corrosion tests are carried out using EIS and PDP tests. The charge transfer 

resistance (Rct) and double layer capacitance (Cdl) value may be obtained by fitting a 

circle with the nyquist plot obtained from the EIS test. On the other hand, the tafel plot 

obtained from PDP test and it may be used to obtained the corrosion potential (Ecorr) and 

corrosion current density (icorr) values. The Nyquist plot obtained from EIS test and the 

tafel plot obtained from PDP test are displayed in Figure 3.16. The corrosion resistance 

of uncoated steel substrate improves after electroless Ni-B coatings [Bülbül et al. 2013]. 

 

      

Figure 3.16: EIS and PDP Test Plot for As-deposited Ni-B Coatings, (a) Nyquist Plot 

and (b) Tafel Plot 
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The big semi-circle loop indicates the higher corrosion resistance of coatings 

[Kanta et al. 2009; Mukhopadhyay et al. 2019] while the less negative corrosion 

potential obtained from the Tafel plot indicates the better corrosion resistance of coatings 

[Anik et al. 2008; Kanta et al. 2009; Mukhopadhyay et al 2017]. The semi-circular 

loop of nyquist plot is seen to become bigger with increased coating bath concentration 

level as displayed in Figure 16(a). This rise in corrosion potential is an indication of 

improvement in corrosion resistance as the borohydride concentration rises in coating 

bath solution [Vitry and Bonin 2017]. The tafel plot is displayed in Figure 16(b) which 

also shows that the coating obtained at high level of coating bath concentration possess 

lowest negative value of corrosion potential i.e. the highest corrosion resistance. 

Therefore, both EIS and PDP test results show the similar trend of corrosion resistance. 

The change in corrosion resistance may be observed to change with the change in surface 

morphology and phase structure [Kanta et al. 2009]. The corrosion resistance of coatings 

is also seen to depend on coating composition especially boron content. The addition of 

boron leads to an improvement of corrosion resistance of coatings [Vitry and Bonin, 

2017]. Hence, the increase in boron content with sodium borohydride can be attributed as 

the reason for increase in corrosion resistance with coating bath concentration levels. On 

the other hand, the concentration of nickel might have been increased with nickel 

chloride in the coating bath which may be a possible reason of increase in corrosion 

potential. The increase nickel might have smoothened the surface by filling the pores and 

denying the corrosive medium to penetrate through the surface. The chemical reaction 

rate increases with temperature which leads to an increase in Ni concentration or boron in 

the coating which may be another possible reason for increase in corrosion resistance 

with coating bath concentration level. 

The SEM images of the corroded surface of as-deposited coating with different 

coating bath composition are displayed in Figure 3.17. From Figure 3.17(a), the 

corrosion compound accumulation above the surface can be observed which is an 

indication of corrosion attack by the corrosive solution. But in Figure 3.17(b), the coated 

surface is found to be less effected and the effect is in outer layer only. The damaged 

surfaces of low borohydride concentration coatings under corrosive action are the 
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indication of lower corrosion resistance compared to coatings obtained at high 

concentration. 

 

      

 

Figure 3.17: SEM Image of Corroded Surface of As-deposited Ni-B Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

Hence, it may be said that the coatings obtained at high level concentration of 

parameters observed to be better than medium and lowest concentration level. The 

surface roughness as-deposited coatings increase with the rise in borohydride 

concentration which is supposed to decrease the corrosion resistance. In contrary to 

surface roughness, corrosion resistance increases with increase in boron concentration. 

On the other hand, pores present in the rough surface might have been filled with nickel 

grains due to high concentration of nickel which might have increased the corrosion 

resistance. Therefore, the above discussion confirms that overall corrosion resistance of 

the as-deposited coating improves as the bath parameter concentration level increases. 
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Whereas Figure 3.17(c) shows the coated surface to be least effected by the corrosive 

medium and a spongy type appearance over the surface only. Corrosion resistance 

changes with surface and structural modification of the coated surface [Yazdani and 

Mahboubi 2019]. The corrosion resistance is found to decrease while phase structure 

transforms from amorphous to nano-crystalline structure [Anik et al. 2008; Hamid et al. 

2010; Bülbül et al. 2013]. The surface gaps between the nodules allow electrolyte 

penetration. The corrosion resistance of amorphous structure is better than 

nanocrystalline structure. The better corrosion resistance of high boron content as-

deposited coatings can be attributed for its amorphous structure [Anik et al. 2008] and 

presence of higher concentration of boron. 

The corroded surfaces are further investigated using EDAX for the compositional 

analysis. The EDAX results of the corroded surfaces of electroless Ni-B coatings are 

displayed in Figure 3.18. The EDAX mapping and spectrum, both show presence of Ni, 

B, C, O, Na and Cl, i.e. the main coating bath elements and the corrosive medium 

elements may also be observed. The peaks of Na and Cl in the EDAX spectrum are 

because of the electrolyte used in the test, whereas, C as well as O are also present at 

negligible amount. Generally, the grain boundaries of coated surface are the corrosion 

attack zone. Those helps the corrosive solution to penetrate through it. The corrosion 

byproducts are observed on the corroded surface displayed in Figure 3.17 which may be 

correlated with the presence of Na and Cl peaks in the EDAX spectrum. The presence of 

Cl ion in the corroded surface confirms the corrosive action. The SEM images showed 

some sediments on the corroded surface which are just the insoluble byproducts of 

corrosive action. It also confirms the corrosive action but for not all samples. The 

presence of Na and Cl ion is not significant in all cases as seen in the EDAX results. This 

suggest that the electrolytes penetrated only till the top layer of the coatings as the 

substrate composition elements are not observed in EDAX results. Hence, the coated 

layers are found to prevent the corrosive solution to reach till the substrate surface in 

most cases. 
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Figure 3.18: EDAX Results of Corroded Surfaces of As-deposited Ni-B Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

3.7  Closure 

The nickel-boron alloy coatings are deposited with varying bath composition 

within a certain range to study the significance of the coating bath parameters on coating 

characteristics: 

➢ The surface morphology of the as-deposited coatings is found to be cauliflower 

like appearance while the grain size of the as-deposited coatings is seen to 

increase with coating bath concentrations due to increase in sodium borohydride 

concentration. 

➢ The phase structure of as-deposited Ni-B coatings are seen to depend on boron 

content. Amorphous and nano-crystalline structure are found to co-exists in as-

deposited coatings obtained from low borohydride content coating bath solution 

which transforms into amorphous structure upon increase in borohydride 
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concentration. This change in phase structure can be attributed with the increase 

in boron content with NaBH4. 

➢ The boron content in the coating is increased with reduction rate due to increase in 

NaBH4 concentration and coating bath temperature. The reduction rate increases 

with rise in NaBH4 concentration as well as coating bath temperature. 

➢ The increase in boron content due to rise in reduction rate leads to an increase in 

surface roughness whereas the same is found to decrease with increase in nickel 

chloride and temperature as the nickel might have smoothened the coated surface. 

➢ The increased surface roughness leads to a rise in COF value and the specific 

wear rate increases due to grinding and crushing of roughness peaks during 

sliding of pin sample over the counter surface. 

➢ The increase in boron content with sodium borohydride also leads to an increase 

in surface hardness and scratch hardness. This improvement of surface hardness 

as well as scratch hardness is possibly due to rise in boron content. 

➢ The increase in bath parameter concentration leads to an improvement in 

corrosion resistance of as-deposited coatings. The increased boron concentration 

in the coating might have transformed the phase structure from mixture of nano-

crystalline and amorphous to amorphous structure which also might have 

improved the corrosion resistance of coatings 
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Chapter 4: Electroless Ni-B-W Alloy Coatings 

 

Outline: 4.1. Introduction, 4.2 Experimental Details, 4.3 Coating Characterisation, 4.3.1 

Coating Thickness, 4.3.2 Surface Morphology, 4.3.3 Chemical Composition, 4.3.4 Phase 

Structure, 4.4 Physical and Mechanical Behaviours, 4.4.1 Surface Roughness, 4.4.2 

Nano-indentation Test, 4.4.3 Micro-Scratch Test, 4.5 Tribological Test, 4.6 Corrosion 

Resistance Test, 4.7 Closure 

 

4.1 Introduction 

The electroless coatings are generally applied over any substrate to provide some 

protection or modify the surface behaviour of base metal. The electroless coatings find its 

wide applicability in chemical, electrical and aerospace industries for its excellent tribo-

mechanical behaviours. The borohydride reduced polly alloy coatings are deposited to 

enhance various coating behaviours. The addition of different elements with nickel may 

lead to modification in the coating behaviours. The coating bath parameters and their 

concentrations play an important role to decide the coating characteristics of electroless 

Ni-B coatings. Hence, the addition of tungsten with electroless Ni-B is also expected to 

change the coating characteristics. This chapter contains the effect of different coating 

bath elements and their concentrations on electroless Ni-B-W coating characteristics. 

 

4.2  Experimental Details 

The electroless Ni-B-W coatings are developed using chemical reaction over AISI 

1040 steel substrates as explained in Chapter 2. The same procedure as of electroless Ni-

B coatings is used for the current ternary alloy (Ni-B-W) coating deposition as well. Only 

sodium tungstate is incorporated with the Ni-B alloy coating composition as source of 

tungsten. The sodium tungstate concentration is varied within the range of 15 g/l to 35 

g/l. The coatings are deposited through chemical deposition method. The steel substrates 

used is having a catalytically active surface. Still, those are dipped into lukewarm PdCl2 

just before dipping them into coating bath solution to accelerate the deposition process 

further. No ultrasonic or mechanical agitation is used. The bath loading is maintained 



92 

 

from 28.5 to 31.1 cm2 /L. All major key elements of the coating bath are varied at 5 

different levels. Low Level Concentration (LLC) of coating bath contains 10 g/l of NiCl2, 

0.4 g/l of BaBH4, 15 g/l of Na2WO4 and 75 °C coating bath temperature. So, from now 

on the Low-Level Concentration will be called as LLC.  While, Mid-Level Concentration 

(20 g/l of NiCl2, 0.8 g/l of BaBH4, 25 g/l of Na2WO4 and 85 °C coating bath temperature) 

and High-Level Concentration (30 g/l of NiCl2, 1.2 g/l of BaBH4, 35 g/l of Na2WO4 and 

95 °C coating bath temperature) will be called as MLC and HLC, respectively. 

The coating characterisations are done on these three levels of concentrations 

only. While the tribo-mechanical behaviour of the coatings is carried out with varying 

bath parameter individually to understand the correlation. All the tests are carried out as 

per the test procedure elaborated in chapter 2. 

 

4.3 Coating Characterisation 

4.3.1 Coating Thickness 

The Ni-B-W alloy coated substrates are initially examined for coating thickness, 

surface morphology, chemical composition and phase structure. The coating layer 

thickness is measured using SEM and the results were displayed in Figure 4. The 

minimum coating thickness of 14.61 µm is observed at LLC as displayed in Figure 

4.1(a). The minimum coating thickness values of 26.33 µm and 31.32 µm are achieved 

for MLC and HLC as presented in Figure 4.1(b) and Figure 4.1(c), respectively. The 

coated layer thickness is observed to rise with increased concentration level. This rise in 

coating thickness indicates the enhancement of deposition rate with coating bath 

parameter concentration level as the time duration is constant at 4 h. The plating rate is 

improved with higher borohydride concentration [Vitry et al. 2012]. The improvement in 

deposition rate against NaBH4 content may be because of the improvement in reduction 

rate with NaBH4 concentration [Vitry et al. 2012]. It is observed to possess a bright and 

smooth surface for the coatings deposited at 0.80 g/l NaBH4. The same coatings become 

grey coloured as well as become slightly rough relative to the other combinations when 

deposited at 1.10 g/l NaBH4 concentration [Vitry et al. 2012]. Similarly, the Ni-B-W 

coated specimens also own a bright and smooth surface till mid-level concentration. The 

same coated layer is seen to turn into grey coloured appearance and get slightly rough at 
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high level concentration of coatings. 

 

      

 

Figure 4.1: SEM Image of Coating Thickness of As-deposited Ni-B Coatings  

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

4.3.2 Surface Morphology 

The surface morphology of Ni-B-W coated surface is displayed in Figure 4.2 

which shows that the low, mid and high; all three-level coatings possess closely packed 

nodular surface morphology [Hosseini et al. 2019; Nemane and Chatterjee, 2020] 

within the working range of parameters. This type of dense nodular surface morphology 

is found to be associated with cauliflower-like surface morphology which usually can be 

found in EN coatings [Balaraju et al. 2016; Vitry and Bonin, 2017; Hosseini et al. 

2019; Nemane and Chatterjee, 2020]. 
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Figure 4.2: SEM Image of Surface Morphology for As-deposited Ni-B-W Coating  

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

Coloumnar growth may also be observed in the cross-cut SEM image displayed 

through Figure 4.1 which is an obvious feature of borohydride reduced EN coatings 

[Balaraju et al. 2016; Vitry and Bonin, 2017; Mukhopadhyay et al. 2017; Hosseini et 

al. 2019]. This type of columnar growth and cauliflower-like surface morphology cause a 

decrement in friction coefficient of the as-deposited coated specimens due to reduction in 
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the actual contact area in between mating surfaces [Hosseini et al. 2019]. The nano-grain 

nucleation occurs at multiple nucleation points at isolation zones preferably at surface 

crests and valleys of rough surface. The same progresses along the lateral direction to 

form smooth continuous film through columnar growth and finally leads to cauliflower-

like surface morphology [Vitry et al. 2010; Hosseini et al. 2019]. The nodular surface is 

seemed to become more compact leading to cauliflower-like morphology with the 

increase in level of concentration. 

 

4.3.3 Chemical Composition 

The EDAX mapping results of Ni-B-W coated surface at different bath parameter 

concentrations is presented in Figure 4.3. The green colour presented in Figure 4.3(a) 

represents the existence and distribution of Ni on the coated surface, while yellow colour 

and purple colour shown in Figure 4.3(b) and Figure 4.3(c), represent the existence and 

distribution of boron and tungsten, respectively at LLC. Similarly, Figure 4.3(d)-(f) and 

Figure 4.3(g)-(i) represent the existence of nickel (Ni), boron (B) and tungsten (W) on 

coated surface obtained at MLC and HLC, respectively. The intensity of green colour 

decreased with the coating bath composition level which indicates reduction of nickel 

content in the as-deposited coatings. Similarly, yellow and purple colour indicate the 

presence of boron and tungsten on the coated surface, where it is observed that the boron 

content initially increased from low level to mid-level but the same decreased at high 

level of coating composition. Similarly, tungsten content is also seen to increase with 

level of concentration which can be a reason for reduction in boron content at high level 

of concentration. The EDAX spectrums of the Ni-B-W coated specimens are displayed in 

Figure 4.4. Usual trend of borohydride reduced electroless coating is to increase the 

boron concentration with bath parameter concentrations [Sürdem et al. 2019]. But the 

rate of increase in boron content lowered slightly though boron content increased with the 

rise of concentration level from low level to mid-level for Ni-B-W coatings. It possesses 

90.50 ± 0.60% nickel, 3.90 ± 0.30% boron and 2.80 ± 0.20% tungsten at low level of 

concentration. The mid-level and high-level concentrations Ni-B-W coatings contain 

88.40 ± 0.50% and 86.30 ± 0.70% Ni, 5.70 ± 0.30% and 5.30 ± 0.30% B, 3.30 ± 0.40% 

and 4.20 ± 0.30% W, respectively. Therefore, nickel concentration is reduced as the bath 
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concentration level increased but the tungsten is seen to increase [Mukhopadhyay et al. 

2018g]. 

 

 

 

 

Figure 4.3: EDAX Mapping Images of As-deposited Ni-B Coatings Obtained at (a)- 

(c) Low Level, (d)-(f) Mid-Level and (g)-(i) High Level Concentrations 

 

The boron concentration is increased initially from low to mid-level concentration 

and then slight reduction can be observed upon further rise in concentration level till high 

level though it is very negligible. This reduction in boron content may be due to the co-

deposition of tungsten with boron [Mukhopadhyay et al. 2018c]. The tungsten 

concentration is observed to rise due to increase in bath parameter level from low to high. 

The rise in tungsten content on coating layers due to higher concentration of sodium 

tungstate in the solution might have decreased the boron concentration [Mukhopadhyay 

et al. 2018g]. While, the boron content for coatings obtained with mid or high-level 

concentration remained more than the low-level concentration. Ni content in the coatings 
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is reduced against the rise in NiCl2 concentration. This reduction in Ni content may be 

because of the rise in boron and tungsten content in the coatings [Mukhopadhyay et al. 

2018g]. The presence of O and Fe can also be seen at negligible amount. Therefore, this 

negligible amount of O and Fe may be overlooked because these might have gathered 

from any extraneous origin. 

 

      

 

  Figure 4.4: EDAX Spectrum of As-deposited Electroless Ni-B-W Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentration 

 

4.3.4 Phase Structure 

The XRD patterns at different level of concentration are displayed in Figure 4.5 

where the Ni-B-W coated specimens obtained with low level exhibit a peak at 44.5° 

while the same can be observed at 52.3° for mid and high levels. The XRD pattern of low 

level comprises of a hump with a crystallinity peak where the hump signifies the presence 

of amorphous phase and the sharp peak represents the crystalline phase of coatings [Vitry 
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and Bonin, 2017; Sürdem et al. 2019]. Therefore, coexistence of hump with broad peak 

is the indication of bearing the amorphous-crystalline phase together in coatings [Bülbül 

et al. 2013; Yildiz et al. 2017; Vitry and Bonin, 2017; Sürdem et al. 2019] which 

resembles with the current study. Three peaks observed at 44.5°, 64.8° and 82.5° for 

coating obtained at low level of concentrations. The peak at 44.5° corresponds to Ni 

which is superimposed with Fe phase. The other two peaks observed at 64.8° and 82.5° 

are also corresponds to Fe phase. The similar results can also be observed in previous 

studies [Correa et al. 2013; Agrawal and Mukhopadhyay, 2022]. The coatings with 

more than 6.5% boron usually prevents nucleation of nickel phases which leads to 

formation of amorphous phases in electroless coating process [Vitry et al. 2010; Correa 

et al. 2013; Mukhopadhyay et al. 2017; Mukhopadhyay et al. 2018h; Agrawal and 

Mukhopadhyay, 2022]. On the other hand, the presence of tungsten promotes 

amorphous phase formation [Vitry et al. 2010; Correa et al. 2013; Mukhopadhyay et 

al. 2017; Mukhopadhyay et al. 2018h; Agrawal and Mukhopadhyay, 2022]. 

 

 

Figure 4.5: XRD Patterns of As-deposited Ni-B-W Coatings 

 

Ni-B-W coatings at low level contain only 3.90 ± 0.30% boron and 2.80 ± 0.20% 

tungsten where low boron might be the reason for crystalline phase and tungsten can be 
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the reason for amorphous phase. The crystalline peak is found to diminish at mid-level of 

concentration which confirms the transformation of amorphous phase from amorphous-

crystalline phase. The increase in boron content from low- to mid-level concentration 

might lead to formation of amorphous phase structure. Similar phase structure can also be 

observed in previous work [Yildiz et al. 2017]. The crystalline peak is again found to 

increase slightly at high level of concentration but the hump remained. Two sharp peaks 

appear at 52.3° and 77.09° for the coating obtained at high level of concentrations. The 

peak appears at 52.3° is found to be crystalline phase of Ni and Fe. The other peak at 

77.09° is also of Fe. This indicates again the coexistence of amorphous-crystalline 

phases. Therefore, coexistence of crystalline peak with a hump confirms the coexistence 

of these phases at high level of concentration. The peak of Fe is observed in XRD 

spectrum which supports the EDAX analysis report where existence of Fe also can be 

found. Similar results may be observed in previous studies [Correa et al. 2013; Agrawal 

and Mukhopadhyay, 2022]. The XRD and EDAX methods for obtaining phase and 

elements are straight forward. The results depend on the coating thickness as well as 

surface roughness. The rough surface of the coated layers may be the possible reasons for 

the Fe peaks in the XRD and EDAX results which are in well agreement with previous 

studies [Correa et al. 2013; Agrawal and Mukhopadhyay, 2022]. 

 

4.4 Physical and Mechanical Behaviours 

4.4.1 Surface Roughness 

The surface roughness (centre line average, Ra) of as-deposited Ni-B-W alloy 

coatings is found to be less relative to substrate (Ra = 0.285 µm) at LLC which is Ra = 

0.189 µm. The reduction rate of borohydride reduced electroless coatings remain low at 

lower level of concentration due to low borohydride concentration which may be the 

possible reason for this decrease in surface roughness [Vitry et al. 2012]. The surface 

roughness is also found to increase further at mid-level (Ra = 0.515 µm) and high level 

(Ra=0.808 µm) of concentrations compared to low level concentration as well as 

substrate. The borohydride content in the solution rises as the concentration level 

increased which increased the reduction rate [Vitry et al. 2012; Sürdem et al. 2019].  
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Figure 4.6: Average Surface Roughness Plot with Varying Temperature and (a) 

Nickel Chloride, (b) Sodium Borohydride and (c) Sodium Tungstate Concentrations 

 

The higher reduction rate leads to random deposition of hard particles leading to 

rough surface [Vitry et al. 2012; Bülbül et al. 2013; Madah et al. 2015; Wan et al. 

2016]. The surface roughness increased from lower to higher level of concentration 

possibly because of this higher reduction rate. Figure 4.6(b) also showing the same trend 

that the surface roughness increased with sodium borohydride concentration as well as 

coating bath temperature. The rise in bath temperature accelerates the reduction and 

hence the surface roughness increases. In contrary, from Figure 4.6(a), the surface 
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roughness was observed to reduce with the increase in nickel chloride concentration due 

to possibly smoothening of surface. The surface roughness does not vary much with the 

variation of sodium tungstate concentration in the coating bath solution as shown in 

Figure 4.6(c). But the same surface becomes rougher with the increase in bath 

temperature which is possibly due to the higher reduction rate. The reduction is found to 

increase with temperature which acted as the dominating one. 

 

4.4.2 Nano-indentation Test 

The loading unloading curve is presented in Figure 4.7 where the applied load is 

plotted against indentation depth. It represents the applied loads required for same 

indentation depth for coatings deposited with different level of concentrations. The higher 

value of applied load indicates the higher surface hardness of coatings and vice-versa. It 

can be seen from Figure 4.7 that the highest applied load is required for the same 

indentation of coatings obtained with high level of coating bath concentration followed 

by mid-level and low level. This indicates the rise in surface hardness with coating bath 

concentration level. 

 

 

Figure 4.7: Depth of Indentation vs Applied Load Plot 

 

The surface hardness of ENB coated specimens were seen to increase with the rise 
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in boron on coated surface [Lekka et al. 2018; Sürdem et al. 2019]. The boron content 

was further seen to rise in the coatings due to increase in borohydride concentration 

[Lekka et al. 2018; Sürdem et al. 2019]. The elemental analysis result also shows a rise 

in boron content in Ni-B-W coated specimens till mid-level concentration which 

resembles with the previous trend of increasing surface hardness trend [Sürdem et al. 

2019]. Boron content was found to decrease slightly at high level because of rise in 

tungsten content in the coated layers [Yildiz et al. 2017]. Therefore, the improvement in 

surface hardness at high level can be attributed with the addition of hard tungsten particle. 

The variation of nano-hardness property of Ni-B-W coatings against various coating bath 

parameter concentration and bath temperature is displayed in Figure 4.8. The variation of 

surface hardness with nickel chloride is presented in Figure 4.8(a) which represents an 

improvement in nano-hardness value with an increase in NiCl2 ions in the coating bath 

solution. The elemental analysis result represents a reduction in Ni content in the coated 

layers, other elements like boron and tungsten increased even at high level of NiCl2. It 

confirms that the boron and tungsten content in the coatings dominates to control the Ni-

B-W coating characteristics. It may be the reason for the improvement in surface 

hardness even with the increase in NiCl2 concentration. The surface hardness value is 

also observed to improve with the bath temperature. The ion reduction rate is low at low 

bath temperature and it accelerates with coating bath temperature rise which did stable at 

around 90°C. Therefore, the boron and tungsten content also increased at higher 

temperatures of coating bath which in turn leads to the improvement in nano-hardness 

value of the coatings. The variation of nano-hardness against NiBH4 concentration is 

presented in Figure 4.8(b). Figure 4.8(b) represents a rising trend of nano-hardness 

value with sodium borohydride. The hardness value is found to improve with NiBH4 

concentration because of the rise in boron content on coated surface [Bonin and Vitry, 

2016; Vitry and Bonin, 2017; Lekka et al. 2018; Sürdem et al. 2019]. The elemental 

analysis also shows a rise in boron content in as-deposited coatings till mid-level of 

concentration with NiBH4 rise. Hence the elemental analysis result agrees well with the 

surface hardness trend. The presence of tungsten in the coated layer further improves the 

surface hardness. The co-existence of boron and tungsten improved the surface hardness. 
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Figure 4.8: Hardness Plot with Varying Temperature and (a) Nickel Chloride, (b) 

Sodium Borohydride, and (c) Sodium Tungstate Concentrations 

 

The hardness is also found to increase with bath temperature. The chemical 

reaction rate begins near 70°C which accelerates upon coating bath temperature rise till a 

certain limit. This leads to a rise in chemical composition of coatings specially the boron 

content which ultimately helps in the improvement of surface hardness [Bonin and 

Vitry, 2016; Lekka et al. 2018]. The nano-hardness variation with sodium tungstate is 

presented in Figure 4.8(c). The improvement in nano-hardness behaviour of Ni-B-W 

coated specimens was seen to improve due to increase in sodium tungstate concentration 

though the improvement is not very much. The tungsten content in the coated layers 
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increased slightly leading to increase in nano-hardness as well. Hence, the improvement 

of nano-hardness with sodium tungstate is possibly due to the rise of tungsten in the 

coatings. The nano-hardness is also improved with coating bath temperature but no 

specific trend can be observed, rather an overall improvement may be observed. This 

improvement is possibly because of the acceleration of reduction reaction in the coating 

bath solution with temperature rise and the corresponding modification in chemical 

composition of coatings. 

 

 

 

Figure 4.9: Elastic Modulus Plot with Varying Temperature and (a) Nickel 

Chloride, (b) Sodium Borohydride, and (c) Sodium Tungstate Concentrations 
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The plots for elastic modulus with the variation of bath composition as well as 

temperature are represented in Figure 4.9. It was seen that elastic modulus of coatings 

does not depend on surface hardness [Sürdem et al. 2019]. But it was observed to vary 

the elastic modulus with grain size. Further, the grain size of borohydride reduced ENB 

coatings was observed to rise due to increase in NaBH4 concentration. This rise of grain 

size of ENB coatings due to increased boron content might have led to an increase in 

elastic modulus of ENB coatings. The borohydride content in the coating bath solution 

prevents Ni nucleation and promotes amorphous phase formation [Nemane and 

Chatterjee, 2020]. The rise of NiCl2 in the solution lead to increase in Ni ions which 

may produce multiple nucleation points at isolated zones, preferably at roughness peaks 

or valleys of the substrate and the coating growth progresses in the lateral directions to 

form a smooth film with coloumnar structure [Nemane and Chatterjee, 2020; Nemane 

et al. 2022]. The compact surface of crystalline coatings may lead to higher surface 

hardness but the elastic modulus does not vary with this. The variations in elastic 

modulus with NiCl2, NaBH4 and Na2WO4 concentration are presented in Figure 4.9(a), 

Figure 4.9(b) and Figure 4.9(c), respectively, which do not follow any specific trend. 

The coatings with lower elastic modulus are found to possess better wear resistance 

relative to higher elastic modulus [Sürdem et al. 2019]. But any specific trend with bath 

concentration variation and bath temperature cannot be observed in this current study. 

 

4.4.3 Micro-Scratch Test 

The scratch hardness of Ni-B-W coated specimens was measured using micro-

scratch test and the average of the measured values are plotted to analyse the variation of 

scratch hardness with coating bath parameters and operating conditions. The variations of 

scratch hardness plots against nickel chloride, sodium borohydride, sodium tungstate and 

bath temperature are presented in Figure 4.10. The scratch hardness value is observed to 

improve with Nickel chloride, sodium borohydride, sodium tungstate as well as bath 

temperature. This improvement in scratch hardness as well as nano-hardness may be 

observed due to the surface hardening with the incorporation of boron and tungsten in the 

coatings [Nemane and Chatterjee, 2020].  
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Figure 4.10: Scratch-Hardness Plot with Varying Temperature with (a) Nickel 

Chloride, (b) Sodium Borohydride, and (c) Sodium Tungstate Concentrations 

 

The acceleration of reduction reaction in the coating bath with the temperature 

rise leads to a rise in boron content and tungsten content which ultimately improve the 

nano-hardness and scratch hardness. It was also observed to increase the scratch hardness 

with addition of sodium tungstate in the bath solution possibly due to the solid solution 

strengthening with the addition of tungsten in the Ni-B matrix [Nemane and Chatterjee, 

2020]. The SEM images displayed in Figure 4.2 also show that the surface becomes 

more compact with bath parameter concentration level which may also be a probable 
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cause for the improvement in nano-hardness as well as scratch hardness. The elemental 

analysis (Figure 4.3 and Figure 4.4), surface morphology and the experimental results 

are in well agreement with each other in the current study. 

 

4.5 Tribological Test 

The variation of COF value during the whole sliding duration of tribo-test is 

displayed in Figure 4.11. It depicts that the COF value raised drastically initially during 

the sliding till reached to its maximum and then it became stable after some time. The 

surface roughness peaks are broken and grinded in the sliding surface which makes the 

surface smooth leading to decrease in friction coefficient value. This trend can be 

observed throughout the working range of the coating bath parameters from low to high 

level of concentrations. But overall, the friction coefficient plot at higher level is seen to 

be higher than low- and mid-level of concentrations. The surface roughness value 

increases with NiBH4 concentration which may cause a rise in friction coefficient till 

mid-level of concentrations. The friction coefficient was higher even though the boron 

content decreased slightly at high level of concentration. This is possibly because of the 

incorporation of hard particles in Ni-B matrix. The broken roughness peaks containing 

tungsten like hard particles may have increased the friction coefficient. 

 

 

Figure 4.11: Coefficient of Friction (COF) vs Sliding Duration Plot 
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Figure 4.12: Average Coefficient of Friction (COF) Plot with Varying Temperature 

with (a) Nickel Chloride, (b) Sodium Borohydride and (c) Sodium Tungstate 

Concentrations 

 

The friction coefficient (COF) variation against nickel chloride, sodium 

borohydride, sodium tungstate and coating bath temperature is displayed through Figure 

4.12. A decreasing trend of friction coefficient value with the increase of nickel chloride 

concentration can be observed from Figure 4.12(a). The friction coefficient is found to 

increase with coating bath temperature but it remained lower at higher concentration of 

nickel chloride compared to other concentrations. The presence of nickel chloride may 

have smoothened the coated surface resulting in decrease of surface roughness value 
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which ultimately reduces the friction coefficient. The variation in average COF value 

with sodium borohydride is presented in Figure 4.12(b). The COF is seen to rise with 

NiBH4 concentration while the same further rises with bath temperature. The higher 

concentration of NiBH4 in the coating solution accelerates the reduction reaction rate 

leading to random deposition of metal ions over substrate surface which makes the 

surface rough [Bülbül et al. 2013; Wan et al. 2016; Madah et al. 2015]. The reduction 

reaction also accelerates with coating bath temperature up to a certain level which also 

makes the surface rough. The rough coated surface ultimately increases the COF value. 

The variation in COF value against sodium tungstate concentration and coating bath 

temperature is presented in Figure 4.12(c). The figure shows a considerable increase in 

friction coefficient with sodium tungstate and coating bath temperature. This rise in 

friction coefficient may be correlated with the rising trend of surface roughness with 

sodium tungstate concentration rise. 

The specific wear rate (Ws) of the Ni-B-W coated specimens was determined 

from mass loss and the values are presented in Figure 4.13. The variations of Ws value 

with NiCl2 are presented in Figure 4.13(a) which represents a rising trend against NiCl2 

till mid-level of concentration. But the same is seen to decrease with further rise in NiCl2. 

The initial increase with NiCl2 follows the trend of surface roughness variation till the 

mid-level concentration due to rough surface. In contrary to the surface roughness of 

coatings, specific wear rate is reduced against the increase in NiCl2 concentration. The 

roughness peaks of the coatings at higher nickel chloride concentration are grinded over 

the surface and filled the roughness valleys of rough surface. The grinding of roughness 

peaks and smoothening the surface trigger the reduction in Ws value. Moreover, the 

grinded debris under the sliding surface acts as load bearing surfaces leading to reduction 

in Ws value. The variation of Ws with NaBH4 is presented in Figure 4.13(b). In Figure 

4.13(b), the Ws value is observed to rise against the rise in sodium borohydride till 1.0 g/l 

while the same is found to reduce upon further rise in NiBH4 till 1.2 g/l. The same is 

found to increase further upon rise in coating bath temperature but no specific trend can 

be found. The Ra value rises against NiBH4 and Ws value rises because of crushing the 

roughness peaks [Vitry and Bonin, 2017]. 
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Figure 4.13: Specific Wear Rate Plot with Varying Temperature with (a) Nickel 

Chloride, (b) Sodium Borohydride, and (c) Sodium Tungstate Concentrations 

 

The temperature rise in the coating bath accelerates the chemical reaction which 

increases surface roughness and this triggers the rise in Ws value [Vitry and Bonin, 

2017]. The increased amount of borohydride in the solution increases boron content in 

the as-deposited coating which makes the surface hard. The hard surface may further lead 

to an enhancement in wear resistance or decrease in specific wear rate at the highest 

concentration of sodium borohydride. The specific wear rate variation against sodium 

tungstate concentration is displayed in Figure 4.13(c). The figure shows a decreasing 

trend of specific wear rate against sodium tungstate content in the coating bath. This trend 
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is in contrary to the surface roughness trend. The tungsten content on coated surface rises 

against Na2WO4 concentration rise which improves the surface hardness of the coatings. 

It may be a possible cause of the reduction in specific wear rate with sodium tungstate 

concentration rise in the coating bath solution. The specific wear rate was not seen to 

vary considerably against coating bath temperature. 

 

 

 

 

Figure 4.14: SEM Image of Worn-out Surface of As-deposited Ni-B-W Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 
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Surface morphology investigation of worn-out surfaces through SEM image is 

presented in Figure 4.14. It is clearly evident from Figure 4.14 that the roughness peaks 

are crushed and grinded during the sliding test. The SEM image indicates the presence of 

wear debris on the worn-out surface. The presence of wear debris in the worn-out surface 

indicates the adhesive type of wear mechanism. It may be observed very often for 

borohydride reduced electroless coatings [Madah et al. 2015; Arias et al. 2019]. The 

surface can also be seen to possess some grooves formed during the repetitive sliding 

over the surface. Accumulation of grinded debris on the wear track may lead to 

smoothening of the surface leading to reduction in friction coefficient. 

 

      

 

Figure 4.15: EDAX Spectrum of Worn-out Surfaces of As-deposited Ni-B Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

The presence of coarse debris may make the surface rough leading to increase in 

friction coefficient [Madah et al. 2015; Mukhopadhyay et al. 2018b; Mukhopadhyay 
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et al. 2018g] which also may act as load bearing surfaces and ultimately leading to 

reduction in specific wear rate. From Figure 4.14(a), Figure 4.14(b) and Figure 4.14(c), 

it may be observed that the surface obtained with high level of concentration exhibits less 

damage than the low- and mid-level coatings. The images also show that the less amount 

of debris is present on worn out surfaces of the coatings deposited with high level of 

concentration. The presence of higher tungsten particles improved the surface hardness 

and leading to improvement in wear resistance and hence this reduces surface damage. 

The worn-out surfaces were further investigated through elemental analysis using 

EDAX. Figure 4.15(a)-(c) represents the presence of different elements in the worn-out 

surfaces. Figure 4.15 confirms that nickel, boron, tungsten, iron and oxygen are present 

on worn-out surfaces. But the amount of iron and oxygen are found to be present on worn 

out surface at very less amount which indicates the coated layer have not been removed 

during sliding [Madah et al. 2015]. Moreover, the substrate deformation was not also 

seen after sliding test. Therefore, the presence of these small amount of iron and oxygen 

in the worn-out surface is a sign of adhesive type wear mechanism [Madah et al. 2015]. 

 

4.6 Corrosion Resistance Test 

The nyquist plot and tafel plot is generated using the software provided with the 

test setup. The tafel plot is obtained from the PDP test and the nyquist plot is obtained 

from the EIS test. The software uses the data collected in the computer to generate the 

nyquist plot considering imaginary impedance on the y-axis and real impedance on the x-

axis. The bigger semicircle of nyquist plot represents the better corrosion performance of 

coatings [Miri et al. 2013; Mukhopadhyay et al. 2018c] and lower negative value of 

corrosion current potential (Ecorr) acquired using tafel plot indicates the improvement in 

corrosion performance of the coated layers [Anik et al. 2008; Kanta et al. 2009; Kanta 

et al. 2010]. The performance of coated layers against corrosion is also found to depend 

on its morphology and phase structure [Kanta et al. 2009; Kanta et al. 2010]. An 

increment in Rct value obtained from nyquist plot indicates the improvement in corrosion 

performance [Anik et al. 2008; Kanta et al. 2009; Kanta et al. 2010]. Corrosion 

resistance of coatings is found to depend on various factors like surface porosity, 

microstructure, heterogeneities, columnar growth, phase structure etc. [Yildiz et al. 
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2013]. The ENB coated layers are found to prevent the steel substrate against corrosion 

[Bülbül et al. 2013]. Figure 4.16(a) represent the tafel plots obtained at different level of 

concentrations. The nyquist plot of the same coatings are displayed in Figure 4.16(b). It 

may be found from the Figure 4.16(a) that the negative Ecorr value is decreased with 

coating bath concentration till mid-level. The semi-circle loop in the Figure 4.16(b) also 

becomes bigger with coating bath concentration till mid-level. Therefore, the corrosion 

resistance of Ni-B-W coated specimens is increased. The boron concentration is raised 

with NaBH4 concentration which ultimately improved the corrosion resistance of Ni-B-W 

coated layers [Vitry et al. 2012]. Generally, the rougher surface is suitable for the 

corrosive medium to penetrate. 

 

      

Figure 4.16: EIS and PDP Test Plot for As-deposited Ni-B-W Coatings, (a) Tafel 

Plot and (b) Nyquist Plot 

 

The surface roughness of Ni-B-W coated surface is seen to increase with sodium 

borohydride concentration but decreased with nickel chloride and sodium tungstate 

concentration. Moreover, boron content at high level concentration also decreased 

slightly. The amorphous-crystalline phase of as-deposited Ni-B-W coatings gets 

transformed into amorphous phase with increased bath concentration level. The 

amorphous phase is familiar for better corrosion behaviour compared to crystalline phase 

[Anik et al. 2008]. The increase in boron content, amorphous phase may be the reason 

for increase in corrosion resistance of as-deposited Ni-B-W coatings till mid-level 
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concentration. While a reduction in boron content and increase in surface roughness may 

be correlated with the decreased in corrosion resistance at high level concentrations. 

 

      

 

Figure 4.17: SEM Image of Corroded Surface of As-deposited Ni-B-W Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

The substrate underwent corrosion test are further analysed through SEM. The 

SEM images of the corroded substrates obtained at various concentrations are displayed 

in Figure 4.17. The corroded surfaces at low and high levels are observed to possess 

corrosion byproducts deposited over the substrate surface. The accumulation of the 

corrosion byproducts over the substrate confirms the corrosion attack of the corrosive 

electrolytes. The SEM images of Ni-B-W coated surfaces displayed in Figure 4.17 and 

obtained at low level concentration are found to be mostly affected by the corrosion 

attack. The coated surface obtained at mid-level concentration is seen to be least effected 

by corrosive medium. This result agrees well with the EIS and PDP test results. The 

corrosion attacks are possibly remained till the outer layers only and only some localised 

corrosion attacks occurred by the electrolytes which might have penetrated through grain 
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boundaries [Serin et al. 2015; Mukhopadhyay et al. 2018c]. 
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Figure 4.18: EDAX Results of Corroded Surfaces of As-deposited Ni-B-W Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

The corroded surfaces are further studied under EDAX for the chemical 

composition of the byproducts deposited over the corroded surface. The EDAX results 

obtained for the Ni-B-W coatings deposited at different concentrations are displayed in 

Figure 4.18. The EDAX mapping results show the elements present in the corroded 

surface. The EDAX spectrums also show the peaks corresponding to Ni, B, W, C, O, Na 

and Cl, i.e. the main coating bath elements and the corrosive medium elements may also 

be observed. The presence of these peaks confirms their presence. The presence of Na 

and Cl may be due to the NaCl solution used as electrolyte during the test. The presence 

of C and O are the indication of the corrosive medium to reach till substrate surface. But 

the negligible amount of C and O may come from some external source as well. The 

nyquist plot displayed in Figure 4.16(b) shows a single semi-circular loop which 

indicates that the corrosive medium failed to penetrate through the coatings. Generally, 

the grain boundaries of coated surface are the corrosion attack zone. Those helps the 

corrosive solution to penetrate through it. The corrosion byproducts are observed on the 
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corroded surface displayed in Figure 4.17 which may be correlated with the presence of 

Na and Cl peaks in the EDAX spectrum. The presence of Cl ion in the corroded surface 

confirms the corrosive action. It also confirms the corrosive action but for not all 

samples. The presence of Na and Cl ion is not significant in all cases as seen in the 

EDAX results. The single loop in nyquist plot, insignificant amount of C and O, corroded 

surface SEM indicates that the electrolytes penetrated only till the top layer of the 

coatings. 

 

4.7 Closure 

The electroless ternary coatings (Ni-B-W) are deposited with different bath 

parameter concentrations to study the importance of the bath parameter concentrations on 

tribo-mechanical behaviours of coatings. The investigation results are as follows: 

➢ As-deposited coatings are found to possess compact and uniform surface 

morphology with closely packed nodular surface within the working range. The 

coating thickness is observed to increase with bath level concentration from 14.61 

to 31.32 µm. 

➢ The boron content is found to increase from 3.9 to 5.3 wt.% while tungsten 

content increases from 2.8 to 4.2 wt.% which leads to an increase in surface 

hardness measured with nano-indentation technique and scratch hardness 

measured from micro-scratch test. 

➢ The surface roughness of the Ni-B-W coated surface is observed to become 0.185 

µm at low concentration of NiBH4 which is smoother than the substrate having 

surface roughness of 0.285 µm. The same surface becomes rougher with the 

increase in NiBH4 concentration. The addition of sodium tungstate makes the 

rougher than substrate but it does not vary much with the its variation. 

➢ COF of the Ni-B-W coated layer slightly decreases from 0.628 to 0.520 with 

NiCl2 concentration in the solution which agrees well with the surface roughness 

trend. The increasing trend of surface roughness with NaBH4 leads to an increase 

in COF value from 0.423 to 0.680 within the working range. The COF value also 

increases slightly from 0.558 to 0.754 with Na2WO4 concentration. 

 



119 
 

Chapter 5: Electroless Ni-B-Mo Alloy Coatings 
 

Outline: 5.1 Introduction, 5.2 Experimental Details, 5.3 Coating Characterisation, 5.3.1 

Coating Thickness, 5.3.2 Surface Morphology, 5.3.3 Chemical Composition, 5.3.4 Phase 

Structure, 5.4 Physical and Mechanical Behaviours, 5.4.1 Surface Roughness, 5.4.2 

Nano-indentation Test, 5.4.3 Micro-Scratch Test, 5.5 Tribological Test, 5.6 Corrosion 

Resistance Test, 5.7 Closure 

 

5.1 Introduction 

Chemical deposition or electroless coating method is well known to improve the 

surface behaviour of base metal which helps to achieve required properties in materials to 

use in different applications. Electroless nickel-boron (ENB) coating possesses good 

tribological behaviour. Borohydride reduced binary alloy coatings are also used to 

enhance the hardness of steel specimen. The characteristics of coatings vary with their 

chemical composition, surface morphology, and phase structure. These features may be 

altered as per the requirement by controlling the deposition process, chemical 

composition, and coating bath operating conditions. Addition of any other metal with 

binary coatings may further alter the coating characteristics. The variation in 

concentration of bath elements may also alter the surface morphology, phase structure 

and chemical composition of coatings which ultimately may impact the coating 

behaviours. The variation in coatings characteristics due to addition of molybdenum with 

Ni-B and variation in coating bath composition is elaborated in this chapter. 

 

5.2 Experimental Details 

The electroless Ni-B-Mo coatings were developed using chemical reaction over 

AISI 1040 steel substrates as explained in Chapter 2. The same procedure was used for 

the current ternary alloy (Ni-B-Mo) coating deposition as well. Only sodium molybdate 

was incorporated with the Ni-B alloy coating composition as source of molybdenum. The 

sodium molybdate concentration is varied within the range of 15 g/l to 35 g/l. The 

coatings are deposited through chemical deposition method. The steel substrates used is 
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having a catalytically active surface. Still, those are dipped into lukewarm PdCl2 just 

before dipping them into coating bath solution to accelerate the deposition process 

further. All major key elements of the coating bath are varied at 5 different levels. Low 

Level Concentration (LLC) of coating bath contains 10 g/l of NiCl2, 0.4 g/l of BaBH4, 15 

g/l of Na2MoO4 and 75 °C coating bath temperature. So, from now on the Low-Level 

Concentration will be called as LLC.  While, Mid-Level Concentration (20 g/l of NiCl2, 

0.8 g/l of BaBH4, 25 g/l of Na2MoO4 and 85 °C coating bath temperature) and High-

Level Concentration (30 g/l of NiCl2, 1.2 g/l of BaBH4, 35 g/l of Na2MoO4 and 95 °C 

coating bath temperature) will be called as MLC and HLC, respectively. 

The coating characterizations are done these three level on concentrations only. 

While the tribo-mechanical behaviour of the coatings is carried out with varying bath 

parameter individually to understand the correlation. All the test are carried out as per the 

test procedure elaborated in chapter 2. 

 

5.3 Coating Characterisation 

5.3.1 Coating Thickness 

The cross-cut coating thickness is measured using SEM which is displayed in 

Figure 5.1. The minimum coating thickness value is 9.964 μm at LLC of coating bath 

concentration. The minimum coating thickness value of 27.39 μm and 41.57 μm may also 

be observed for MLC and HLC of coating bath, respectively. This indicates that coating 

thickness increases due to higher bath parameter concentration which confirms the 

improvement in plating rate with increased bath parameters concentration. The plating 

rate is known to improve due to rise in sodium borohydride concentration [Vitry et al. 

2012]. This improvement may be correlated with the improvement in reduction rate with 

borohydride [Vitry et al. 2012]. The increase in coating bath temperature may also lead 

to an increase in reduction rate. 
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Figure 5.1: SEM Image of Coating Thickness of As-deposited Ni-B Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

5.3.2 Surface Morphology 

The surface morphology of the untreated Ni-B-Mo coatings can be observed in 

Figure 5.2 which shows that the coatings obtained from low, mid and high 

concentrations possess cauliflower like surface morphology within the working range of 

sodium borohydride, nickel chloride, sodium molybdate and operating temperature. This 

type of dense nodular surface morphology is found to be associated with cauliflower like 

surface morphology which usually can be found in EN coatings [Balaraju et al. 2016; 

Vitry and Bonin, 2017; Mukhopadhyay et al. 2018]. Columnar growth may be 

observed in the cross-cut SEM image displayed in Figure 5.1 which is an obvious feature 
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of borohydride reduced EN coatings [Balaraju et al. 2016; Vitry and Bonin, 2017; 

Mukhopadhyay et al. 2018]. Figure 5.2 exhibits dense, homogeneous and cauliflower 

like surface morphology. 

 

      

      

      

Figure 5.2: SEM Image of Surface Morphology for As-deposited Ni-B-Mo Coatings 

Obtained at (a)-(b) Low Level, (c)-(d) Mid-Level and (e)-(f) High Level 

Concentrations 
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The coloumnar growth during the initial stages of coating deposition leads to 

formation of cauliflower like surface morphology which ultimately helps in decrease of 

COF value of the as-deposited coatings with the reduction in actual contact area in 

between mating surfaces [Mukhopadhyay et al. 2018]. The nano-grain nucleation 

occurs at multiple nucleation points at isolation zones preferably at surface peaks and 

valleys which further progresses along the lateral direction to form smooth continuous 

film through columnar growth leading to cauliflower like surface morphology [Vitry et 

al. 2010; Nemane and Chatterjee, 2020]. The nodular surface seems to become more 

compact leading to cauliflower like morphology with the increase in level of 

concentration. 

 

5.3.3 Chemical Composition 

The elemental investigation of the untreated Ni-B-Mo coated specimens was 

carried out through EDAX. Figure 5.3 displays the presence of different key elements on 

the coated surface obtained with different level of bath composition. The green, yellow 

and magenta colours displayed in Figure 5.3 indicate the presence of nickel, boron and 

molybdenum, respectively. The variation in intensity of these colours as proportional to 

variation in concentration of the elements onto coated surface. The increase in intensity 

of green colour due to increase in bath composition level indicates the increase in Ni 

content on the coated surface. Similarly, yellow and purple colours indicate the existence 

of boron and molybdenum on the coated surface, respectively where it may be observed 

that the boron content initially increases significantly from low level to mid-level and the 

same increases further with negligible amount at high level of coating composition. 

Molybdenum content is seen to increase uniformly with level of concentration which 

might have dominated the rise of boron at high level of concentration. 

The EDAX spectrum of Ni-B-Mo coated specimens is displayed in Figure 5.4. 

Coated surface shows the peaks of Ni, B and Mo which reassert the presence of these 

elements onto coated surface. The boron found on coated surface is about 3.70 ± 0.40%, 

5.60 ± 0.50% and 5.90 ± 0.60% at low, mid and high-level, respectively. The amount of 

nickel is found to be 90.30 ± 0.60%, 88.50 ± 0.80% and 86.10 ± 0.90% for low, mid and 

high-level, respectively. 
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Figure 5.3: EDAX Mapping Images of As-deposited Ni-B-Mo Coatings Obtained at 

(a)-(c) Low Level, (d)-(f) Mid-Level and (g)-(i) High Level Concentrations 

 

Concentrations of molybdenum in the coating are found to be 3.20 ± 0.30%, 4.10 

± 0.30% and 4.70 ± 0.40% for low, mid and high level of concentrations, respectively. 

The increase in boron content on the coated surface may be associated with the increase 

in reduction reaction due to rise in borohydride concentration though the same is found to 

be less in Ni-B-Mo coated surface relative to Ni-B coated surface, possibly because of 

the co-deposition of molybdenum. Figure 5.4 shows a rise in boron content because of 

the increase in bath parameter concentration. In the contrary, Ni content is observed to 

reduce even though NiCl2 concentration is high. The reduction in Ni content may be 

attributed with the increase in boron and molybdenum content on coated surface. The 

presence of O and Fe can also be found at a very less amount in Ni-B-Mo coated 

specimens. The presence of O and Fe at negligible amount may be ignored which may 

have gathered from some other sources. 
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Figure 5.4: EDAX Spectrum of As-deposited Electroless Ni-B-Mo Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

5.3.4 Phase Structure 

Figure 5.5 shows the XRD pattern at various level of bath parameter 

concentration. The XRD pattern comprises of a hump with a crystallinity peak where the 

hump denotes amorphous phase of coatings and the peak denotes the crystalline phase of 

coatings. The coexistence of hump with broad peak is the indication of their co-existence 

in the coatings. The coated specimens obtained with low level possesses a small hump 

with a peak which confirms the presence of amorphous-crystalline phase together for 

untreated Ni-B-Mo coatings [Serin et al. 2015; Serin and Göksenli, 2015; 

Mukhopadhyay et al. 2018; Mukhopadhyay et al. 2019]. The coatings with more than 

6.5% boron usually prevent nucleation of nickel phases which lead to formation of 

amorphous phase in electroless coating process [Mukhopadhyay et al. 2018]. The Ni-B-

Mo coatings at low level contains only 3.70 ± 0.40% boron and 3.20±0.30% 
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molybdenum where low boron might be the reason for crystalline phase and presence of 

molybdenum (Mo) has promoted the formation of amorphous phase. The peaks of boron 

and molybdenum in the EDAX spectrum show their existence in the coatings which may 

be attributed for the coexistence of amorphous and crystalline structure at low level of 

concentration. The crystalline peak is diminished at mid-level of concentration which 

confirms the transformation of amorphous-crystalline into amorphous phase. The sharp 

peak again is found to decrease and the broadening of hump is noticed at high level of 

concentration. The broadening of hump is an indication of amorphous phase which is 

possibly due to higher concentration of Mo while the sharpening and rise of crystalline 

peak is due to the reduction in boron content. The presence of Mo in the coatings 

prevents the nucleation of nickel ions leading to amorphous phase formation 

[Mukhopadhyay et al. 2018; Mukhopadhyay et al. 2019]. The sharp peak observed at 

around 45°for the coatings obtained from low level concentration is nothing but the 

crystalline peak of Ni (111) [Serin et al. 2015; Serin and Göksenli, 2015; 

Mukhopadhyay et al. 2018]. The sharp peaks found for the coatings at mid and high 

level of concentration at around 53° are due to the crystalline phase of Ni (200) [Serin et 

al. 2015; Serin and Göksenli, 2015; Mukhopadhyay et al. 2018]. The EDAX results 

presented in Figure 5.4 show the increase in molybdenum content on the coated surface 

which prevents the nucleation of nickel leading to formation of amorphous phase. The 

decrease in intensity of crystalline peak in XRD results shown in Figure 5.5 also 

indicates the same phase transformation trend. Hence, both EDAX and XRD results 

confirm the phase transformation from amorphous-nanocrystalline to amorphous phase 

formation. diminished at mid-level of concentration which confirms the transformation of 

amorphous-crystalline into amorphous phase. The sharp peak again is found to decrease 

and the broadening of hump is noticed at high level of concentration. The broadening of 

hump is an indication of amorphous phase which is possibly due to higher concentration 

of Mo while the sharpening and rise of crystalline peak is due to the reduction in boron 

content. The presence of Mo in the coatings prevents the nucleation of nickel ions leading 

to amorphous phase formation [Mukhopadhyay et al. 2018; Mukhopadhyay et al. 

2019]. The sharp peak observed at around 45°for the coatings obtained from low level 

concentration is nothing but the crystalline peak of Ni (111) [Serin et al. 2015; Serin 
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and Göksenli, 2015; Mukhopadhyay et al. 2018]. The sharp peaks found for the 

coatings at mid and high level of concentration at around 53° are due to the crystalline 

phase of Ni (200) [Serin et al. 2015; Serin and Göksenli, 2015; Mukhopadhyay et al. 

2018]. The EDAX results presented in Figure 5.4 show the increase in molybdenum 

content on the coated surface which prevents the nucleation of nickel leading to 

formation of amorphous phase. The decrease in intensity of crystalline peak in XRD 

results shown in Figure 5.5 also indicates the same phase transformation trend. Hence, 

both EDAX and XRD results confirm the phase transformation from amorphous-

nanocrystalline to amorphous phase formation. 

 

 

Figure 5.5: XRD Patterns of As-deposited Ni-B-Mo Coatings 

 

5.4 Physical and Mechanical Behaviours 

5.4.1 Surface Roughness 

The Ni-B-Mo coatings were deposited over steel substrate having average Ra 

value of 0.28 μm. The coatings obtained with low, medium and high bath concentrations 

possess a surface roughness value of 0.30 μm, 0.57 μm and 1.05 μm, respectively. The 

results indicate a rise in Ra value because of the rise in bath level. The variation of Ra 

value against the variation of coating bath temperature, NiCl2, NaBH4 and Na2MoO4 
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concertation is presented in Figure 5.6. The change in Ra value with temperature as well 

as NiCl2 concentration, is presented in Figure 5.6(a). It increases with the NiCl2 

concentration slightly till 25 g/l but the same decreases suddenly at 30 g/l NiCl2 

concentration. The roughness is further observed to increase slightly with the rise in 

coating bath temperature initially and it decreases slightly upon further rise in 

temperature. The coating bath reduction reaction starts at around 70 °C and hence the 

deposition of various elements remains low leading to comparatively lower surface 

roughness but it is more than the substrate. The roughness is observed to rise further due 

to rise in temperature till 90 °C [Hamid et al. 2010]. The higher reduction rate causes the 

random deposition of elements leading to rise in surface roughness [Bülbül et al. 2013; 

Wan et al. 2016; Bonin et al. 2018; Madah et al. 2015]. From Figure 5.6(b), an 

increase in the surface roughness value with the increase in NaBH4 concentration till 1.2 

g/l may be observed. The presence of NaBH4 helps in reduction reaction and the rise in 

its concentration accelerates the reduction reaction leading to haphazard deposition of 

metal ions on the surface leading to higher surface roughness. It is also seen to increase 

slightly upon increase in coating bath temperature but with insignificant amount 

[Sürdem et al. 2019; Vitry et al. 2012]. Figure 5.6(c) shows the surface roughness plot 

against bath temperature and sodium molybdate concentration. The roughness value is 

observed to rise with increased sodium molybdate concentration in the solution which 

increases further with bath temperature, but this increase is not very much. The reduction 

reaction accelerates as temperature rises which leads to higher boron content and rougher 

surface. Moreover, the addition of molybdenum ion aids in the creation of cracks due to 

high stress growth leading to coarse surface morphology [Mukhopadhyay et al. 2018; 

Mukhopadhyay et al. 2019]. This coarse surface morphology can be attributed for the 

high Ra value of coatings in as-deposited conditions. The addition of molybdenum into 

Ni-B matrix leads to coarse grained surface morphology with crack formation leading to 

higher surface roughness. The SEM images displayed in Figure 5.2 also show some 

coarse grain surface morphology with visible cracks. Hence, the surface morphology 

results are in well agreement with the surface roughness results. 
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Figure 5.6: Average Surface Roughness Plot with Varying Temperature and (a) 

Sodium Borohydride, (b) Nickel Chloride and (c) Sodium Molybdate 

Concentrations 

 

5.4.2 Nano-Indentation Test 

The surface hardness of the Ni-B-Mo coated layers were observed through nano-

indentation technique. The variation of applied load against indentation depth for 

different coating bath concentration level is presented in Figure 5.7. It represents that the 

coatings deposited with low coating bath level require minimum applied load. On the 

other hand, the coated layer with high level of concentration needs the highest applied 
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load, which confirms the improvement in coated surface hardness due to rise in level of 

concentration. The amount of boron present on coated surface is seen to increase with 

NaBH4 concentration leading to improvement in surface hardness [Sürdem et al. 2019; 

Lekka et al. 2018]. 

 

 

Figure 5.7: Depth of Indentation vs Applied Load Plot 

 

The Ni ions into the coated surface also might have increased because of the rise 

in NiCl2 concentration which might have improved the surface hardness further. The 

ENB coated specimens are observed to possess higher surface hardness than steel 

substrate [Sürdem et al. 2019]. The variation of surface hardness against bath 

temperature, NiCl2, NaBH4 and Na2MoO4 concentrations are presented through Figure 

5.8. The variation of surface hardness against NiCl2 concentration and coating bath 

temperature is presented in Figure 5.8(a). It is observed from Figure 5.8(a) that the 

surface hardness value increases gradually with NiCl2 and bath temperature. The surface 

hardness (Hv) values are found to increase from 533 to 729 with the increase in NiCl2 

concentration within the working range. The rise in NiCl2 content might have increased 

the nickel content in the coated layer. The coated layer might have become more compact 
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and smoother due to higher nickel content leading to improved surface hardness. The 

variation of nano-hardness with sodium borohydride concentration and bath temperature 

is presented in Figure 5.8(b). The boron content in the ENB coatings is found to increase 

with NaBH4 concentration [Sürdem et al. 2019; Lekka et al. 2018]. The surface 

hardness of ENB coated specimens is known to improve due to rise in boron content. The 

improvement in nano-hardness (Hv) value may be observed from 504 to 971 with the 

increase in sodium borohydride concentration in the coating bath solution from 0.4 g/l to 

1.2 g/l. This increasing trend of surface hardness may be observed possibly due to the 

increase of boron content with sodium borohydride [Sürdem et al. 2019; 

Mukhopadhyay et al. 2018; Lekka et al. 2018; Bonin and Vitry, 2016]. The same is 

further observed to improve a little with bath temperature. The coating bath chemical 

reaction usually starts around 70°C and it accelerates further with temperature rise. 

Therefore, the boron content might have improved with the increase in reduction rate due 

to rise in coating bath temperature leading to improvement in hardness of Ni-B-Mo 

coated surface [Lekka et al. 2018; Bonin and Vitry, 2016]. The variation of surface 

hardness with sodium molybdate concentration is displayed in Figure 5.8(c). It shows a 

reduction in surface hardness due to sodium molybdate concentration rise. The nano-

hardness (Hv) value is observed to vary from 869 to 556. The surface hardness is seen to 

be a function of coating composition and grain size [Lekka et al. 2018; Bonin and 

Vitry, 2016]. The boron content in ENB coated specimens is found to improve with 

NaBH4 concentration rise formation but the presence of Mo promotes the amorphous 

phase formation [Wan et al. 2016]. The surface hardness of amorphous phase is 

observed to be better relative to crystalline phase which can be attributed for the 

improvement in hardness of Ni-B-Mo coated surface with sodium borohydride because 

of the increase in boron content onto coated surface [Mukhopadhyay et al. 2018; 

Mukhopadhyay et al. 2019]. The untreated Ni-B-Mo coated surface is found to 

agglomerate Ni leading to clusters formation [Mukhopadhyay et al. 2018; 

Mukhopadhyay et al. 2019] which agrees well with the current study. There is not much 

difference in boron content on Ni-B-Mo coated surface compared to Ni-B coatings. But a 

decrease in Ni concentration in the Ni-B-Mo coated surface may be observed with the 

addition of molybdenum into Ni-B matrix. The untreated Ni-B-Mo coated surface is seen 
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to exhibit coarse grained and cracked surface morphology leading to lower surface 

hardness value. 

 

      

 

Figure 5.8: Hardness Plot with Varying Temperature and (a) Sodium Borohydride, 

(b) Nickel Chloride and (c) Sodium Molybdate Concentrations 

 

The increase in Mo content in the coated surface encourages the formation of 

amorphous phase which is supposed to increase the surface hardness but Mo content rise 

accelerates the coarse grained and cracked surface morphology ultimately leading to 

deterioration of nano-hardness of Ni-B-Mo coating with sodium molybdate concentration 

[Sürdem et al. 2019; Bonin and Vitry, 2016]. But the same for Ni-B-Mo coatings does 
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not improve with molybdenum concentration rise. The incorporation of molybdenum into 

Ni-B matrix makes surface rough leading to decrease in surface hardness of Ni-B-Mo 

coated surface. The untreated Ni-B-Mo coated specimens possess an amorphous-nano-

crystalline phase structure at lower concentration of bath parameters. The lower 

concentration of borohydride and presence of sodium molybdate lead to a decrease in 

concentration of boron which promotes the crystalline phase formation but the presence 

of Mo promotes the amorphous phase formation [Wan et al. 2016]. The surface hardness 

of amorphous phase is observed to be better relative to crystalline phase which can be 

attributed for the improvement in hardness of Ni-B-Mo coated surface with sodium 

borohydride because of the increase in boron content onto coated surface 

[Mukhopadhyay et al. 2018; Mukhopadhyay et al. 2019]. The untreated Ni-B-Mo 

coated surface is found to agglomerate Ni leading to clusters formation [Mukhopadhyay 

et al. 2018; Mukhopadhyay et al. 2019] which agrees well with the current study. There 

is not much difference in boron content on Ni-B-Mo coated surface compared to Ni-B 

coatings. But a decrease in Ni concentration in the Ni-B-Mo coated surface may be 

observed with the addition of molybdenum into Ni-B matrix. The untreated Ni-B-Mo 

coated surface is seen to exhibit coarse grained and cracked surface morphology leading 

to lower surface hardness value. The increase in Mo content in the coated surface 

encourages the formation of amorphous phase which is supposed to increase the surface 

hardness but Mo content rise accelerates the coarse grained and cracked surface 

morphology ultimately leading to deterioration of nano-hardness of Ni-B-Mo coating 

with sodium molybdate concentration. 

The elastic modulus of the as-deposited coatings was determined and represented 

in Figure 5.9. Figure 5.9(a) shows the variation of elastic modulus with temperature and 

nickel chloride concentration. Figure 5.9(b) represents the variation of elastic modulus 

with temperature and sodium borohydride. The variation of elastic modulus with bath 

temperature and sodium molybdate concentration is presented in Figure 5.9(c). The 

obtained elastic modulus of the coated layers is observed to vary from 83 GPa to 197 

GPa. But this variation in elastic modulus value of electroless coatings does not follow 

the surface hardness variation trend [Sürdem et al. 2019]. The elastic modulus was 

observed to be a function of grain size. The grain size of ENB coatings is observed to 
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increase with sodium borohydride concentration in the coating bath solution leading to 

increase in elastic modulus value. 

 

      

 

Figure 5.9: Elastic Modulus Plot with Varying Temperature and (a) Sodium 

Borohydride, (b) Nickel Chloride and (c) Sodium Molybdate Concentrations 

 

The presence of boron ions in the coating bath solution prevents Ni nucleation 

and promotes amorphous phase formation [Nemane and Chatterjee, 2020]. The increase 

of NiCl2 in the coating bath solution increases the Ni ions which creates multiple 

nucleation points at isolated zones. Those isolated zones are preferably at roughness 

peaks or valleys of the substrate. This leads the coating growth in the lateral directions to 



135 
 

form a smooth film with coloumnar structure [Nemane and Chatterjee, 2020; Nemane 

et al. 2022]. The compact surface of crystalline coatings may lead to higher surface 

hardness but the elastic modulus does not vary with it. Therefore, the elastic modulus 

variation trend displayed in Figure 5.9 does not follow any specific trend. The coatings 

with lower elastic modulus are found to possess better wear resistance relative to higher 

elastic modulus [Sürdem et al. 2019]. But any specific trend with bath concentration 

variation and bath temperature cannot be observed in this current study. 

 

      

 

Figure 5.10: Scratch-Hardness Plot with Varying Temperature and (a) Sodium 

Borohydride, (b) Nickel Chloride and (c) Sodium Molybdate Concentrations 
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5.4.3 Micro-Scratch Test 

The variation of scratch hardness of the coatings is presented in Figure 5.10. 

Figures 5.10(a) and 5.10(b) represent an improvement in scratch hardness with NiCl2, 

NaBH4 and bath temperature. The increase of scratch hardness is relatively lower for 

nickel chloride than the sodium borohydride. The amount of boron content on coated 

surface becomes higher with NaBH4 concentration which might have led to an 

improvement in scratch hardness as well [Sürdem et al. 2019] possibly due to higher 

boron content. The enhanced reduction rate with bath temperature also may improve the 

boron content onto coated surface ultimately leading to an improvement in scratch 

hardness further. The incorporation of Mo into Ni-B matrix does not reduce the boron 

content onto coated surface but addition of molybdenum creates coarse grained with 

cracked surface morphology leading to decrease the scratch hardness with Na2MoO4 

concentration. 

 

5.5 Tribological Test 

The surface roughness of the as-deposited Ni-B-Mo coated specimen varies with 

bath parameter concentrations. The friction coefficients of those surfaces also vary with 

sliding distance or time during the test. The variation of the friction coefficient (COF) 

against sliding duration at various level of concentration is presented in Figure 5.11. It 

may be noticed from the plot that the friction coefficient at all levels increases drastically 

at the beginning of the sliding and then it is settled down after some time and varies 

within a small range. The plot also shows that the friction coefficient plot at mid-level is 

above the plot obtained at low level concentration. The plots at mid-level and high-level 

concentration remain almost similar where in certain section the high-level plot remains 

above mid-level and in certain sections of the mid-level curve remains higher. These 

variations are possibly because of the presence of wear debris in-between the two mating 

surfaces. The rise in friction coefficient may be associated with the rise in surface 

roughness value of the coated specimens due to the higher molybdenum concentration 

which makes the surface coarse grained and crack formation in certain cases. The rough 

surface has the tendency to break the asperity peaks. The grinding of asperity peaks and 

the debris formed at the beginning of the sliding test comes on the wear track and 
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increases the COF value. After some time, the grinded wear debris entrapped in-between 

the mating surfaces and acts as load bearing elements leading to reduction in friction. The 

sliding friction transforms into rolling friction and hence the friction coefficient reduces. 

The SEM images of surface morphology also agree with this tribological test behaviour. 

 

 

Figure 5.11: Coefficient of Friction (COF) vs Sliding Duration Plot 

 

The average friction coefficient (COF) value is plotted against the variation of 

NiCl2, NaBH4, and Na2MoO4 concentration and presented in Figure 5.12. A decreasing 

trend of COF value with increasing concentration of nickel chloride may be observed 

from Figure 5.12(a), whil4 COF value increases slightly with temperature. The COF 

value is found to decrease from 0.73 to 0.47 due to smoothening of surface with increase 

in NiCl2 concentration. The borohydride reduced electroless coatings generally form 

columnar structure due to the nuclei formation near the substrate [Barati and Hadavi, 

2020]. These columnar structures lead to formation of cauliflower like surface 

morphologies which are helpful in reduction of friction coefficient due to reduction in 

actual contact area [Vitry et al. 2010; Nemane et al. 2022]. But the presence of 

molybdenum prevents the nuclei formation and leading to amorphous surface 

morphology. The increase in Ni ion in the coating solution is expected to accelerate the 
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nucleation and smoothen the surface but the presence of molybdenum prevents the nuclei 

formation and leads to a rough and coarse-grained surface [Mukhopadhyay et al. 2021]. 

Here, the presence of Mo might have suppressed the impact of NiCl2 concentration rise 

and by increasing the surface roughness ultimately increases the COF value. The change 

in friction behaviour against sodium borohydride concentration and bath temperature is 

presented in Figure 5.12(b). 

 

      

 

Figure 5.12: Average Coefficient of Friction (COF) Plot with Varying Temperature  

and (a) Sodium Borohydride, (b) Nickel Chloride and (c) Sodium Molybdate 

Concentrations 
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The deposition rate improves due to the increase in reduction rate with the rise of 

NaBH4 concentration in the coating bath solution [Bülbül et al. 2013; Wan et al. 2016; 

Madah et al. 2015; Barati and Hadavi, 2020]. The rise of surface roughness value may 

increase the friction coefficient of the coatings [Bülbül et al. 2013; Wan et al. 2016; 

Madah et al. 2015]. The COF value is found to increase from 0.25 to 0.73 with the 

increase in NaBH4 concentration. The reduction rate rises with borohydride 

concentrations leading to rougher surface. The presence of molybdenum in the coating 

bath accelerates the formation of rough and coarse-grained surface. Sometimes cracks 

may also be observed for Ni-B-Mo coatings [Mukhopadhyay et al. 2018; 

Mukhopadhyay et al. 2019; Mukhopadhyay et al. 2021]. Hence, the COF value of the 

coated specimens is observed to rise with NaBH4 concentration. Figure 5.12(c), 

represents the variation of average friction coefficient (COF) value against Na2MoO4. 

The friction coefficient represents a rising trend with sodium molybdate and coating bath 

temperature. The presence of sodium molybdate concentration aids formation of rough 

and coarse-grained surface structure with cracks due to high stress growth 

[Mukhopadhyay et al. 2018; Mukhopadhyay et al. 2019]. The coarse-grained surface 

morphology is the reason for high surface roughness ultimately leading to higher friction 

coefficient of Ni-B-Mo coatings. The COF value increases from 0.47 to 0.77 with sodium 

molybdate concentration in the coating bath solution. The surface roughness trend 

completely agrees with the current trend of friction coefficient. 

The variation of specific wear rate with different parameters is presented in 

Figure 5.13. The specific wear rate is seen to increase initially with NiCl2 till mid-level 

but then it decreases as shown in Figure 5.13(a). The wear rate usually decreases against 

the improvement in surface hardness [Madah et al. 2015]. The hard surface improves the 

wear resistance behaviour of coatings but crushing and grinding of roughness peaks may 

lead to a rise in wear rate of the same coatings. The surface roughness variation with the 

NiCl2 concentration agrees well with the variation of wear rate which may also be 

attributed with the reduction in boron concentration due to the rise in NiCl2 

concentration. The surface becomes smoother with the NiCl2 concentration rise leading to 

lesser asperity peaks and hence the lower mass loss is obtained. Moreover, the increase in 

hardness with NiCl2 concentration as seen from Figure 5.8(a), might have also promoted 
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the reduction in wear rate. Figure 5.13(b) represents a rising trend of wear rate of 

coatings because of the increase in sodium borohydride. The specific wear rate also 

increases with coating bath temperature without any specific trend. The increased boron 

content in the coatings due to increased NaBH4 concentration enhances the surface 

hardness and roughness.  

 

      

 

Figure 5.13: Specific Wear Rate Plot with Varying Temperature and (a) Sodium  

Borohydride, (b) Nickel Chloride and (c) Sodium Molybdate Concentrations 

 

The increased concentration of sodium borohydride increases the reduction rate 

ultimately leading to increase in surface roughness value [Vitry and Bonin, 2017]. The 
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increasing trend of surface roughness with sodium borohydride concentration may be 

observed from Figure 5.6(b). The increased surface roughness is the indication of higher 

roughness asperity peaks. Those roughness asperity peaks of the surfaces are crushed and 

grinded during the sliding leading to rise in wear rate [Vitry and Bonin, 2017]. The rise 

of temperature in the coating bath improves the reduction rate leading to rough surface 

and this results in deterioration of wear resistance [Vitry and Bonin, 2017]. The 

increased amount of sodium borohydride concentration leads to improvement in surface 

hardness. But the breaking of asperity peaks dominates the wear rate. It is also observed 

to increase the roughness value with increased amount of sodium molybdate 

concentration. The roughness value further increases due to increase in bath temperature. 

The reduction rate is also increased due to coating bath temperature rise leading to higher 

boron and hence the rougher surface is achieved. Moreover, the addition of molybdenum 

ion aids in the creation of cracks due to high stress growth leading to coarse surface 

morphology [Balaraju et al. 2014; Mukhopadhyay et al. 2017; Mukhopadhyay et al. 

2018]. This coarse surface morphology can be attributed for the high average surface 

roughness of Ni-B-Mo coated specimens. The coarse morphology containing roughness 

peaks may be the possible reason for higher wear rate. The addition of sodium 

borohydride and sodium molybdate promotes the rough surface formation which 

increases the overall wear rate of the Ni-B-Mo coated specimens. 

The SEM images of the worn-out surfaces are displayed in Figure 5.14 to study 

the wear mechanism of as-deposited Ni-B-Mo coatings. The broken nodules smearing 

onto wear track can be observed at low and mid-level of concentration as well as deep 

crater can also be seen which is displayed in Figure 5.14(a)-(d). Wear grooves formation 

due to wear cutting and deposition of wear debris on the worn-out surface can be 

observed which confirms the adhesive type wear mechanism [Mukhopadhyay et al. 

2017]. The cutting and delamination of coating layer occurs due to strain hardened debris 

at higher loads for Ni-B-Mo coatings [Mukhopadhyay et al. 2018; Mukhopadhyay et 

al. 2019; Mukhopadhyay et al. 2018] which also leads to high wear rate. The wear 

debris may also be found in the wear grooves. The breaking of asperity peaks and 

accumulation of wear debris are observed for whole working range leading to rough 
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surface appearance with deep grooves leading to high wear rate of as-deposited coatings 

[Mukhopadhyay et al. 2019]. 

 

      

      

      

Figure 5.14: SEM Image of Worn-out Surface of As-deposited Ni-B-Mo Coatings  

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

Figures 5.14(e)-(f) shows some crack formation at high level of concentration. 

This indicates that the wear mechanism is a mixture of delamination and adhesive wear 
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[Madah et al. 2015]. The continuous loading unloading during tribo test may lead to 

delamination of coated layers [Madah et al. 2015]. Figure 5.14 also displays the 

existence of wear debris and patches in the wear track. The grinding of rough asperities 

may have raised the wear rate of the coated specimens with sodium borohydride and 

sodium molybdate concentration [Madah et al. 2015]. The roughness value increases 

due to the increase in NaBH4 as well as sodium molybdate concentration leading to rise 

in roughness peaks. Those roughness peaks are crushed and grinded leading to increase in 

wear rate and make the surface smooth resulting a decrease in COF value. The wear 

debris might be entrapped onto sliding surfaces leading to grooves formation along the 

sliding direction, whereas the debris formed due to delamination may be the cause of 

crack formation. 

 

      

 

Figure 5.15: EDAX Spectrum of Worn-out Surfaces of As-deposited Ni-B-Mo 

Coatings Obtained at (a) Low Level, (b) Mid-Level and (c) High Level 

Concentration 
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Further, investigations have been carried out on the worn-out surfaces through 

chemical analysis using EDAX. The EDAX spectrum presented in Figure 5.15 shows the 

peaks for Ni, B, Mo, Fe and O. Fe and O may be observed on EDAX result besides the 

principal elements in worn out surfaces though the amount was seen to be negligible. 

This confirms that the wear depth is not reached upto substrate [Mukhopadhyay et al. 

2019; Madah et al. 2015]. Hence, Fe observed in the worn out EDAX result of wear 

debris may be due to adhesive type of wear [Madah et al. 2015] whereas presence of O 

in the coatings may have come from some external sources. 

 

5.6 Corrosion Resistance Test 

The corrosion resistance test is carried out using electrochemical impedance 

Spectroscopy (EIS) and potentiodynamic Polarisation (PDP) test with the help of a three-

electrode based potentiostat. The data obtained from the tests are utilised to generate the 

tafel plot and nyquist plot using the software provided with the test setup. The tafel plot is 

obtained from the PDP test and the nyquist plot is obtained from the EIS test. The 

software generated the nyquist plot considering imaginary impedance on the y-axis and 

real impedance on the x-axis which provides a semi-circular loop. The bigger semicircle 

of nyquist plot represents the better corrosion performance of coatings [Miri et al. 2021; 

Mukhopadhyay et al. 2018]. The tafel plot is generated considering the corrosion 

potential along y-axis and corrosion current along x-axis. The lower negative value of 

corrosion current potential (Ecorr) acquired using tafel plot indicates the improvement in 

corrosion performance of the coated layers [Anik et al. 2008; Kanta et al. 2010; Kanta 

et al. 2009]. The performance of coated layers against corrosion is also found to depend 

on its morphology and phase structure [Kanta et al. 2010; Kanta et al. 2009]. An 

increment in Rct value obtained from nyquist plot indicates the improvement in corrosion 

performance [Anik et al. 2008; Kanta et al. 2010; Kanta et al. 2009]. Corrosion 

resistance of coatings is found to depend on various factors like surface porosity, 

microstructure, heterogeneities, columnar growth, phase structure etc. [Yildiz et al. 

2013]. The electroless Ni-B coatings are observed to prevent the steel substrate against 

corrosion [Bülbül et al. 2013]. 
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Figure 5.16: EIS and PDP Test Plot for As-deposited Ni-B Coatings, (a) Tafel Plot 

and (b) Nyquist Plot 

 

Figure 5.16(a) represent the tafel plots for as-deposited electroless Ni-B-Mo 

coatings obtained for different coating bath concentration levels. The nyquist plot of the 

same coatings are displayed in Figure 5.16(b). It may be found from Figure 5.16(a) that 

the negative Ecorr value is decreased with coating bath concentration till mid-level which 

means the corrosion resistance is increased with bath concentration upto mid-level 

concentrations. On the other hand, the semi-circle loop in Figure 5.16(b) also becomes 

bigger with coating bath concentration level and this is also indication of increase in 

corrosion resistance from low to mid-level concentration. Both the tafel plot and nyquist 

also indicates a reduction in corrosion resistance upon further rise in coating bath 

concentration. The boron content in the Ni-B-Mo coated surface increased with NaBH4 

concentration and the increased boron content is usually leads to an improvement in 

corrosion resistance of borohydride reduced coatings [Vitry et al. 2012]. The surface 

roughness value of the Ni-B-Mo coated specimens is raised with borohydride 

concentration. Generally, the rougher surface favours the electrocyte to penetrate through 

coatings. The as-deposited Ni-B-Mo coatings obtained at low level concentration 

possesses cracked surface morphology which may act as active site for corrosive solution 

to penetrate through it. The as-deposited Ni-B-MO coated surface becomes rough with 

the addition of Mo in the borohydride reduced electroless coatings which is known to 

deteriorate the corrosion resistance of coatings [Dominguez-Rios et al. 2012]. On the 
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other hand, higher boron content prevent usually improves the corrosion resistance by 

preventing the corrosive solution to penetrate through surface cracks or grain boundaries.  

Therefore, the increased corrosion resistance at mid-level concentration may be 

correlated with the increased boron content. Similar trend of higher corrosion resistance 

is reported in previous studies [Serin et al. 2015; Niksefat et al. 2015; Georgiza et al. 

2017]. While, the lowest corrosion resistance of Ni-B-Mo coatings at low level of 

concentrations may be correlated with its cracked surface morphology. But the corrosion 

resistance of Ni-B-Mo coated specimens at high level concentration might have 

decreased due to the rise in Mo content and rough surface morphology. 

 

      

 

Figure 5.17: SEM Image of Corroded Surface of As-deposited Ni-B-Mo Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

The corroded surfaces of as-deposited Ni-B-Mo coatings are further analysed 

through SEM. The SEM images of the corroded surfaces are displayed in Figure 5.17. 

The as-deposited Ni-B-Mo coated surfaces underwent corrosion test are seen to possess 
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corrosion byproducts deposited over the substrate surface. The accumulation of the 

corrosion byproducts over the substrate surface is indication of corrosion attack by the 

corrosive medium. Figure 5.17(b) shows the corroded surface of as-deposited Ni-B-Mo 

coatings deposited at mid-level concentration is least effected. The same coatings 

obtained at high concentrations underwent corrosion attack is seen to possess corrosion 

byproducts over the substrate surface as well as some corrosion crack as displayed in 

Figure 5.17(c). Hence, the corrosion resistance of as-deposited Ni-B-Mo coatings 

obtained at high level of concentrations is lowest compared to other two. The corrosion 

performance of electroless coatings is seen to vary with phase structure and surface 

morphology [Mukhopadhyay et al. 2018; Yazdani et al. 2019]. The nano-crystalline 

phases are seen to be more corrosion sensitive compared to amorphous phase [Bülbül et 

al. 2013; Anik et al. 2008; Hamid et al. 2010]. The phase structure of the borohydride 

reduced coatings also transformed from amorphous-nano-crystalline to amorphous phase 

structure. It may be another cause of this improvement against corrosion resistance. 

The as-deposited Ni-B-Mo coatings underwent corrosion test are further 

investigated using EDAX for chemical composition. The EDAX results of the corroded 

surface is displayed in Figure 5.18. The EDAX results shows that the corroded surface 

contains the elements like Ni, B, Mo, C, O, Na, and Cl which confirms the presence of 

corrosive medium elements besides the major coating bath elements. The presence of Na 

and Cl in the EDAX results may be correlated with the presence of corrosion byproducts 

observed over the substrate surface. The corroded surface EDAX result also confirms the 

presence of C and O but the amount is not very significant. The nyquist plot displayed in 

Figure 5.16(b) contains a single semi-circular loop. The single loop is the confirmation 

that the corrosive medium is failed to penetrate through coatings and reach to substrate. 

This means the corrosion attack remained limited till the top layer of the coatings only as 

the substrate composition elements are not observed in EDAX results. Hence, it may be 

concluded that the corrosion test results agree well with the characterisation results and 

the Ni-B-Mo coatings succeeded to prevent the corrosive solution to reach till the 

substrate surface. 
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Figure 5.18: SEM Image of Corroded Surface of As-deposited Ni-B-Mo Coatings 

Obtained at (a) Low Level, (b) Mid-Level and (c) High Level Concentrations 

 

5.7 Closure 

The electroless Ni-B-Mo alloy coatings were developed with different 

concentrations of different coating bath parameters to investigate the significance of 

those parameters on coating behaviours. The observations are summarized as follows: 

➢ The coating thickness is observed to increase due to the increase in reductio rate 

with bath level. The coatings possess a cauliflower like surface morphology like 

other borohydride reduced electroless coatings. The increased concentration of 

molybdenum does not impact the boron content while the Mo content rose with 

concentration level. 

➢ The average surface roughness of the coated specimens does not change much 

with the variation of NiCl2. It increases with the increase in sodium borohydride 

concentration as the reduction rate increases with sodium borohydride 
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concentration. The increase in molybdenum concentration accelerates the rough 

and coarse grain surface formation which results in high roughness value. 

➢ The surface hardness of the coated specimens is observed to improve with nickel 

chloride because of compact and smoothening of surface while the same increases 

due to higher boron content in the coated specimens with the higher concentration 

of sodium borohydride. But the surface hardness decreases with the increased 

molybdenum concentration due to rough and coarse-grained surface morphology. 

Similar, trend may also be observed for scratch hardness. 

➢ The addition of molybdenum accelerates the formation of rough and coarse grain 

surface morphology but the COF value is observed to reduce due to rise in NiCl2 

possibly because of smoothening of surface. The COF value increases with the 

rise in NaBH4 and molybdenum concentration in the coatings following the 

surface roughness trend. The wear rate is also observed to rise with sodium 

borohydride and sodium molybdate concentration. 
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Chapter 6: Comparison of Electroless Ni-B, Ni-B-W 

and Ni-B-Mo Alloy Coatings 

 

Outline: 6.1. Introduction, 6.2 Experimental Details, 6.3 Coating Characterisation, 6.3.1 

Coating Thickness, 6.3.2 Surface Morphology, 6.3.3 Chemical Composition, 6.3.4 Phase 

Structure, 6.4 Physical and Mechanical Behaviours, 6.4.1 Surface Roughness, 6.4.2 

Nano-indentation Test, 6.4.4 Micro-Scratch Test, 6.5 Tribological Test, 6.6 Corrosion 

Resistance Test, 6.7 Closure 

 

6.1 Introduction 

The current chapter describes the fundamental aspects of borohydride reduced 

electroless coatings deposited with different elements like tungsten (W), molybdenum 

(Mo) to form a coting layer of Ni-B, Ni-B-W and Ni-B-Mo coatings. The chapter further 

elaborates the impact of different coating bath elements and their concentration on the 

characteristics of the coatings. This chapter also makes a comparative study among 

different category of coatings developed with different compositions. 

 

Table 6.1: Coating Bath Composition and Concentrations 

 

 

6.2 Experimental Details 

The NaBH4 based binary (Ni-B) and ternary (Ni-B-W, Ni-B-Mo) coated 

specimens are developed over AISI 1040 steel substrates. The coated substrates of square 
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shape of size 15 mm × 15 mm × 2 mm are used for characterisation purpose and 

cylindrical shape of size 6 mm dia × 30 mm long are used for tribo test. The coating bath 

compositions are provided in Table 6.1. 

 

Table 6.2: Coating Types and Bath Elements 

 

 

Table 6.3: Coating Characterization Techniques 

 

 

The detailed coating development process (substrate pretreatment, coating bath 

solution preparation, coating bath loading, coating bath operating condition), 

characterisation techniques (SEM for surface morphology, EDAX for composition, XRD 

for phase structure) and test methods (surface roughness, nano-indentation test, scratch 

test, tribological test, corrosion test) are elaborated in details in chapter 2. The coating 

bath elements and their concentrations are given in Table 6.1. The summary of the 
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different types of coatings are presented in Table 6.2. Different characterisation 

techniques are briefed in Table 6.3. 

 

6.3 Coating Characterisation 

6.3.1 Coating Thickness 

The electroless coating deposition is carried out using steel substrates. The 

coatings are deposited for 4 hours for all the substrates. The mass gain of the coated 

substrates is calculated from the weight of the substrates before and after the deposition 

process. The mass grain of the substrates is the indication of coating deposition. 

Therefore, the as-deposited coating thickness is calculated from the mass gain, constant 

coating density, substrate surface area and assuming a uniform coated layer thickness. It 

is previously documented that electroless Ni-B coatings containing 5 wt.% boron 

typically has a density of approximately 8.25 gm/cm3 [Vitry et al. 2022]. The coated 

layer thickness is further measured with the help of SEM and those are displayed in 

Figure 6.1. The minimum coated layer thickness is achieved for all variants at their 

lowest concentrations. The calculated coating thickness and measured thickness from 

SEM are in well agreement. Hence, the minimum coating thickness of the coated layers 

are presented only for the brevity. The minimum thicknesses are 13.42 µm, 10.14 µm and 

13.65 µm of NB, NBW and NBM coatings, respectively. The minimum coating thickness 

obtained at each level for each variant of coatings are represented with the help of a 

comparative coating thickness plot shown in Figure 6.1(d). The comparative plot shows 

that the coating thickness of each variant is increased with the increased level of 

concentrations while each coating is deposited for same time duration of 4 h. The sodium 

borohydride remains present in the coating bath solution acts as reducing agent [Bülbül 

et al. 2013; Miri et al. 2021]. The reducing agent extracts the metal ions from the metal 

salts present in the solution. Those metal ions deposit over the substrate to make a coating 

layer. Hence, the increased concentration of reducing agent in the coating bath leads to a 

rise in metal ion extraction rate [Sürdem, et al. 2019; Vitry et al. 2012]. The more metal 

ions lead to more metal ion deposition over the substrate. The more metal ion deposition 

i.e., the increased deposition rate leads to an increase in coating thickness.  
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Figure 6.1: As-deposited Coating Thickness of (a) Ni-B, (b) Ni-B-W, (c) Ni-B-Mo 

and (d) Comparative Plot 

 

The chemical reaction or metal ion extraction process starts at around 70°C [Vitry 

et al. 2022] and it increases with temperature upto a certain temperature. Hence, the 

reduction process may get faster with the increased coating bath temperature as well. It 

also leads to a higher deposition rate resulting increased coating thickness. Therefore, the 

higher concentration of reducing agent and higher coating bath temperature may be the 

possible reason for the increased coating thickness with coating level of concentration. 
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6.3.2 Surface Morphology 

The coated surfaces are further examined through the SEM to understand the 

morphology. The obtained SEM images for Low, Mid and High level are displayed in 

Figure 6.2, Figure 6.3 and Figure 6.4, respectively. All the coated surfaces under 

investigation are seen to exhibit morphology similar to cauliflower with homogeneous 

distribution of nodules [Mukhopadhyay et al. 2018; Nemane et al. 2022; Agrawal and 

Mukhopadhyay, 2022]. Figure 6.1 also shows the columnar growth of coatings to form 

cauliflower like morphology [Vitry et al. 2022; Mukhopadhyay et al. 2018; 

Mukhopadhyay et al. 2018; Bonin and Vitry, 2016; Lekka et al. 2018]. 

 

       

 
Figure 6.2: Surface Morphology of Electroless Coatings Obtained at Low Level of 

Concentrations (a) Ni-B, (b) Ni-B-W, and (c) Ni-B-Mo 

 

The cauliflower like morphology is well-known for their self-lubrication behavior 

due to reduction in the real contact area leading to reduction of COF value [Vitry et al. 

2022; Vitry, 2016; Lekka et al. 2018]. The specimens covered with electroless Ni-B 

coatings appear dense, and the nodules seem to enlarge with the bath level, likely due to 
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increased NaBH4 concentration [Sürdem, et al. 2019]. The nodular morphology is very 

often observed for Ni-B, Ni-B-W and Ni-B-Mo [Sürdem, et al. 2019; Mukhopadhyay 

et al. 2018; Nemane et al. 2022]. The accumulation of grains over the surface restricts 

lateral expansion and promotes vertical growth instead. This vertical growth is the reason 

for columnar structure of the coatings resulting the surface morphology resembling 

cauliflower [Vitry et al. 2022; Balaraju et al. 2014]. Similar columnar structure may be 

observed in Figure 6.1 and the cauliflower like morphology along with closely packed 

nodules is observed in Figure 6.2, Figure 6.3 and Figure 6.4 [Aydeniz et al. 2013; 

Niksefat et al. 2015; Vitry et al. 2022; Balaraju et al. 2014; Nemane et al. 2022]. The 

nodular surface of Ni-B coatings becomes closely packed with increased concentration. 

The same trend is also observed due to the inclusion of tungsten and molybdenum 

individually with ENB. But there are a few cluster formations of nodules found in Ni-B 

coatings at high level of concentrations as displayed in Figure 6.4(a). 

 

      

 
Figure 6.3: Surface Morphology of Electroless Coatings Obtained at Mid Level of 

Concentrations (a) Ni-B, (b) Ni-B-W, and (c) Ni-B-Mo 
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Figure 6.4: Surface Morphology of Electroless Coatings Obtained at High Level of 

Concentrations (a) Ni-B, (b) Ni-B-W, and (c) Ni-B-Mo 

 

Whereas, the Ni-B-Mo coated surface is observed to possess some visible cracks 

at low level due to high stress growth and the other variant does not possess any such 

cracks. The same Ni-B-Mo coated surface is observed to get more uniform and denser 

with bath level rise. Columnar growth is a common characteristic of ENB coatings. It is 

familiar for its nature to reduce the actual surface contact area and helps in reducing the 

COF value. The ENB coated surface is observed to be compact and the nodules are seen 

to become bigger with bath level concentration which is possibly because of the higher 

amount of reducing agent [Sürdem, et al. 2019; Vitry et al. 2022]. The deposition of 

nanograins occurs at various nucleation points near the substrate surface. The deposition 

of nano-grains on the surface prevents the growth along lateral direction and progresses 

along the vertical direction leading to cauliflower like surface morphology [Vitry et al. 

2010; Nemane and Chatterjee, 2020]. All variant of coatings under study is observed to 

possess closely packed nodules and cauliflower like morphology. 
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6.3.3 Chemical Composition  

The chemical composition of the coatings is investigated using energy dispersive 

x-ray analysis (EDAX). The EDAX spectrum of the as-deposited Ni-B, Ni-B-W and Ni-

B-Mo coatings may be seen in Figure 3.4 (Chapter 3), Figure 4.4 (Chapter 4) and 

Figure 5.4 (Chapter 5), respectively. The EDAX spectrums confirms the presence of 

major coating elements in respective coatings. The minimum concentration of those 

elements is provided in weight % in Table 6.4. The amount of boron in Ni-B-Mo 

coatings at low level is observed to be more than other variants which is observed to rise 

with concentration except for Ni-B-W coatings at high level [Mukhopadhyay et al. 

2018; Mukhopadhyay et al. 2018; Bonin and Vitry, 2016; Lekka et al. 2018]. The 

same boron content in Ni-B coatings is found to be highest at mid and high level of 

concentration. 

 

Table 6.4 Chemical Composition of Coatings 

Elements  Ni-B Ni-B-W Ni-B-Mo 

Nickel Low Level 93.30±0.80 90.30±0.70 90.20±0.70 

Mid-Level 89.10±0.60 88.40±0.50 87.60±0.50 

High Level 84.90±0.60 86.20±0.60 84.50±0.60 

Boron Low Level 3.30±0.20 3.80±0.30 3.90±0.30 

Mid-Level 6.10±0.40 5.70±0.40 5.80±0.40 

High Level 8.20±0.40 5.10±0.30 6.10±0.40 

Tungsten Low Level X 2.70±0.20 X 

Mid-Level X 3.60±0.20 X 

High Level X 4.40±0.30 X 

Molybdenum Low Level X X 3.10±0.30 

Mid-Level X X 3.90±0.30 

High Level X X 4.50±0.30 

 

The inclusion of tungsten into ENB might have lowered the boron deposition rate 

slightly at mid-level. The tungsten deposition further dominated the boron deposition in 

Ni-B-W coatings at high level concentration and decreased the boron content slightly 

compared to mid-level [Nemane et al. 2022; Agrawal and Mukhopadhyay, 2022; 
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Bonin and Vitry, 2016; Lekka et al. 2018]. Similar increasing trend of boron may be 

observed for Ni-B-Mo coatings as well but it remained low compared to Ni-B coatings. 

Therefore, addition of W or Mo must have dominated the boron deposition and ultimately 

lowering its concentration in the coated layers. The common trend in NaBH4 reduced 

electroless coatings is that the boron content tends to rise with sodium borohydride 

concentration [Sürdem, et al. 2019]. Sodium borohydride serves as a reducing agent, 

facilitating the extraction of metal ions from the chemicals present in the coating bath 

solution. The extracted ions are deposited over the substrate surface. The higher 

concentration of borohydride extracts more metal ions and deposit at faster rate leading to 

speed up the coating process. Same mechanism is followed for ternary coatings as well 

but deposition of W and Mo suppressed the boron ion deposition and reduced their 

concentration slightly. When tungsten and molybdenum are co-deposited with electroless 

Ni-B, there is further reduction in boron content on the quaternary coatings compared to 

binary and ternary coatings under investigation. The molybdenum content in the 

electroless Ni-B-Mo coatings is observed to be slightly more than the tungsten content in 

the electroless Ni-B-W coatings. Both molybdenum as well as tungsten are found in 

group 6 of periodic table. However, molybdenum typically exists in the coating bath as 

MoO4
2−, while tungsten exists in a group of complex ions [Agrawal and 

Mukhopadhyay, 2022]. As a result, the molybdenum content is found to deposit in 

higher percentage relative to tungsten in the ternary coatings. Those metal ions are 

deposited at higher concentrations like boron but Ni content is reduced against raised 

bath level. The presence of Ni reduced because of the increase in boron, W, Mo in the 

coated specimen. These observations align with findings from published reports 

[Nemane et al. 2022; Agrawal and Mukhopadhyay, 2022; Bonin and Vitry, 2016; 

Lekka et al. 2018]. 

 

6.3.4 Phase Structure  

The phase transition characteristic of the coatings, as they vary with bath 

concentrations, is carried out using x-ray diffraction (XRD). The obtained spectrums for 

various phases for different coating categories are presented through Figure 6.5. The 

XRD pattern of all the coatings in this study possesses a sharp peak with a broad hump at 
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low level. A broad hump present in XRD spectra indicates the amorphous phase 

[Sürdem et al. 2019; Pal et al. 2011; Vitry et al. 2022]. A sharp intensity peaks in the 

XRD pattern signify the presence of crystalline phase [Sürdem et al. 2019; Pal et al. 

2011; Vitry et al. 2022]. The XRD pattern contains hump and sharp peak which 

indicates the presence of amorphous-crystalline phase at low level concentration 

[Sürdem et al. 2019; Pal et al. 2011]. The coatings with a boron content exceeding 6.5% 

typically inhibit nuclei formation at nucleation points, particularly at roughness peaks and 

troughs. This leads to prevention of crystalline phase transformation [Sürdem, et al. 

2019; Vitry et al. 2022]. But all types of coated specimens developed in the current 

study contain boron below 4 wt.%. This lower concentration of boron leads to crystalline 

phase formation. Therefore, both EDAX and XRD results are in well agreement 

[Sürdem, et al. 2019; Balaraju et al. 2014; Bonin and Vitry, 2016; Liu et al. 2013]. 

The boron content on the coated specimens under this study increased with bath 

concentrations which may encourage the transformation of phase to amorphous phase. 

The declining trend of sharp intensity peak with coating bath concentration also confirms 

the phase transformation towards amorphous phase. The shift from the crystalline phase 

to the amorphous phase is likely attributed to the rise in NaBH4 [Sürdem, et al. 2019]. 

Conversely, the existence of either tungsten, molybdenum or both tungsten & 

molybdenum on the coatings promotes the transition to an amorphous phase [Nemane et 

al. 2022; Agrawal and Mukhopadhyay, 2022; Bonin and Vitry, 2016; Lekka et al. 

2018]. The borohydride reduced coating structure in as-deposited condition is usually 

controlled by the boron content. The higher concentration of boron prevents the coating 

crystallization [Nemane and Chatterjee, 2020]. The presence of boron prevents the 

nucleation of Ni at multiple nucleation points of isolation zones preferably at surface 

peaks and valleys [Nemane and Chatterjee, 2020; Mukhopadhyay et al. 2018]. 

Similarly, the presence of tungsten and molybdenum in borohydride reduced coatings 

also promotes the amorphous phase formation [Yildiz et al. 2017; Aydeniz et al. 2013; 

Yildiz et al. 2013; Radwan et al. 2015]. The increased concentration of tungsten and 

molybdenum leads to reduction in boron content which is expected to promote crystalline 

phase formation. 
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Figure 6.5: XRD Patterns of As-deposited Electroless Coatings (a) Ni-B, (b) Ni-B-W 

and (c) Ni-B-Mo 
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Conversely, the increased tungsten and molybdenum content leads to formation of 

amorphous phase of borohydride reduced binary and ternary coatings. The boron content 

in all the coatings exhibited a considerable rise with coating composition except for 

NBW coatings at high level. The XRD pattern of NBW coatings also contains a sharp 

peak but the intensity is not much. Hence, this can be associated with the slight decrease 

of boron content in NBW coatings at high level concentration. In NBM coatings, both 

boron and molybdenum content appear to rise progressively with the bath concentration. 

Increased trend of boron and Mo, both promotes amorphous phase formation. Hence, the 

diminishing trend of sharp crystalline peak for NBM coatings may be associated with this 

rise in boron and Mo. 

 

6.4 Physical and Mechanical Behaviours 

6.4.1 Surface Roughness 

The specimens coated at low level concentration exhibits smoother surfaces 

compared to the uncoated ones. The bared specimens have an Ra value of 0.285 μm. 

Figure 6.6 represents the change in Ra value of the coated specimens obtained with 

various compositions and types. Figure 6.6 also indicates a rise in Ra value with the rise 

of bath level. The surface roughness value of NaBH4 based coatings usually depends on 

the reduction rate. The reduction rate is seen to depend on reducing agent concentration 

in the coating bath. The surface roughness of these coatings depends on borohydride 

concentration. Hence, the ion extraction rate depends on reducing agent concentration 

[Bülbül et al. 2013; Wan et al. 2016; Vitry et al. 2012; Madah et al. 2015]. Sodium 

borohydride is used as reducing agent under present study. Therefore, the change in Ra 

value may be correlated with the NaBH4 concentration for all types of coating in the 

current study. It is also seen that the ion extraction or reduction reaction do not start at 

ambient temperature. The chemical reaction starts at around 70°C [Vitry et al. 2014; 

Balaraju et al. 2014]. The coating bath temperature ranges from 75°C to 95°C, which 

mean the reduction rate is initially slow and accelerates with temperature rise. The 

reduced ions begin to deposit near the substrate surface i.e., the peaks and troughs. The 

supply of metal ions is less at low level concentration due to lesser amount of metal salt 

present in the coating bath solution and lower coating bath temperature. The lower 
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concentration of reducing agent also leads to lesser amount of ion extraction. This leads 

to a slow deposition of metal ions and makes the surface smooth. Conversely, the coating 

bath solution at high level contain higher amount of reducing agent and coating bath 

temperature is also high.  

 

 

Figure 6.6: Comparative Average Surface Roughness (Ra in μm) Plot 

 

Hence, the reduction of metal ions is also very high which leads to speedy 

deposition of ions. The rapid extraction of ions causes them to settle haphazardly on the 

surface, resulting in a rough texture [Vitry et al. 2012]. Consequently, the reduction in 

surface roughness at low level concentration might be because of a lower reduction rate 

at lower concentrations of sodium borohydride [Vitry et al. 2012]. The increase in 

surface roughness could be a result of elevated reduction rate due to higher sodium 

borohydride concentrations [Sürdem, et al. 2019; Vitry et al. 2012]. The average 

surface roughness trend with coating bath concentration variation is summarised as 

follows 

Ni-B-Mo > Ni-B > Ni-B-W   at Low Level Concentrations (LLC) 

Ni-B-Mo > Ni-B > Ni-B-W   at Mid-Level Concentration (MLC) 

 Ni-B-Mo > Ni-B > Ni-B-W    at High Level Concentrations (HLC) 



 

164 
 

Figure 6.6 further represents that the deposition of Ni-B-Mo coatings over the 

substrate makes the surface rough compared to other variants at low level of bath 

concentration. However, it is still less compared to substrate at low level. As the bath 

level rises, the surface roughness of all types of coatings under study is observed to rise. 

The Ra value of the substrates covered with coated layer consistently maintained the 

highest value across the examined range. As the reduction rate increases, associated with 

a rise in sodium borohydride, so does the Ra value [Sürdem, et al. 2019; Vitry et al. 

2012]. Therefore, the intensified chemical reaction with sodium borohydride might be the 

primary cause for this surge in average roughness value [Bülbül et al. 2013; Wan et al. 

2016; Vitry et al. 2012]. The inclusion of tungsten into Ni-B matrix makes the surface 

dense, compact which seemed to have smoothened the surface, leading to a reduction in 

surface roughness of Ni-B-W coated surface upto mid-level. This pattern aligns with the 

findings depicted in previous works [Yildiz et al. 2013; Nemane et al. 2022]. 

Conversely, the incorporation of molybdenum contributes to high stress growth which 

results in crack formation and consequently a rougher surface is obtained 

[Mukhopadhyay et al. 2018, Yildiz et al. 2013; Mukhopadhyay et al. 2018; Bonin 

and Vitry, 2016]. The coarse morphology is another factor contributing to higher surface 

roughness of Ni-B-Mo coatings. However, the inclusion of tungsten and molybdenum 

together into Ni-B matrix smoothened the surface relative to the other variants under 

study. 

 

6.4.2 Nano-indentation Test 

The indentation tests are carried out at a constant indentation depth for all the 

coatings. The loading unloading curves for as-deposited Ni-B, Ni-B-W and Ni-B-Mo 

coatings are displayed in Figure 3.7 (Chapter 3), Figure 4.7 (Chapter 4) and Figure 5.7 

(Chapter 5), respectively. The Figures show the load required for different coatings to 

indent the same depth. The higher load required for same indentation depth is the 

indication of higher nanohardness value. The load required for Ni-B is the highest at high 

level concentration and lowest at low level concentration. The loading unloading curves 

also show that the applied load is increased with coating bath level for as-deposited 

coatings which indicates the increasing trend of nanohardness value. The boron content 
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also increases with coating bath level [Sürdem, et al. 2019; Pal et al. 2018]. Therefore, 

the Ni-B coating hardness increased with boron content [Sürdem, et al. 2019; Pal et al. 

2018]. The same trend may also be observed for as-deposited Ni-B-W and Ni-B-Mo 

coated specimens. The increase in the presence of hard particles like boron, tungsten or 

molybdenum in the coated surface has the capability to enhance the hardness of the 

coatings [Sürdem, et al. 2019; Vitry and Bonin, 2017; Mukhopadhyay et al. 2018]. 

The EDAX results show that the boron concentration increased for all the coatings. The 

boron concentration is not same for different categories of coatings. The Ni-B covered 

samples are observed to possess highest boron content especially at mid-level and high 

level but the nanohardness of ENB surface is not the highest within the working range. 

Therefore, nanohardness value doesn’t depend solely on boron concentration. Figure 6.7 

represents the average nanohardness value of different coating categories at different 

levels. The hardness of Ni-B-W specimens is found to improve due to concentration level 

while the boron content is slightly reduced at high level. On the other hand, the tungsten 

content is seen to rise till high level concentration. Therefore, the increasing trend of 

boron as well as tungsten led to increase the nanohardness value [Yildiz et al. 2017; 

Mukhopadhyay et al. 2018]. The increased amount of tungsten possibly leads to a slight 

reduction of boron at high-level [Mukhopadhyay et al. 2018]. The hardness of Ni-B-Mo 

specimens is observed to improve slightly as the boron content increased. But the 

hardness value remained to be much lower than Ni-B coated specimens. The amount of 

Mo is observed to increase with bath composition and the addition of Mo leads to 

formation of cracks surface due to stress growth. On the other hand, addition tungsten 

like hard particles with electroless Ni-B matrix leads to enhancement in coating hardness. 

The EDAX result also shows a rise in boron content as well as tungsten content on Ni-B-

W coatings though the boron content remained lower than Ni-B coatings. The increased 

tungsten content in Ni-B-W with bath concentration could have resulted an enhancement 

of the nanohardness value relative to other three variant of coatings. The specimens with 

of amorphous phase are found to have higher nanohardness value than the specimens 

with crystalline phase. The inclusion of tungsten and molybdenum into Ni-B prevents the 

nucleation which accelerates the development of amorphous phase and improves the 
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surface hardness. But the cracked surface morphology lowered then nano-hardness value 

of Ni-B-Mo coatings. 

A comparative plot for nano-hardness value is displayed in Figure 6.7. The 

hardness variation trends at different levels are as follows 

Ni-B-W > Ni-B > Ni-B-Mo  at Low Level Concentration (LLC) 

Ni-B-W > Ni-B > Ni-B-Mo   at Mid-Level Concentration (MLC) 

Ni-B-W > Ni-B > Ni-B-Mo   at High Level Concentration (HLC) 

 

 

Figure 6.7: Comparative Hardness Plot Obtained from Nano-indentation 

 

All the coatings have a tendency towards the transformation from amorphous-

crystalline to amorphous phase with the bath concentration level rise. This trend may be 

seen from the XRD pattern shown in Figure 6.5. This may also be another reason for the 

improvement in hardness value with bath concentration for all variants. The addition of 

W into Ni-B matrix improved the hardness of Ni-B-W coated specimens and it is higher 

than the hardness of Ni-B coated specimens. The coating hardness is also found to vary 

with grain size [Sürdem, et al. 2019; Dominguez-Rios et al. 2012; Liu et al. 2013; 

Arias et al. 2019; Pal et al. 2018] which may also be a probable cause of improved 

hardness. The incorporation of Mo with ENB is expected to improve the hardness. But it 

promotes the crack development and coarse-grained morphology which may lead to 
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reduction in nanohardness value. The hardness value of Ni-B-Mo coated specimens is 

much lower relative to the other variants under the current investigation. The W content 

in Ni-B-W is raised due to bath composition rise and it is higher than the other variants. 

The increased amount of W into quaternary coating suppressed the boron deposition 

slightly [Vitry et al. 2014]. The higher concentration of W is the main reason for highest 

nano-hardness value of Ni-B-W coated specimens relative to other variants throughout 

the working range. 

 

 

Figure 6.8: Comparative Elastic Modulus Plot Obtained from Nano-indentation 

 

The average of elastic modulus at different bath level is shown in Figure 6.8. The 

trend of elastic modulus variation is summarised as follows. 

Ni-B-W > Ni-B > Ni-B-Mo  at Low Level Concentration (LLC) 

Ni-B-W > Ni-B > Ni-B-Mo  at Mid-Level Concentration (MLC) 

Ni-B-W > Ni-B > Ni-B-Mo  at High Level Concentration (HLC) 

 

The elastic modulus of coated specimens does not depend on surface hardness, 

rather it is found to depend on grain size [Sürdem, et al. 2019; Dominguez-Rios et al. 

2012; Liu et al. 2013; Arias et al. 2019; Pal et al. 2018]. The grain size of Ni-B coated 

specimens is found to rise with NaBH4 content in the coating bath solution [Liu et al. 
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2013]. This rise in grain size due to boron concentration at high level might have 

increased the elastic modulus of Ni-B coatings. The obtained elastic modulus values are 

also observed to improve for Ni-B-W coatings like Ni-B coated specimens within the 

working range. Whereas, it is seen to follow opposite trend for Ni-B-Mo coated 

specimens. The addition of Mo leads to coarse surface morphology due to high stress 

growth and crack formation [Mukhopadhyay et al. 2018; Mukhopadhyay et al. 2019] 

which might have lowered the elastic modulus. But, no specific trend is found for elastic 

modulus variation under this current study. Hence, the mechanism of elastic modulus 

variation in this current study cannot be explained. Further detailed investigation is 

required to understand the mechanism of elastic modulus for electroless borohydride 

reduced coatings. 

 

6.4.3 Micro-Scratch Test 

The coated surfaces are tested for scratch hardness using a scratch hardness tester 

and the scratches are formed on the different types of coatings obtained at different 

concentrations. The same scratch marks are measured at ten different locations to 

calculate the scratch hardness. The average of the calculated scratch hardness values is 

presented through a comparative plot shown in Figure 6.9. The average scratch hardness 

of the coated specimens obtained at various compositions are shown in Figure 6.9. 

Figure 6.9 indicates an improvement in scratch hardness by bath level rise for all variants 

of coatings. This increase in scratch hardness value may be correlated with the variation 

in composition of the coatings. The EDAX and XRD results also agree with this trend. 

The rise of boron content and compact surface morphology must have improved the 

scratch hardness of Ni-B coatings like nanohardness. The boron content increased 

initially on Ni-B-W coatings and decreased slightly at high concentration level. The 

tungsten content increased with bath level for Ni-B-W coated specimens. The rise of 

boron as well as tungsten might have enhanced the scratch hardness of the Ni-B-W 

coatings like nanohardness. All the coating possesses closely packed nodular surface 

morphology for whole range of composition [Nemane and Chatterjee, 2020; Aydeniz 

et al. 2013] which is associated with morphology resembling cauliflower [Vitry and 

Bonin, 2017; Balaraju et al. 2016; Mukhopadhyay et al. 2018]. The nodular surface of 
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the coatings seemed to become more compact with bath level rise. The compact surface 

morphology might have prevented the penetration of stylus tip leading to gradual increase 

in scratch hardness with concentration level. The Ni-B-W coated specimens are seen to 

possess highest scratch hardness value for the whole working range. Whereas, the Ni-B-

Mo coatings are found to have lowest scratch hardness value similar to nanohardness 

value. The inclusion of Mo into ENB makes the surface rough and cracked morphology 

due to high stress growth [Vitry and Bonin, 2017; Balaraju et al. 2016; 

Mukhopadhyay et al. 2018]. This might have lowered the scratch hardness of NBM 

surface. 

 

Figure 6.9: Comparative Scratch Hardness Plot 

 

The trend observed for variation in scratch hardness value of the coatings at 

different levels are as follows 

Ni-B-W > Ni-B > Ni-B-Mo  at low-level (LL) concentration 

Ni-B-W > Ni-B > Ni-B-Mo  at Mid-level (ML) concentration 

Ni-B-W > Ni-B > Ni-B-Mo  at High-level (HL) concentration 

6.5 Tribological Test 

The variation of friction coefficient (COF) against sliding duration is presented in 

Figure 3.11 (Chapter 3), Figure 4.11 (Chapter 4) and Figure 5.11 (Chapter 5), 
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respectively for as-deposited Ni-B, Ni-B-W and Ni-B-Mo coatings, respectively. The 

COF versus sliding duration plot shows that the COF value increases drastically at the 

beginning of the test. The friction force increases initially with time and it stables after 

some time. Generally, the surface roughness peaks are grinded during the sliding. The 

griding of roughness peaks makes the surface smooth which leads to a comparatively 

stable friction. The friction coefficient plot is not smooth like a straight line as the debris 

comes under the sliding surface which makes friction coefficient fluctuate within a 

certain range. Similar pattern may be observed for all variant of coatings even though 

there is a difference between average COF values. The friction coefficient obtained at 

high level of concentrations is observed to be higher than the low and mid-level 

concentrations for binary and ternary coatings. Whereas, the friction coefficient plot at 

mid-level concentration is highest for the quaternary coatings. The increased friction 

coefficient may be correlated with the increased surface roughness with the increased 

sodium borohydride concentration [Bülbül et al. 2013; Wan et al. 2016]. 

 

 

Figure 6.10: Comparative COF Plot at Various Concentration Levels 

 

The grinded debris sometimes comes under the sliding surface and acts as load 

bearing element resulting a reduction in friction coefficient by reducing the actual contact 

surface area [Liu et al. 2013]. This may be correlated with the reduction in friction 
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coefficient of Ni-B-W coatings. The debris containing hard elements like tungsten may 

sometime entrap in-between mating surfaces and lead to higher friction coefficient value 

as well. The variation in average COF for the specimens coated with different types and 

compositions are depicted through Figure 6.10 for comparative study. Generally, the 

friction coefficient increases rapidly at the beginning and then it settles down within a 

certain range. The initial increase in friction is possibly due to the gradual rise of friction 

force with the applied load. The friction force initially increases because of the breaking 

of roughness peaks also. After some time, the grinded debris of the coated layers may 

entrap in-between the sliding surfaces and the sliding friction is converted to rolling 

friction leading to reduction in COF value. The grinded debris acted as load bearing 

element. The entrapment of grinded debris in-between sliding surface may also result in 

unprecedented change in COF value. The COF value initially increases which gets stable 

after some time possibly due to the conglomeration of worn-out debris beneath the 

sliding surface and smoothening the surface. The wear debris acted as load bearing 

surface and smoothening of mating surfaces lead to reduction in COF value relative to 

initial rise. The average COF value calculated at different bath level concentration is 

presented separately in Figure 6.10 to make a comparison of COF values. The uncoated 

substrate is also tested for tribological behaviour under same test conditions. The average 

coefficient of friction for the uncoated substrate is found to be 0.63 which is higher than 

the COF value for the Ni-B-W coated specimens within the working range. The COF 

value of Ni-B coated specimen is higher than uncoated substrate except at high level of 

concentration. Whereas, the COF value of Ni-B-Mo coated specimens are higher than 

substrate throughout the working range. 

The trends of average COF values for different coatings at different levels are as 

follows 

Ni-B-Mo > Ni-B > Ni-B-W   at Low Level Concentration 

Ni-B-Mo > Ni-B > Ni-B-W   at Mid-Level Concentration 

Ni-B-Mo > Ni-B > Ni-B-W   at High Level Concentration 

 

In Figure 6.10, the Ni-B-Mo and Ni-B coated specimens are seen to possess 

almost same COF value at low level concentration. While, Ni-B-Mo possesses highest 
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COF value within the working range. The Ni-B-Mo coated specimens are known to 

possess coarse grained and cracked surface which led to highest Ra value compared to 

other variants. The higher Ra value ultimately leads to higher COF value in-between 

sliding surfaces. Addition of Mo with ENB coating led to crack formation due to high 

stress growth and coarse morphology which is the reason for high friction coefficient 

[Agrawal and Mukhopadhyay, 2022]. The coefficient of friction value of Ni-B-Mo 

coated surface is the highest, followed by Ni-B and Ni-B-W coated surfaces obtained at 

low and mid level of concentrations. The coated surface becomes rough with the 

increased borohydride concentration for Ni-B coatings but it remained slightly lower 

compared to Ni-B-Mo. The inclusion of tungsten alone into Ni-B matrix i.e., Ni-B-W 

makes the surface compact and harder. The compact surface morphology and better 

plastic deformation behavior of Ni-B-W coatings might have reduced the COF value 

compared to other two variant coatings upto mid-level. The rise of friction coefficient 

may also be correlated with the adhesiveness of coated surface and the accumulation of 

wear debris in the wear track. The coefficient of friction value of Ni-B-Mo coated surface 

remained highest even at high level concentration, followed by Ni-B and Ni-B-W, 

respectively. 

 

Figure 6.11: Comparative Specific Wear Rate Plot 
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The specific wear rate of the uncoated substrate is also determined using mass 

loss method. The wear rate of the uncoated substrate is found to be 13.273 × 10−7 

Kg/N.m. The wear rate of the uncoated substrate is higher than the Ni-B-W coated 

specimens throughout the working range. The wear rate is usually low for the surfaces 

with higher surface hardness [Madah et al. 2015]. The wear rate under current study 

agrees well with the surface hardness behaviour of the coatings. The Ni-B coated 

specimens found to possess better wear resistance upto mid-level than uncoated substrate. 

The Ni-B-Mo coated specimens possess higher wear rate than uncoated substrate as well 

as other coating variants. 

The summary of wear rate trend is given as 

Ni-B-Mo > Ni-B > Ni-B-W   at Low Level Concentrations 

Ni-B-Mo > Ni-B > Ni-B-W   at Mid-Level Concentrations 

Ni-B-Mo > Ni-B > Ni-B-W   at High Level Concentrations 

 

The specific wear rate plots are displayed in Figure 6.11. The wear rate of Ni-B 

coatings is increased with bath level due to higher surface roughness and crushing of 

roughness peaks. The Ni-B-Mo coated surfaces possess cracked morphology which 

raised the Ra value ultimately leading to higher wear rate. The wear rate of Ni-B-Mo is 

even higher than Ni-B coatings across the examined range. Generally, the surface 

roughness of borohydride reduced coatings is observed to rise with reduction rate due to 

increase in borohydride concentration [Vitry and Bonin, 2017]. The roughness asperities 

are broken and ground down at the time of sliding of tribo pin against counter surface 

leads to a rise in wear rate. The incorporation of W with ENB makes the coated surface 

compact and hard ultimately leading to the lowest wear rate at low level concentration. 

The cracked morphology and segregated nodules of Ni-B-Mo coatings propagates the 

crack which raises the wear rate. The high adhesive force of repetitive loading-unloading 

during the sliding of mating surfaces aggravated the wear rate of Ni-B-Mo coated surface 

further. The wear rate of Ni-B-Mo Coatings is found to be the highest throughout the 

working range. 

The wear mechanism of the Ni-B coatings may be understood from the SEM 

images displayed in Figure 6.12(a), Figure 6.13(a) and Figure 6.14(a) in which the 
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wear debris are observed in the wear tracks. Some pits and prows may also be seen from 

and the coatings are removed by patches in some cases [Madah et al. 2015; 

Mukhopadhyay et al. 2018]. These are the indication of adhesive type wear mechanism. 

Similar wear mechanism is also reported in earlier studies [Madah et al. 2015; 

Mukhopadhyay et al. 2018]. 

 

      

 

Figure 6.12: SEM Image of Worn-out Surface of As-deposited Coatings Obtained at 

Low Level Concentrations of (a) Ni-B, (b) Ni-B-W and (c) Ni-B-Mo 

 

The SEM images of worn-out surfaces of Ni-B-W coatings are displayed in 

Figure 6.12(b), Figure 6.13(b) and Figure 6.14(b). The worn-out surfaces reveal that 

some of the nodules crushed, grinded and some debris remained to be undeformed. This 

indicates that the coated surface possesses high hardness, good resistance to plastic 

deformation and high wear resistance [Mukhopadhyay et al. 2018]. The nodules are 

observed to be crushed and smeared on the worn surface. Figure 6.13 represents some 
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grooves formed over the worn-out surface which is formed by the undeformed debris 

during the sliding test. The undeformed debris might have made the surface coarse and 

raised the COF value [Mukhopadhyay et al. 2018; Mukhopadhyay et al. 2018]. The 

undeformed wear debris also bears the load and reduces the wear rate. The worn-out 

surface exhibits plastic deformation with some shallow scratches in sliding direction. 

 

      

 

Figure 6.13: SEM Image of Worn-out Surface of As-deposited Coatings Obtained at 

Mid-Level Concentrations of (a) Ni-B, (b) Ni-B-W and (c) Ni-B-Mo 

 

Besides, some debris are also found to be pressed on the worn surface which 

shows the adhesiveness of the coatings leading to increase the COF value further. The 

worn-out surfaces of Ni-B-Mo coatings are presented in Figure 6.12(c), Figure 6.13(c) 

and Figure 6.14(c). It indicates that the surfaces are severely damaged throughout the 

working range. The nodules formed during the crushing of asperity peaks may be 

observed to spread over the wear track. The wear cutting as well as delamination of 
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coatings may be observed which is formed by the strain hardened debris during sliding 

[Yildiz et al. 2013; Radwan et al. 2015; Arias et al. 2019] leading to higher wear rate. 

The worn-out surface also possesses some wear cracks due to repetitive loading during 

sliding and high stress growth. The cracks propagate during the repeated loading which 

leads to higher wear rate. This type of wear indicates the abrasion type of wear 

mechanism. On the other hand, some of the coated layers are delaminated during the tribo 

test which is clearly visible in the Figure 6.12(c), Figure 6.13(c) and Figure 6.14(c). 

This type delamination is the indication of adhesive type wear mechanism. Therefore, the 

Ni-B-Mo coated layers are worn-out during the tribo test by abrasive and adhesive type 

of wear mechanism [Miri et al. 2021; Mukhopadhyay et al. 2018]. 

 

      

 

Figure 6.14: SEM Image of Worn-out Surface of As-deposited Coatings Obtained at 

High Level Concentration of (a) Ni-B, (b) Ni-B-W and (c) Ni-B-Mo 
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All the worn-out surfaces are further studied through elemental analysis. The 

chemical composition of the worn-out surfaces is presented in Figure 6.15, Figure 6.16 

and Figure 6.17 for Ni-B, Ni-B-W and Ni-B-Mo, respectively. The presence of the peaks 

for major coating elements are observed in the EDAX spectrums which confirms their 

presence in the coated surface. The peaks of Fe and O may be seen along with major 

elements, but the concentration of Fe and O is very less in most cases. This confirms that 

the coated layers are not removed completely during tribo test [Mukhopadhyay et al. 

2019; Madah et al. 2015; Mukhopadhyay et al. 2018]. 

 

      

 
Figure 6.15: EDAX Spectrum of Worn-out Surface of As-deposited Coatings 

Obtained at Low Level Concentrations of (a) Ni-B, (b) Ni-B-W and (c) Ni-B-Mo 

 

But EDAX spectra of some coatings are also observed to possess few broad peaks 

of Fe which indicates the presence of large amount of Fe on the worn-out surface. There 

are some Fe peaks in the EDAX spectrum of the worn-out surfaces of Ni-B-W coatings 

as well [Correa et al. 2013; Agarwal and Mukhopadhyay, 2022]. The addition of 



 

178 
 

tungsten into Ni-B matrix leads to a compact surface morphology which leads to an 

increase in surface hardness. Generally, the coatings with higher surface roughness 

exhibits lower wear rate [Madah et al. 2015]. The higher surface hardness of as-

deposited Ni-B-W coatings may be correlated with the lower wear rate of it. But the 

debris formed during the sliding contains some hard elements. The hard elements may 

have entrapped in-between counter surface and the substrate surface.  

 

      

 
Figure 6.16: EDAX Spectrum of Worn-out Surface of As-deposited Coatings 

Obtained at Mid-Level Concentrations of (a) Ni-B, (b) Ni-B-W and (c) Ni-B-Mo 

 

The entrapped hard elements are pressed in the substrate surface which might 

have helped the delamination of coated layers and formed some patches during the 

sliding. The hard elements might have also removed some portion of the substrate to 

form wear patches. The portions removed from the substrate are expected to contain Fe 

which might be the reason for the broad peaks of Fe in the EDAX spectrum. On the other 

hand, the addition of molybdenum into the Ni-B matrix leads to formation of rough 
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surface or cracked surface due to high stress growth. The grinding of roughness peaks 

leads to higher wear rate. The cracked surface morphology may also promote the higher 

wear rate of the coatings. The worn-out surface appears to possess some delamination or 

patches formed by the adhesive type of wear mechanism during the repetitive loading 

unloading at a load of 40 N. The coating layers are expected adhere to the substrate. But 

the coatings are possibly delaminated during the loading unloading and some of the 

substrate’s patches are removed with delaminated layers. Those patches may be the 

reason for the Fe peaks present in the EDAX spectrum. The current wear trend of wear 

rate is in collinear with the surface roughness trend. 

 

      

 
Figure 6.17: EDAX Spectrum of Worn-out Surface of As-deposited Coatings 

Obtained at High Level Concentrations of (a) Ni-B, (b) Ni-B-W and (c) Ni-B-Mo 

 

The surface hardness of the as- deposited Ni-B-Mo coatings are lower than the 

other variant of coatings. The lower surface hardness may also be a reason for the higher 

wear rate of as-deposited Ni-B-Mo coatings. The above-mentioned reason may be one of 
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reason for the presence of Fe peak in the EDAX spectrum. The second one may be due to 

the lower coating thickness. The coating thickness of all variants are low at lower 

concentration level. The coating thickness at the worn-out region is decreased largely 

even for coatings obtained at high level concentration also at certain regions by wearing 

action during the sliding and hence the final thickness may be very less on those regions. 

The coating in the other regions is not completely removed or delaminated. The EDAX 

analysis method is direct and affected by coating thickness as well as surface roughness 

[Correa et al. 2013; Mukhopadhyay et al. 2018]. Therefore, this may be another reason 

for the presence of Fe peak in the EDAX spectrum which is also reported in previous 

studies [Agarwal and Madah et al. 2015]. The third one or lastly, the Fe peaks observed 

might appeared due to the debris formed from the counter surface and accumulated into 

the worn-out surface of the coated specimens. 

 

6.6 Corrosion Resistance Test 

The corrosion resistance tests are carried out through EIS and PDP test. The 

equivalent circuit diagram for EIS test is presented in Figure 2.22 (Chapter 2). Figure 

2.22(a) shows the equivalent circuit diagram (ECD) which is suitable for ideal behaviour 

where single time constant is visible in nyquist plot. The equivalent circuit diagram 

presented in Figure 2.22(b) is suitable for non-ideal cases where two-time constants are 

visible in nyquist plot. The CPEdl is incorporated into the ECD and it may be utilised for 

modelling of non-ideal double layer capacitance. The plots are generated using the 

software provided with the test setup. The tafel plot is obtained from the PDP test and the 

nyquist plot is obtained from the EIS test. The software uses the data collected in the 

computer to generate the nyquist plot considering imaginary impedance on the y-axis and 

real impedance on the x-axis. The bigger semicircle of nyquist plot represents the better 

corrosion performance of coatings [Miri et al. 2021; Mukhopadhyay et al. 2018] and 

lower negative value of corrosion current potential (Ecorr) acquired using tafel plot 

indicates the improvement in corrosion performance of the coated layers [Anik et al. 

2008; Kanta et al. 2010; Kanta et al. 2009]. The performance of coated layers against 

corrosion is also found to depend on its morphology and phase structure [Kanta et al. 

2010; Kanta et al. 2009]. An increment in Rct value obtained from nyquist plot indicates 
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the improvement in corrosion performance [Anik et al. 2008; Kanta et al. 2010; Kanta 

et al. 2009]. Corrosion resistance of coatings is found to depend on various factors like 

surface porosity, microstructure, heterogeneities, columnar growth, phase structure etc. 

[Yildiz et al. 2013]. The ENB coated layers are found to prevent the steel substrate 

against corrosion [Bülbül et al. 2013].  

 

      

 

Figure 6.18: Tafel Plot for As-deposited (a) Ni-B, (b) Ni-B-W and (c) Ni-B-Mo 

Coatings 

 

Figure 6.18 represent the tafel plots obtained for different coatings at different 

levels. The nyquist plot of the same coatings are displayed in Figure 6.19. It may be 

found from Figure 6.18(a) that the negative Ecorr value is decreased with coating bath 
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concentration level. The semi-circle loop in Figure 6.19(a) also becomes bigger with 

coating bath concentration level. Therefore, the corrosion resistance of Ni-B coated 

specimens is increased with bath level. The boron concentration raised with NaBH4 

concentration which ultimately improved the corrosion resistance of Ni-B coated layers 

[Vitry et al. 2012]. The corrosion resistance of Ni-B coated specimens is seen to improve 

with boron. The Ra value of the Ni-B coated specimens is raised with borohydride 

concentration. Generally, the rougher surface is suitable for the corrosive medium to 

penetrate. But, in this case the higher boron content might have made the surface compact 

and prevented the corrosive solution to penetrate and improved the corrosion resistance. 

Hence, the both characterisation and corrosion test results may be correlated with each 

other. It may be observed from Figure 6.18 and Figure 6.19 that the corrosion 

performance of all variants is enhanced till mid-level concentration. The corrosion test 

also suggests the same trend. The common observation from the characterisation also 

suggests that the raised boron concentration is the reason for this improvement in 

corrosion resistance. Another common trend in characterisation is observed that the 

coatings possess amorphous-crystalline phase at low level concentration. The same 

phases are observed to have a tendency to transform towards the amorphous phase at 

mid-level concentration. The amorphous phase is familiar for better corrosion behaviour 

compared to crystalline phase [Anik et al. 2008]. Therefore, the rise of boron 

concentration as well as amorphous phase of the coatings may be the reason for this 

improvement in corrosion resistance. The corrosion resistance of Ni-B-Mo coated 

specimens is found to be highest till mid-level concentrations followed by Ni-B and Ni-

B-W. The corrosion resistance of Ni-B coated specimens is highest at high level 

concentration and NBW coatings remained at lowest throughout the working range. The 

corrosion performance of Ni-B-W coated specimens improved till mid-level 

concentration with boron content and it is found to decrease as boron content decreased at 

high level. Therefore, it may be correlated with the variation in boron content. While, the 

corrosion resistance of Ni-B-W coatings remained low relative to Ni-B. The same trend 

may be observed in earlier studies as well [Aydeniz et al. 2013]. The surface becomes 

rough with the addition of Mo in the borohydride reduced electroless coating which is 

known to deteriorate the corrosion resistance of coating [Dominguez-Rios et al. 2012]. 
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But still the NBM coatings show better corrosion behaviour till mid-level concentration 

possibly due to increasing trend of boron content till mid-level concentration.  

 

      

 

Figure 6.19: Nyquist Plot for As-deposited (a) Ni-B, (b) Ni-B-W and (c) Ni-B-Mo 

Coatings 

 

Similar trend of higher corrosion resistance may also be seen in earlier articles as 

well [Serin et al. 2015; Niksefat et al. 2015; Georgiza et al. 2017]. But the corrosion 

resistance of NBM coated specimens at HLC concentration might have decreased due to 

the rise in Mo content.  
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The comparative trend of corrosion resistance of the coated specimens are as 

follows 

Ni-B-Mo > Ni-B > Ni-B-W   at Low Level Concentrations 

Ni-B-Mo > Ni-B > Ni-B-W   at Mid-Level Concentrations 

Ni-B > Ni-B-Mo > N-B-W   at High Level Concentrations 

 

The substrate underwent corrosion test are further analysed through SEM. The 

SEM images of the corroded substrates of Ni-B, Ni-B-W and Ni-B-Mo at various 

concentrations are displayed in Figure 3.17 (Chapter 3), Figure 4.17 (Chapter 4.17) and 

Figure 5.17 (Chapter 5), respectively. All the corroded surfaces are observed to possess 

corrosion byproducts deposited over the substrate surface. The accumulation of the 

corrosion byproducts over the substrate confirms the corrosion attack of the corrosive 

electrolytes. The SEM images of Ni-B coated surface displayed in Figure 3.17 and 

obtained at low level concentration are found to be mostly affected by the corrosion 

attack and it decreased with bath level increase. This agrees well with the EIS and PDP 

test results. The corrosion attacks are possibly remained till the outer layers only and only 

some localised corrosion attacks occurred by the electrolytes which might have 

penetrated through grain boundaries [Serin et al. 2015; Mukhopadhyay et al. 2018]. 

The corroded surfaces of Ni-B-W and Ni-B-Mo, presented in Figure 4.17 and Figure 

5.17, respectively are also affected by some local corrosion attacks only. Figure 4.17 also 

shows Ni-B-W coatings to possess the corrosion compound at its surface in all three level 

which indicates the penetration of corrosive medium through the grain boundaries [Serin 

et al. 2015; Mukhopadhyay et al. 2018]. The lower corrosion resistance may be 

correlated with the decreased boron content as well as the presence of crystalline 

structure in low and high level of concentrations. Figure 5.17 shows the corroded surface 

of NBM coatings deposited at mid-level concentration and it is least effected. The 

substrate deposited with high level concentration is found to be worst affected. The boron 

content is increased with level of concentration for Ni-B-Mo coatings which might have 

led to an improvement the corrosion resistance of Ni-B-Mo coated specimens till mid-

level concentration. The phase structure modification from nanocrystalline-amorphous 

mixture to amorphous may be another reason for this rise. The boron content is increased 
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further with negligible amount but Mo content increased considerably at high level 

concentration. The increased amount of Mo content in the coatings makes the surface 

rough forming some crack or prominent grain boundaries might have created some 

corrosion attack zone. Those corrosion attack zone might have allowed the electrolytes to 

penetrate and lead to a reduction in corrosion performance of Ni-B-Mo coated specimens 

at high level concentration. The corrosion performance of electroless coatings is seen to 

vary with phase structure as well as surface morphology [Mukhopadhyay et al. 2018; 

Yazdani et al. 2019]. The nano-crystalline phases are seen to be more corrosion sensitive 

compared to amorphous phase [Bülbül et al. 2013; Anik et al. 2008; Hamid et al. 

2010]. The phase structure of the borohydride reduced coatings also transformed from 

amorphous-nano-crystalline to amorphous phase structure. It may be another cause of this 

improvement against corrosion resistance. Therefore, the EIS and PDP test results agrees 

well with the characterisation results. 

 

6.7 Closure 

This chapter contains a comparative study of the borohydride reduced electroless 

binary and ternary coatings. The suggests that all the coatings under study possess a 

cauliflower like surface morphology. The coatings may be used to develop smooth 

surface at lower concentration levels or till mid-level concentrations for certain cases. 

Thea mount of major coating elements increased with increased concentration levels of 

coating bath parameters which contribute to increase the indentation hardness as well as 

scratch hardness. But the friction coefficient is found to be quite high. But, it is lower 

than substrate material. On the other hand, high hardness of the coatings leads to an 

improvement in wear resistance of the coatings except for Ni-B-Mo coatings. The 

resistance of all variant of coatings increased with coating bath concentration level till 

mid concentration and it deteriorates upon further rise in concentration level. However, 

the corrosion resistance behaviour of electroless Ni-B-Mo coatings is found to be better 

than other variants. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This page is intentionally left blank 



186 
 

Chapter 7: Conclusion and Future Scope 

 

Outline: 7.1. Conclusions, 7.2 Future Scope 

 

7.1  Conclusions 

The current study envisages the significance of incorporation of hard particles like 

tungsten and molybdenum at different concentrations on tribo-mechanical behaviour of 

electroless nickel based borohydride reduced coatings. Steel substrates are coated using 

birnary and ternary coatings with varying coating bath compositions. The coated 

specimens are then characterised and tested for different mechanical and tribological tests 

to understand the impact of those bath element concentrations. The coated specimens are 

also tested for corrosion reistance. Finally, an attempt has been made to correlate the test 

results and the following conclusions are drawn from the investigation results. 

 

Electroless Ni-B Alloy Coating 

➢ The coated layer thickness of the electroless Ni-B coatings is increased with the 

coating bath concentration level. The sodium borohydride increased with bath 

concentration level which might have accelerated the chemical reaction rocess 

and ion redution ultimately resulting an improvement in coating thickness. 

➢ The surface morphology of the as-deposited coatings is found to be cauliflower 

like appearance while the grain size of the as-deposited coatings is seen to 

increase with coating bath concentration level due to increase in sodium 

borohydride concentration. 

➢ The phase structure of as-deposited Ni-B coatings is seen to depend on boron 

content. Amorphous and nano-crystalline structure are found to co-exists in as-

deposited coatings obtained from low borohydride content coating bath solution 

which transforms into amorphous structure upon increase in borohydride 

concentration. This change in phase structure can be attributed with the increase 

in boron content with NaBH4. 
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➢ The boron content in the coating is increased with reduction rate due to increase 

in NaBH4 concentration and coating bath temperature. The reduction rate 

increases with rise in NaBH4 concentration as well as coating bath temperature. 

➢ The increase in boron content due to rise in reduction rate leads to an increase in 

surface roughness whereas the same is found to decrease with increase in nickel 

chloride and temperature as the nickel might have smoothened the coated surface. 

➢ The increased surface roughness leads to a rise in COF value. The specific wear 

rate also increases due to grinding and crushing of roughness peaks during sliding 

of pin over the counter surface. 

➢ The increase in boron content with sodium borohydride also leads to an increase 

in surface hardness and scratch hardness. This improvement of surface hardness 

as well asscratch hardness is possibly due to rise in boron content. 

➢ The increase in bath parameter concentration leads to an improvement in 

corrosion resistance of as-deposited coatings as well. The increased boron 

concentration in the coating might have transformed the phase structure from 

mixture of nano-crystalline and amorphous to amorphous structure which also 

might have improved the corrosion resistance of electroless Ni-B coatings. 

 

Electroless Ni-B-W Alloy Coatings 

➢ The electroless Ni-B-W coating thickness is increased with the coating bath 

concentration. The NaBH4 acts as reducing agent which extracts the metal ions. 

Hence, the increase in NaBH4 concentration accelerates the reduction rate and 

improves the coating thickness with bath concentration level. 

➢ As-deposited electroless Ni-B-W coatings are found to possess compact and 

uniform surface morphology with closely packed nodular surface within the 

working range. The coating thickness is observed to increase with bath level 

concentration. 

➢ The boron and tungsten content are found to increase with bath concentration 

level which leads to an increase in surface hardness obtained from nano-

indentation technique and scratch hardness measured from micro-scratch test. The 
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compact surface morphology of the coatings also may be a possible reason for the 

increase in surface hardness. 

➢ The surface roughness of the Ni-B-W coated surface is observed to become 0.185 

µm at low concentration of NiBH4 which is smoother than the substrate having 

surface roughness of 0.285 µm. The same surface becomes rougher with the 

increase in NiBH4 concentration. The addition of sodium tungstate makes the 

rougher than substrate but it does not vary much with the variation of sodium 

tungstate. 

➢ The COF of the Ni-B-W coated layer slightly decreases from 0.628 to 0.520 with 

nickel chloride concentration in the solution which agrees well with the surface 

roughness trend. The increasing trend of surface roughness with sodium 

borohydride leads to an increase in COF value from 0.423 to 0.680 within the 

working range. The COF value also increases slightly from 0.558 to 0.754 with 

sodium tungstate concentration. 

➢ The corrosion resistance of Ni-B-W coated specimen is also increased from low 

to mid concentration levels and the same is decreased with further rise in 

concentration level. The increased surface roughness with tungsten content may 

be a possible reason for this decrease in corrosion resistance. 

 

Electroless Ni-B-Mo Alloy Coatings 

➢ The electroless Ni-B-Mo coated layer thickness is seen to improve with coating 

bath level. The concentration of reducing agent increased with bath level and the 

increased reducing agent accelerates the deposition rate due to accelerated 

chemical reactio rate. 

➢ The electroless Ni-B-Mo coatings are seen to possess a cauliflower like surface 

morphology like other borohydride reduced electroless coatings. The coated 

surface at low concentration possesses a cracked and rough morphology due to 

high stress growth. 

➢ The EDAX result shows an increase in molybdenum content with increased bath 

level. The increased molybdenum does not impact the boron content and the 

boron content is also seen to increase with bath concentration. This increase in 
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boron and molybdenum leads to an reduction in nickel content in the electroless 

Ni-B-Mo coatings. 

➢ The average surface roughness of the Ni-B-Mo coated specimens does not change 

much with the variation of NiCl2. It increases with the increase in sodium 

borohydride concentration as the reduction rate increases with sodium 

borohydride concentration. The increase in molybdenum concentration 

accelerates the rough and coarse grain surface formation which results in high 

roughness value. 

➢ The surface hardness of the coated specimens is observed to improve with nickel 

chloride because of compact and smoothening of surface while the same increases 

due to higher boron content in the coated specimens with the higher concentration 

of sodium borohydride. But the surface hardness decreases with the increased 

molybdenum concentration due to rough and coarse-grained surface morphology. 

Similar, trend may also be observed for scratch hardness. 

➢ The addition of molybdenum accelerates the formation of rough and coarse grain 

surface morphology but the COF value is observed to reduce due to rise in NiCl2 

possibly because of smoothening of surface. The COF value increases with the 

rise in NaBH4 and molybdenum concentration in the coatings following the 

surface roughness trend. The wear rate is also observed to rise with sodium 

borohydride and sodium molybdate concentration. 

➢ The corrosion resistance of Ni-B-Mo coated suraface is seen to increase with bath 

concentration from low to mid concentration and it decreased upon further rise in 

concentration level. The increase in corrosion resistance possibly due to the 

increase in boron content but the higher concentration of molybdenum decreased 

the corrosion resistance at high level of concentration. 

 

Comparison of Electroless Ni-B, Ni-B-W and Ni-B-Mo Alloy Coatings 

➢ All the coatings possess minimum coating thickness at low level of concentration. 

The coated layer thickness increased with further rise in coating bath level. This 

rise in coating thickness may be correlated with the increase in sodium 

borohydride concentration with the coating bath level. In this case, the sodium 
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borohydride dominated the reduction reaction and corresponding rise in coating 

thickness. 

➢ The Ni-B and Ni-B-W coated surface appears to be smooth and bright till mid 

level concentrations while surfaces become dark and rough in appearance at high 

level. All the surfaces are seen to exhibit cauliflower like morphology in as-

deposited condition and a uniform dispersion of nodules may also be observed 

over the coated surface. The Ni-B-Mo coated surface appears to possess a cracked 

and rough surface morphology at low level concentration due to high stress 

growth.  

➢ The elemental analysis (EDAX) of the coatings confirms a rise in boron content 

with concentration level for all variant of coatings except for Ni-B-W at high 

level of concentration. This decrease in boron content of Ni-B-W coatings at high 

level is possibly due to co-deposition of tungsten with ENB. But, the addition of 

Mo with ENB does not affect much in boron concentration but it remained to be 

lower than the boron content in electroless Ni-B coatings. 

➢ All variant (under study) of coated specimens possesses a sharp peak with a hump 

which is meant to be the presence of crystalline-amorphous phase at low level 

concentration. The same crystalline peak diminishes with rise in concentration 

level and phase structure transform into amorphous phase for all variant of 

coatings with the rise in boron content. The W and Mo also prevents nuclei 

formation and assists the amorphous phase formation which is also a reason for 

phase transformation. 

➢ The average surface roughness (Ra) value of the coated specimen tends to 

increase with bath concentration. The Ni-B-Mo coatings exhibit the highest 

roughness, attributed to both the elevated borohydride concentration and the 

inclusion of molybdenum. The presence of molybdenum encourages stress 

development leading to crack propagation resulting rougher surface. 

➢ The nano-hardness as well as scratch hardness value of the coatings are seen to 

increase with bath level concentration due to increase in boron, tungsten and 

molybdenum like hard particles. The Ni-B-W coatings are seen to possess highest 

scratch-hardness value for the complete working range and highest nano-hardness 
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throughout the working range. The stress growth and crack formation due to Mo 

addition into Ni-B matrix leads to lowest the nano-hardness and scratch hardness 

value for the coatings under study. 

➢ The elastic modulus of all variant of coated specimens are observed to rise with 

concentration level except for the Ni-B-Mo coated specimens. The elastic 

modulus of Ni-B-Mo coating is seen to maintain the lowest value within the 

complete working range in this current study. But, there is no specific trend is 

observed with different coating bath lement concentration individually. 

➢ The Ni-B-Mo coated specimen is found to exhibit highest friction coefficient as 

well as highest wear rate due to rough surface and cracked morphology. The Ni-

B-W coatings are found to possess lower COF and wear rate for its compact 

morphology, higher surface hardness as well as better resistance against plastic 

deformation. 

➢ The corrosion resistance of as-depoisted Ni-B-Mo coated specimens are found to 

be the better than the other varints till mid level concentration. While Ni-B coated 

specimens are seen to possess better corrosion resistance at high level 

concentration due to higher boron content. 

Overall, borohydride reduced electroless Ni-B-W coatings shows highest 

indentation and scratch hardness value compared to other two varints. The wear 

resistance is also seen to be better for Ni-B-W coatings due to its better surface hardness 

value. Whereas, the surface smoothening of any substrate may be done by the deposition 

of Ni-B or Ni-B-W coatings but within mid level concention only. The study also suggets 

that Ni-B-Mo coating is better choice to acts against corrosive medium but it is at  the 

mid level concentration only. Hence, Ni-B-W coatings may be a better choice for 

tribological applications and Ni-B-Mo coatings may be a better choice for anti-corrosive 

applications. Electroless Ni-B coatings may also be a good choice for anti-corrosiive 

applications at higher concentrations. 
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7.2  Future scope 

Few promising results have been obtained for electroless nickel-based coatings 

with the addition of boron, tungsten and molybdenum. But it is yet to ensure the 

industrial applications. Moreover, a lot of work need to be done to make the deposition 

process eco-friendly. The use of organic and sustainable stabilizers or deposition without 

stabilizers is at its very early stages. The electroless borohydride reduced coating are to 

be done at high temperatures. Hence, developing a coating bath for coating deposition at 

low temperatures is still a challenge. Another challenge in the borohydride reduced 

coatings is that the deposition coating without the use of ethylenediamine or replacement 

of ethylenediamine. the industrial application of electroless deposition still faces a major 

challenge because of the recycling, retreatment, and replenishment of coating baths. The 

current status of overall study of electroless coatings is not sufficient to ensure the 

practical feasibility and longevity of the technology. Therefore, it is imperative to 

conduct further investigation into these aspects to tackle the obstacles and fully explore 

the capabilities of this technology. Beyond its established role in augmenting resistance 

to wear and corrosion, electroless nickel-boron coatings hold significant promise for 

diversifying into various fields. For instance, deeper realization into the influence of the 

stabilizers on the coating’s microstructure and morphology could enable the development 

of exceptionally smooth and lustrous deposits, rendering them ideal for decorative 

purposes. Moreover, development of textured surfaces suitable for hydrophobic 

properties could open avenues in areas such as self-cleaning coatings or biomedical 

devices. 

Furthermore, there has been limited exploration into the conductivity and catalytic 

potential of electroless Ni-B coatings. These coatings hold promise for various 

applications like water splitting, supercapacitors, and catalysis. For illustration, 

exceptional conductivity of electroless Ni-B coatings could position them as excellent 

candidates for high-performance supercapacitors. On the other hand, their catalytic 

capabilities could be leveraged across diverse applications, such as hydrogen generation 

through water splitting. Hence, delving into these novel applications, one can utilize the 

full potential of electroless Ni-B coatings and make them more versatility for industries. 
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