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Abstract  
 

Electroless coatings are based on a process known as autocatalytic deposition, 

wherein a reducing agent triggers a chemical reaction between metal ions and a metal 

surface, resulting in the formation of a continuous and uniform metal coating. Unlike 

traditional electroplating methods that rely on electrical current, electroless coatings 

utilize chemical reactions to deposit a uniform and adherent layer of material onto the 

substrate.  

Electroless coatings offer numerous advantages over traditional electroplating 

methods, making them suitable for a wide range of applications. Some of the key 

advantages include: Uniformity, good adhesion, high corrosion resistance and high 

wear resistance versatility. The unique properties of electroless coatings make them 

highly sought after in numerous industrial applications. Some prominent applications 

include: electronics and electrical components, the automotive industry, aerospace and 

defence, chemical processing, etc. 

 The present thesis work involves the deposition of binary Ni-B, binary Ni-P and 

composite Ni-B and Ni-P coatings reinforced with nanoparticles, and investigation into 

their characteristics and their properties. Three different nanoparticles (viz. nano-

Alumina, nano-Titania and nano-Zirconia) are incorporated into Ni-B coatings. 

Morphology, hardness and elastic modulus, friction and wear behaviour, scratch 

resistance and corrosion characteristics of these coatings are evaluated experimentally. 

Finally, an attempt is made to compare the properties of the coatings produced by 

incorporating nano-Alumina in Ni-B and Ni-P coatings. It is believed that the present 

results will serve both academic and industrial interests. 
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Chapter 1: Introduction  

Outline: 1.1 Background of work, 1.1.1 Surface modification, 1.2 Electroless plating 
process, 1.3 Notable works in the field of electroless plating, 1.4 Bath chemistry of 
electroless Ni-P and Ni-B coatings, 1.5 Parameters affecting the deposition rate of EN 
plating, 1.6 Structure and properties of EN coatings, 1.7 Physical and mechanical 
properties, 1.7.1 Porosity, density and melting point , 1.7.2 Hardness, 1.7.3 Residual stress, 
1.7.4 Ductility and tensile strength, 1.7.5 Surface roughness, 1.8 Tribo-behaviour of EN 
coatings, 1.9 Corrosion, 1.10 Nanoparticle reinforced coatings, 1.11 Summary of  
literature review, 1.12 Research plan, 1.12.1 Objectives, 1.12.2 Outline of the work, 1.13 
Closure

1.1 Background of work 
 

Egyptians were the first to use coatings for protection against environmental decay. 

Prior to them, coatings were primarily used for decorative purposes. During the initial 

years, coating materials were limited to resin and polymers primarily known as paint. With 

the requirement for harder and more environment resistant materials metallic and 

composite coatings came into existence. To meet the industrial requirements the coatings 

kept on improving and a variety of coatings emerged. The present study involves one such 

coating method known as Electroless coating.   

 

1.1.1 Surface modification 
 

Surface alteration techniques generate surfaces which have properties different 

from that of the substrate material. These techniques have been developed to meet the 

challenge of ever-degrading materials. Materials degrade primarily by the component-to-

component interaction and component-to-environment interaction, with time. This 

degradation generally starts with the surface; hence surface modification is required. 

Surfaces are modified not only to improve the life of these materials but also to impart 
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necessary property enhancement, not inherent in the base material. Fig. 1.1 shows some 

surface modification technologies employed in various industries.  

While diffusion and surface hardening processes are used to alter the surface 

properties of the base metal, plating, thin coatings, hard facing and thermal spraying are 

used to deposit new materials on top of the base metal. The coating requires the shielding 

of the base material by a foreign material (coating material), which results in the 

enhancement of the property of the overall material (base material and coating). Coating 

addresses specific property requirements of the concerned base material and even enhances 

the aesthetics of the components. Electroless plating is one such surface modification 

process.  

Fig. 1.1: Some surface modification techniques used in industries (Budinski, 1988).

1.2  Electroless plating process 
 

Electroless plating is a versatile coating process which improves the wear and 

corrosion properties of 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 plating process, a reducing agent reacts with a 

metallic salt in a liquid solution which results in a uniform coating of metal atoms onto the 

substrate. In contrast to electroplating, electroless plating can generate uniform coating 
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even on intricate shapes and non-conducting surfaces. One such case is electroless copper 

deposition to manufacture printed circuit boards (PCB), which are made up of glass fibre-

reinforced epoxy resin, a nonconducting substrate. The electroless process is autocatalytic. 

Many uses of electroless plating process include VLSI (Very large scale integrated) 

technology, electromagnetic shielding, decorative platings, 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). 

Additionally, the electroless coatings also provide very low surface roughness without any 

effective pitting (Krishnan et al., 2006).  A necessary condition for a sound coating is the 

optimal transfer rate of metal ions onto the substrate from the chemical bath. A very slow 

reaction rate results in a low coating thickness whereas a fast rate of reaction causes the 

precipitation of the metal ions. Thus, in order to optimise the reaction kinetics, a catalyst 

is applied to the substrate surface (Szunerits and Thouin, 2007). This catalyst hastens the 

reduction rate at the substrate surface and concentrates the deposition of metal ions on it, 

thus, avoiding the formation of precipitate in the solution. 

 

With the intention of further improving the mechanical properties such as hardness, 

being reinforced with nanoparticles. TiO2, ZrO2, Al2O3 are some examples of metallic 

oxides being used as reinforcement in these coatings. Besides these, SiC and other carbon-

based nanoparticles such as carbon nanotubes (CNT) and graphenes are being used by 

present researchers as reinforcements. 

 

Although this plating process was discovered as a result of a chemical accident 

observed by Wurtz in 1844, its application as a coating method was established by Brener 

and Riddell (1946). A number of authors have reported various aspects of these coatings 

namely wear resistance, corrosion resistance, high hardness as well as the decorative uses 

(Wang et al., 2014; Fetohi et al., 2015; Wang et al., 2016; Domínguez et al., 2017; Kundu 

et al., 2018; Lee and Lee, 2018). In recent times, the properties of these coatings have been 

further improved by the co-deposition of nanoparticles. These nano-structured particles are 

often deposited as an additional layer beyond the primary layer of EN coatings although 
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they may also be deposited along with the primary coating layer. A typical electroless 

plating setup is shown in Fig. 1.2. 

 

Fig. 1.2: A schematic diagram of a typical electroless plating setup

The substrate in an electroless plating setup can be coated from all sides as it remains 

immersed in the plating solution during coating. The coating process is elaborated below. 

STEP 1: Cleaning and conditioning of the substrate surfaces are carried out in a 5% NaOH 

solution.

STEP 2: The substrate is etched to prepare the surface for better adhesion (5% H2SO4 and 

5% H2O2 etchant are used)

STEP 3: To remove the etchant and prepare the substrate surface for catalysing the 

substrate is again dipped in 5% NaOH solution.

STEP 4: The substrate surface is then catalysed.

STEP 5: The substrate is then coated inside the plating solution bath, placed on the 

magnetic stirrer, at a defined temperature. In order to incorporate nano particles these 

particles are agitated in deionised water before introducing it into the solution. 
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STEP 6: This coated sample is rinsed well in deionised water to remove any residual 

solution from the coating surface.

1.3  Notable works in the field of electroless plating 
   

After the initial framework laid down by Brenner and Riddell (Brenner and Riddell, 

1946) for the deposition and application of electroless coatings, a number of other 

researchers came up with various new aspects of these coatings. Although before Brenner 

s 

coating. But their work suffered from the lack of a stable bath composition hence due to 

the spontaneous dissociation of the bath no effective coating thickness could be achieved 

during this period. Mclean and Karten (1954), used the reduction method to deposit nickel 

on small parts required for naval purposes. Gutzeit and Mapp (1954), advocated the 

-Phosphorus deposition as one of its kind in resisting corrosion 

due to its impervious nature. The Kanigen process was originally devised by the 

engineering department of General American Transportation Corporation in 1947 as a 

replacement for the more expensive and complicated electroplating process (Gutzeit and 

Mapp, 1954). Goldenstein et al. (1957), extensively researched the structure of the 

amorphous phase nickel deposits in 1957. They also established that at higher temperatures 

3P and 

crystalline nickel. In the same year, Minjer and Brenner (1957), were able to measure the 

deposition rate and simultaneously they studied the effect of thiourea, a complexing agent, 

on bath chemistry. Gutzeit (1959), advocates in favour of a model of EN deposition 

proposed initially by Brenner and Riddell. This model explains the role of atomic hydrogen 

in the reduction of nickel during the deposition process. Although by the early 1960s 

researchers had established the deposition of copper, nickel, cobalt as well as certain alloys 

of nickel, chromium and iron etc. on various substrates like aluminium, iron and 

magnesium there remained the issue of bath stability, generation of the smooth substrate 

surface for coatings as well as the need for a catalytic surface to initiate the deposition. 

During the period 1960-1980, a number of patents were filed and research published 

addressing the issue of bath chemistry. Since the discovery of electroless Ni-B coatings in 

1949 a lot of modifications and developments have made the Ni-B coating very versatile 



6

in terms of their application as a tribo coating. Fig. 1.3 shows a brief timeline of the 

development of electroless Ni-B coatings since its discovery in 1949.

Fig. 1.3: Brief timeline of electroless Ni-B development in the last 5 decades 
(Vitry et al., 2022)

 

In recent times more and more research has come up for Ni-P and Ni-B coatings 

with the addition of alloys such as Mo, W, Cu etc and various nanoparticles. Hence, the 

study of the bath chemistry of Ni-B and Ni-B coatings has become important. 

 

1.4  Bath chemistry of electroless Ni-P and Ni-B coatings 
 

Tables 1.1 and 1.2 show typical Ni-P and Ni-B coating bath compositions. After 

pre-treatment, specimens are immersed in electroless Ni solution (bath). In this bath, nickel 

salts act as the primary source of nickel and a suitable reducing agent is used as the coating 

requirement (Ni-B or Ni-P). Besides these, the bath also consists of complexing agents and 

stabilizers. The primary function of the complexing agents is to act as a deterrent and 

prevent the pH of the solution to drop too fast. Simultaneously, these complexing agents 

also help to prevent the precipitation of nickel in the solution. Acetic acid, succinic acid 

and lactic acid (Mallory, 1991) are some of the popular monodentate anions used as 

complexing agents in EN platings. In order to prevent the spontaneous decomposition of 
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the plating bath, stabilizers are used. Such random decomposition may proceed with the 

evolution of an excess amount of hydrogen gas and the precipitation of Ni particles along 

with nickel phosphide. Heavy metal ions such as Sn2+, Sb3+, Hg+, Pb2+ etc. are considered 

as good bath stabilizers (Mallory, 1991). Additionally, a strong acid or alkali is used to 

maintain the required bath pH. Table 1.3 lists some bath compositions of Ni-B coatings 

used by other researchers.

 

Table 1.1: A typical bath composition for electroless Ni-P plating (Park and Kim, 2018)

Bath composition Amount Operating conditions Amount 
Nickel sulphate  20-40 g/l pH of the solution 5.2 
Lactic acid 9-15 g/l Deposition 90
Sodium hypophosphite 20-40 g/l Deposition time (h) 2
Acetic acid 20-30 g/l Bath volume (mL) 500 
Lead nitrate  2 mg/l Stirring rate (rpm) 200 

 

 

Table 1.2: A typical bath composition for electroless Ni-B plating (Mukhopadhyay, 
Barman and Sahoo, 2018)

Bath composition Amount Operating conditions Amount 

Nickel chloride 20g/l pH 12.5 
Sodium borohydride 0.8 g/l Coating duration 4 hours 
Lead nitrate 0.0145 g/l Deposition temperature  
Ethylenediamine 59 g/l Bath volume 200mL 
Sodium hydroxide 40 g/l   

 

The introduction of Phosphorus or Boron during the electroless nickel deposition, 

results in the deposition of either Ni-P or Ni-B on the substrate. This in turn imparts specific 

properties to these coatings. The borohydride-reduced (Ni-B) coatings exhibit better wear 

resistance and hardness. In contrast, the Ni-P coatings show better strength, ductility, 

fatigue strength (high phosphorus) and corrosion resistance (Townsend, 1994). The 

elementary reactions involved in electroless Ni plating processes are a combination of a 

reduction reaction and an oxidation reaction (equations (1.1), (1.2) and (1.3)) (Mallory, 

1991). 

 

Oxidation: 
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                                                       (1.1)

 

Reduction:   

                                                                            (1.2)

 

Overall reaction: 

                         (1.3)        

 

These reactions although describe the deposition of metal ions on the surface of the 

substrate material. They fail to account for all the phenomena observed during EN platings. 

The experimentally observed reactions are more complex than suggested above. Hence, to 

get a complete overview of the reaction mechanism one needs to study every reaction 

involving different reducing species, individually.  

Over the last seven decades, a number of mechanisms have been proposed to 

explain the kinetics of the reaction of EN plating bath solution. The mechanism proposed 

by Brenner and Riddell, 1946, wh

process.

                                                                         (1.4)

(1.5)

 

These reactions showed that the coating was made up of pure nickel (without any 

phosphorus), which was later on disproved experimentally. A solution to this ambiguity 

was proposed by Gutzeit (1959). He suggested that the presence of elemental phosphorus 

may be explained by the following reactions (equations (1.6) and (1.7)).

 

                                                                                                           (1.6)

                                                                                                  (1.7) 
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From equation (1.6) it is observed that an excess of OH- ion is produced this in turn 

increases the pH of the solution. Due to this increase in pH, the reaction in equation (1.7) 

speeds up thus resulting in more H+ ions. This cyclic process generates a layered deposition 

of EN coatings on the substrates. However, this mechanism is unable to provide a proper 

explanation for the simultaneous reduction of both nickel and hydrogen during the EN 

(Gutzeit, 

1955). Ni-B coatings which result from the reduction of nickel salts by borohydride (BH4) 

ions typically involve the reactions shown below.

(1.8)

   (1.9)

Although the above reactions demonstrate the reduction of Ni, they are unable to 

explain the presence of boron in the coatings. Gourbunova et al. (1973) have proposed a 

reduction by boron in the following mechanism. 

 

                                                                              (1.10)

There are still other researchers who have presented findings that differ from the 

above-mentioned mechanism of reduction by borohydride. 

 

1.5  Parameters affecting the deposition rate of EN plating 
 

Wolfgang Riedel in his published work of 1991 (Riedel, 1991) has identified some 

parameters that have a considerable impact on the rate of deposition of the electroless 

coatings. One such observation for electroless Ni coating suggests the similar effect of bath 

temperature on both electroless Ni-B (reduced by borohydride) coatings and Ni-P (reduced 

by hypophosphite) coatings (Townsend, 1994). Glenn O Mallory (Mallory,1991) reported 

the effect of pH on a Ni-B (with dimethylamine borane as reductant) coating to be a 

function of certain variables as mentioned below: 
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Where, 

T: Temperature 

pH: pH of the solution bath 

Conc. Ni2+: Concentration of Ni ions

Red. agent: Type of reducing agent used 

Conc. Red. agent: Concentration of the reducing agent 

 

Temperature tends to have the most pronounced effect on the deposition rate of the 

coatings. Evidently, majority of the chemical reactions occurring in the bath during the 

plating process are endothermic. Hence, the addition of heat (increase in temperature) 

hastens the reaction and increases the rate of deposition. Caution must be taken not to 

overheat the bath as it may lead to spontaneous decomposition of the solution. The bath is 

typically maintained within 85-  

 

Fig. 1.4: Variation of the deposition rate with bath temperature (Townsend, 1994)

 

Fig. 1.4 reports the variation in the deposition rate against the bath temperature (Townsend, 

1994). The solution bath temperature controls the properties of electroless Ni-B coatings 
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and this has been extensively reported in the literature. Delaunois et al. (2000) examined 

how the temperature of the bath affects the electroless Ni-B deposition on aluminum alloy 

using a borohydride as the reducing agent in the coating bath. They observed that with the 

increase in the bath temperature, the coating thickness also increased. Similarly, 

Gorbunova et al. (1973) reported that the deposition rate is directly proportional to the bath 

temperature. Oraon (2007) conducted a study that demonstrated a linear relationship 

between the coating deposition rate and bath temperature for shorter immersion periods. 

However, the deposition rate reaches a saturation point in case of longer immersion 

periods. Beyond that point, with the increase in bath temperature, the deposition rate 

eventually declines. 

While exploring the impact of solution bath temperature using an acidic bath 

(DMAB), other researchers delved into the subject as well (Hamid et al., 2010). They 

attempted to deposit Ni-B coatings by immersing copper and steel substrates into the 

coating bath at temperatures of 60 °C and 80 °C for varying durations. Their findings 

unveiled that a lower coating deposition rate was attained when utilizing a lower coating 

bath temperature (60 °C) for both copper and steel. Furthermore, it was noted that the 

deposition rate on the copper substrate was lower than that of the steel substrate. It was 

also observed that the deposition rate did not exhibit a linear relationship with respect to 

plating time, and instead decreased as time progressed. This decline is attributed to the 

diminishing concentration of DMAB over time and the creation of oxidation products 

within the electroless plating baths, serving as plausible explanations for this phenomenon 

(Hamid et al., 2010). 

The electroless nickel phosphorus (ENP) process involves various reactions that 

exhibit sensitivity to alterations in the pH of the solution. Specifically, when the pH is 

raised, the nickel-reduction reaction is accelerated, leading to more rapid deposition of 

nickel onto the substrate. Conversely, when the pH of the solution is increased, the 

reduction of phosphorus is impeded. This can be attributed to the generation of hydroxide 

ions as a byproduct of the phosphorus reduction reaction. Consequently, elevating the pH 

of the solution results in a reduction in the phosphorus content present in the coating. 

Additionally, it is important to note that the deposition rate of the EN process is 
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predominantly governed by the nickel reduction reaction. Thus, the deposition rate 

increased as the pH of the solution increased. This correlation indicates that manipulating 

the pH of the solution can effectively modulate the deposition rate during the EN process. 

Table 1.4, as reported by Baldwin and Such (2017), provides valuable insights into the 

influence of solution pH on both deposition rates. The data presented in the table 

underscores the relationship between pH and deposition rates, serving as a useful reference 

for understanding the impact of pH adjustments on the EN process.

Table 1.4: Variation of the deposition rate with solution pH (Baldwin and Such., 2017)

Sl. No. pH Plating thickness (mm) 
1 4 3 
2 4.5 7 
3 5 10.5 
4 5.5 13 
5 6 14 

 

The immersion time of the substrate in the solution bath determines the deposition 

thickness of the EN coatings. Oraon (2007) and Vitry et al. (2012), reported that with the 

increase in immersion time, the coating thickness also increased. The deposition rate 

initially, remains constant for nearly up to 2 hrs and thereafter it decreases steeply (without 

any bath replenishment). Oraon (2007), has concluded that although there is no dependency 

of coating thickness upon the concentrations of the reducing agent, there is a direct bearing 

of deposition time upon the coating thickness. Vitry et al. (2012), also report that for Ni-B 

electroless deposition there is an increase in the coating thickness initially (up to 4 min), 

coating gets densified and no further increase in coating thickness is observed for the next 

4 to 7 minutes. After this, the coating tends to thicken almost linearly for 1 hr of immersion.
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Fig. 1.5: Variation of the deposition rate with sodium phosphate concentration (Mallory, 
1991)

Although the choice of reducing agent may have some effect on the deposition rate 

up to a certain concentration (depending on the type of reducing agent used) the deposition 

rate increases with an increase in the concentration of the reducing agent. Fig. 1.5 shows 

the variation of the coating deposition rate with a concentration of reducing agent. As can 

be observed, the deposition rate increases with the concentration of the reducing agent 

(sodium hypophosphite) up to a certain limit and then the rate becomes nearly constant. 

1.6  Structure and properties of EN coatings 
 

The surface morphology of the electroless coatings shows a typical cauliflower-like 

structure. In the case of Ni-P coatings, the phosphorus content tends to influence their 

structure and properties (Gould et al.,1981; Fan et al., 2012). The nodules of this 

cauliflower-like structure grow in size with the increase in the phosphorus content of these 

coatings (Fan et al., 2012). Goldenstein et al. (1957) have studied extensively the influence 

of phosphorus percentage in Ni-P coatings. They reported that in the as-deposited state, 

coatings with more than 7 wt % of phosphorus tend to be amorphous. On heat treatment, 

these amorphous structures crystallize into nickel and nickel phosphide (Goldenstein et al., 

1957; Sribalaji et al., 2016). Additionally, researchers have also observed the presence of 

hollow grooves for multilayered Ni-P coatings. 
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In the as-plated condition, the Ni-B electroless coatings exhibit an amorphous 

nature, similar to the Ni-P coatings. Krishnaveni et al. (2012) have identified this 

amorphous nature by the presence of a single broad peak. The crystalline structures are 

generally indicated by sharp peaks, and in contrast, a broad peak implies a disorderly 

structure, inherent in the amorphous nature (Cullity, 1978). Ni-B deposits also show a 

cauliflower-like texture with a columnar morphology (Rao et al., 2005). Effectively the 

microstructure is a combination of amorphous and crystalline phases (Delaunois and 

Lienard, 2002; Dervos et al., 2004; Ziyua et al., 2006). Watanabe and Tanabe (1983) 

reported this amorphous structure based on the observations of the electron micrographs 

and electron diffraction patterns of the Ni-B films. Similar observations have been made 

by other researchers also (Srivastava et al., 1992; Evans and Schlesinger, 1994). The 

structure and properties of the Ni-B coatings are dependent on the boron content of these 

coatings (Gaevskaya et al., 1996; Anik et al., 2008; Vitry, Kanta and Delaunois, 2011; 

Vitry et al., 2012). Fig. 1.6 shows typical cauliflower-like features of electroless Ni-B 

deposition (obtained during the present study).

Fig. 1.6: Typical surface morphology of electroless Ni-B deposition 
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1.7 Physical and mechanical properties 

1.7.1 Porosity, density and melting point 
 

Porosity is one of the important properties of these coatings as they are expected to 

have good corrosion resistance; hence low pore density is a must. In general, EN plating 

shows a low porosity which further decreases with the increase in deposit thickness. Ernest 

et al. (1998) in their study of 1998 have corroborated the above statement. They have 

further added that beyond 50 µm deposit thickness, these coatings do not show any 

appreciable change in their pore density. 

Fig. 1.7: Variation of the porosity/cm2 with (a) Ligands, (b) Buffers (c) Flouride and (d) 
Thiourea concentration (Li et al., 2006)
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Fig. 1.7 (a) to (d) shows the variation of the porosity with the addition of (a) 

Ligands, (b) Buffers (c) Flouride and (d) Thiourea concentration in Ni-P coatings (Li et al., 

2006). They reported that a number of parameters such as ligand concentration, buffer 

agents, fluoride and thiourea affect the porosity of these coatings. They showed that certain 

ligands such as Mallic acid and Glycin have a more pronounced effect on the porosity as 

compared to Butyric diacid. They also concluded that the addition of buffers such as 

sodium acetate and sodium carbonate in low amounts (5 g/l) shows that the porosity is 

more in the case of sodium carbonate as compared to sodium acetate. Also, a lower value 

of porosity is observed in the case of thiourea as a stabilizer as compared to fluoride. 

  In the case of Ni-B coatings, with increasing boron content, electroless nickel-boron 

coatings show densities that are lower than those of pure bulk nickel (8.91 g/cm3). 8.25 g/ 

cm3 containing 5 wt% B is a generally accepted density of electroless Ni-B coatings 

(Sudagar et al., 2013). The melting point of nickel-boron coatings is between the melting 

point of pure nickel (1455 °C) and the Ni/Ni3B eutectic temperature (1093 °C), making it 

impossible to determine with any accuracy the melting point of electroless Ni-B deposits.

1.7.2 Hardness 
 

 The hardness of as-deposited electroless Ni-P coatings ranges from 450-500 HV 

and on heat treatment the hardness increases substantially, to nearly 1000 HV (Sha et al., 

2011). This improvement in the hardness of these coatings is attributed to the 

crystallization of the intermetallic Ni3P phase; this has been substantiated through X-Ray 

Diffractometry, by a number of researchers (Rabizadeh et al., 2010; Islam and Shehbaz, 

2011; Ma et al., 2014; Czagány et al., 2017). The amount of Ni3P phase depends on the 

phosphorus content in the as-deposited coatings and the temperature of heat treatment 

(Rabizadeh et al., 2010; Czagány et al., 2017).  In addition to this, heat treatment also 

improves abrasion resistance and substrate coating adhesion (Mallory, 1991; Rabizadeh et 

al., 2010). In the case of electroless Ni-B coatings the precipitation of Ni3B, inter-metallic 

phase, results in high hardness and wear resistance. Many researchers report the superior 

hardness and wear resistance of Ni-B coatings over its Ni-P counterpart (Riedel, 1991; Pal 

and Jayaram, 2018). 
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The addition of nanoparticles further improves the hardness of the Ni-B particles. The 

nickel-boron ions attach themselves to the surface of the particles that are added to the 

electroless Ni-B plating solution and then reduced onto the substrate surface. This leads to 

the entrapment of the particles by nickel-boron atoms, causing them to become embedded 

in the coating. The primary way in which inclusion particles improve the hardness may be 

explained by the following three phenomena: 

 These particles provide resistance to the dislocation motion (Shakoor et al., 2014).

 The addition of these particles impedes the grain growth and in turn, increases the 

yield stress of the coating surface (Yazdani et al., 2018)

 Since these particles have high hardness and are spread across the surface, they tend 

to increase the average hardness of the coatings (Georgiza et al., 2017).

1.7.3 Residual stress 

 In case of the EN platings the total residual stress is a combination of intrinsic stress 

and thermal stress. Intrinsic stress results from the grain size and the crystal structure 

geometry evolves during the coating deposition and depends on the phosphorus content of 

the coatings (Parker, 2018). A 10 wt % Phosphorus in the coating generates neutral or 

compressive stresses. Phosphorus content below 10 wt % induces a tensile stress (Krishnan 

et al., 2006). Meanwhile, the thermal stresses are generated due to the difference in the 

thermal expansion coefficient of the coating and the substrate. Several authors have 

reported that the internal stress of the coatings depends not only on the phosphorus content 

of the coatings but also on the coating substrate as well (Parker and Shah, 1970; Mallory 

and Altura, 1983)

temperature), hence on cooling to room temperature there occurs a contraction of nearly 

0.1% for Ni-P platings (Parker, 2018). He observes that in case of aluminium and copper 

(high thermal coefficient of expansion) compressive stresses develop and for beryllium and 

titanium (low thermal coefficient of expansion) the stresses developed are tensile in nature. 

The tensile stress is responsible for the peeling, blistering and cracking of these coatings. 
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Compressive stress improves the adhesion of the coating and the substrate, hence moderate 

compressive stress is desirable in the case of coatings (Parker and Shah, 1970).

1.7.4 Ductility and tensile strength 
 

 Tensile strength and ductility are two factors which are predominantly dependent 

on the phosphorus content of the deposition. Duncan (1996) has theorised, based on the 

Ni-P equilibrium phase diagram, the correlation between the various phases present and 

-

n

contains around 11 % to 15% of phosphorus. These phases are metastable and tend to 

decompose into Ni3 - nickel on heat treatment (Duncan, 1996). Similar observations 

have also been made by other investigators (Kreye et al., 1986). Fig. 1.8 represents the 

effect of phosphorus content on the ductility of the coatings as demonstrated by Duncan. 

Fig. 1.8: Variation of ductility on the phosphorus coatings of electroless Ni-P deposition 
(Duncan, 1996)
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It can be observed from Fig. 1.8 that low as well as high phosphorus coatings are 

more ductile as compared to medium phosphorus coatings. Medium phosphorus coatings 

o are highly stressed (Duncan, 1996), 

hence low ductility is achieved. Fig. 1.9 shows the variation in tensile strength with the 

phosphorus concentration. Duncan (1996) has reported a higher tensile strength for the 

medium and high phosphorus depositions. The low phosphorus depositions have 

-phase solid solutions but with an increase in phosphorus the amorphous 

microstructure, hence initially the tensile strength also increases but when the structure 

becomes completely amorphous tensile strength decreases.

  Fig. 1.9: Effect of phosphorus content of electroless Ni-P deposition on its tensile 

strength (Duncan, 1996)

1.7.5 Surface roughness  
 

One of the important factors in the evaluation of friction behaviour and wear 

characteristic of coatings is surface roughness. More often than not, surface roughness 

decides whether the friction coefficient would be high or low for two contacting surfaces 

(Goettems et al., 2017). They also reported that between the substrate and Ni-P coatings, 
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the latter showed a reduced friction coefficient. Vitry et al. (2008), also observed similar 

smoothening behaviour for Ni-B coated aluminium alloy. They also reported a decrease in 

the average surface roughness values for the heat-treated Ni-B coatings owing to the 

structural modification that occurs due to heat treatment. Electroless nickel-

roughness is affected by the substrate's roughness. The coating grows in columns that are 

locally perpendicular to the surface. In the case of a smooth substrate, the alignment of the 

columns in the coating will be even smoother than the substrate itself because the columns 

will be parallel to each other. If the substrate is rough, however, the columns will form a 

"fan-like" arrangement, making the coating rougher than the substrate.

 

1.8 Tribo-behaviour of EN coatings 
 

Wear is defined as the removal of material from solid surfaces as a result of one 

surface moving over another. Wear can occur from one of the several wear mechanisms 

which are also called modes of wear. The precise combination of wear mechanisms 

depends on contact conditions. Typical wear mechanisms include: adhesive, abrasive, 

fatigue, corrosive, fretting, erosion and chemical wear. It is common that in real contact, 

more than one wear mechanism is acting at the same time. Owing to their high hardness, 

EN coatings also sport high wear resistance and abrasion resistance.   The superior wear 

resistance capabilities of EN coatings have been established by many researchers (Gawne 

and Ma, 1988; Barker, 1993; Baudrand and Bengston, 1995; Berkh et al., 1996).  Also, the 

co-deposition of tungsten in binary EN coatings has resulted in an improvement in the wear 

resistance of these coatings. Due to this high wear resistance, these coatings are considered 

a replacement for hard chromium and high alloy materials.

Taber wear index (TWI) is a method to calculate the wear resistance of materials.  

The TWI is a measure of weight loss of a material obtained under a load of 10 N rotated 

for 1000 cycles using the abrasive wheels (CS-10). As compared to hard chromium which 

has a TWI of 0.5 to 0.7, the as-deposited Ni-P shows a value of 9.6. the as-deposited Ni-B 
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however shows a value of 1.4 to 2 TWI which is comparable to that of hard chromium. 

Hence such coatings may replace hard chromium (Krishnan et al., 2006). 

In theory, a surface's hardness can be used as an indicator of how well it resists 

wear. There are many other factors, such as the surface texture and the applied stress, that 

affected by phosphorus content and the kind of heat treatment the as-deposited sample goes 

through. Heat treatment is likely to improve the coating's hardness and in turn its wear 

resistance. However, at high heat treatment temperatures, grain coarsening occurs and it 

may reduce the coating's wear resistance. Literature shows that the amount of wear on 

coatings that had been subjected to laser irradiation was significantly less than that of 

coatings that had been either as-deposited or furnace-annealed from an amorphous alloy 

(Tsujikawa et al., 2005). The higher hardness obtained by suitable heat treatment methods 

makes them preferable for wear-resistant applications. Although it should be noted that 

after being heated to 400° Celsius in an environment of 5% H2 and 95% Ar, the Taber wear 

index of a Ni-B coating dropped very steeply to 13 (Kanta et al., 2010). When it comes to 

Taber abrasion resistance, the coating itself is more important than the adhesion between 

the coating and substrate. If the application only requires high wear resistance as in the 

case of sliding surfaces or flow through pipes, electroless Ni-B coated on an aluminium 

substrate may be more effective as compared to plated steel (Kanta et al., 2009).

A study by some researchers conducted a scratch test and demonstrated strong 

adhesion of the electroless Ni-B deposition onto a substrate Al alloy (Vitry et al., 2008). 

According to some researchers (Srinivasan et al., 2010b), the primary reason for the high 

wear resistance of electroless Ni-B is the columnar structure of these coatings. This 

structure helps in retaining the lubricant even during conditions of adhesive wear. EN 

coating displays a wear mechanism which is typically either abrasive or adhesive or a 

mixture of both of these phenomena. Since nickel and iron are highly soluble in one 

another, an adhesive wear mechanism controls the deterioration of as-coated Ni-B coatings 

(from counter-face material). Particle incorporations are common in electroless nickel, and 

it is discovered that some of the engineered coatings have superior wear behaviour to the 

parent material. Adding tungsten to Ni-P coatings increases their wear resistance 
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(Palaniappa and Seshadri, 2008). This may be because tungsten is strengthening the nickel 

matrix in a solid solution. When the electroless Ni-P deposit wears away, it's because nickel 

atoms in the coating are attracted to iron atoms in the counter disc. In some instances, oxide 

particles adhere to the coated pin/counter disc interface leading to a negative wear depth 

curve (Palaniappa and Seshadri, 2008). This accumulation of oxides also serves as a 

lubricant at the interface, reducing the coefficient of friction for the heat-treated coatings.

  Also, the deposition of both ZrO2 and tungsten is observed to improve the wear 

behaviour of the Ni-P (Gay et al., 2007). It is found that better abrasion resistance of steel 

could be achieved by the addition of tungsten carbide (WC) as reinforcement with a Ni-P 

matrix increasing it by a factor of thirteen.  While improving electroless deposited binary 

Ni-P on the same substrate resulted in an increase in abrasion resistance by a factor of three. 

The higher abrasion resistance of Ni-P-Tungsten carbide composite coating may be due to 

the Ni matrix which acts as a supporting member and holds the particles within the matrix, 

which allows the electroless coating to resist excessive damage due to the shearing action 

of the sliding counterpart. Several other soft and hard particulates, such as alumina 

(Alirezaei et al., 2005), boron carbide (Araghi and Paydar, 2010) and silicon carbide (Sarret 

et al., 2006) have found their acceptance as particle inclusion in these type coatings.

Annealing electroless nickel coatings at temperatures higher than 400 degrees 

withstand wear. This occurs as a result of the formation of intermetallic phases, which 

result in a decreased adhesion of the coating to the substrate. The wear tracks were analysed 

by Novák et al. (2010), and they found abrasion to be the dominant wear mechanism. They 

also concluded that at an annealing temperature higher than 450 °C excessive intermetallics 

were formed causing delamination of the coating. They suggested using Al2O3 fibre 

reinforcement in the coating, which was shown to reduce flaking and increased the 

resistance to wear in comparison to a binary Ni P coating. According to the findings of 

(Ebrahimian-Hosseinabadi et al., 2006), there is a reciprocal relationship between the 

volume percentage of B4C particles and the amount of wear resistance exhibited by Ni-P-

B4C. The coating's resistance to wear improved with increasing volume percentage up to 

25%, after which it began to degrade at a faster rate. They determined that the decrease in 
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wear resistance of the Ni-P-B4C coating was due to the Ni matrix losing its ability to 

effectively support and retain the particles within the matrix. The incorporation of SiO2 

nanoparticles helps to slow the dislocation movement of the composite coatings, which 

allows for the subsequent crystallisation of an amorphous Nickel-Phosphorus matrix at the 

appropriate elevated temperatures. Table 1.5 lists the specific wear rate improvements for 

Ni-P-TiO2 with the addition of 4g/l nano-TiO2 (Makkar et al., 2014). It can be seen from 

the table that there is an improvement in the wear resistance Ni-P-TiO2 against the binary 

Ni-P coating.

Table 1.5: Comparison of wear rates between Ni-P and Ni-P-TiO2 (nano) with load and 
sliding velocity (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   

1.9 Corrosion 
 

 The electroless nickel acts as a barrier coating. The substrate material is protected 

from the detrimental action of the environment. This is necessary due to the homogeneity 

and nearly impervious nature of these coatings. These coatings in their deposited form are 

amorphous and highly resistant to corrosion. The amorphous nature and lack of grain or 

phase boundaries impart excellent anti-corrosive properties to these coatings. It has been 

observed that the corrosion resistance of these coatings decreases with heat treatment. This 

is owing to the fact that heat treatment tends to bring about a microstructural change in 

these coatings from amorphous to relatively crystalline. Tomlinson and Carroll (1990) 

studied the correlation between surface roughness, coating thickness and corrosion 

potential. They found that for a given substrate roughness the corrosion potential increased 

with coating thickness.  
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1.10  Nanoparticle reinforced coatings 
 

More than 20 types of composite particles have been used in reinforcing EN 

coatings. Namely, SiC, WC, diamond, TiC, Cr3C2, Al2O3, SiO2, Cr2O3, TiO2, ZrO2, CeO2, 

YSZ,Fe3O4, K2Ti6O13, Si3N4, MoS2, PTFE, BN, Talc, B4C, CaF2, polymer, and graphite 

(Liu et al., 2007; Matsubara et al., 2007; Yu et al., 2011; Afroukhteh et al., 2012a, 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; Wang et al., 2015; Wang et al., 2015; Ardakani et al., 2016; Dadkhah 

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

2017; Sadreddini et al., 2017; Xie, 2017). Recently, CNT has also been included in this 

group of reinforcements. As has been categorically reported in the literature these nano 

reinforcements have improved the hardness and wear resistance of the coatings (Xu et al., 

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

Ramamoorthy, 2014; Sadreddini and Afshar, 2014). A study from 2014, reports an 

improvement in the wear resistance of the electroless Ni-P coatings reinforced with TiO2 

(Makkar et al.,2014). Table 1.5 shows the comparison in the wear rate of the as-deposited 

Ni-P coatings and as-deposited Ni-P-TiO2 coatings. The wear rate of the reinforced 

coatings in all the cases is less than 30% of the coatings prepared without any TiO2 

inclusion. 

 

One of the primary requirements of particle reinforcement in the electroless EN 

coating is the need for good dispersion of these ceramic particles. Nanoparticles are 

difficult to keep suspended in a solution because they have a large surface energy, which 

causes them to clump together. This can be prevented by air injection, vigorous agitation, 

or ultrasonic vibration. Surfactants can also be used to help prevent agglomeration (Riedel, 

1991). Sometimes with the combined use of these methods, one can achieve a good 

suspension of nanoparticles. Before selecting a nanoparticle for reinforcement, it is 

necessary to consider the factors like type, size, concentration and properties of the 

embedded particles, as they play the primary role in determining the characteristics of the 
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composite coatings (Chen et al., 2010; Rabizadeh and Allahkaram, 2011; Yang et al., 

2011).

 

 1.11 Summary of literature review
 

The available literature shows extensive work done in the field of nanocomposite 

reinforced electroless Ni-P coatings, in contrast, the reports for electroless Ni-B coatings 

are much less elaborate. The reports on the reinforced Ni-B coatings include reinforcement 

with SiC, SiO2, diamond, graphite, Al2O3, Si3N4, CuO (Kaya et al., 2008; Krishnaveni et 

al., 2012; Ekmekci and Bulbul, 2015; Georgiza et al., 2017). Most of the early works 

concentrate on the preparation and characterization of the coatings and not on their tribo-

nature. More recently, Yazdani et al., 2018, have presented their findings regarding the 

wear-resistant properties of Ni-B-CNT coatings. They have proposed that with the increase 

in the CNT content of the coatings, there is an increase in the crystallinity. Also, they 

reported an improvement in the friction coefficient and the wear rate of the as-plated 

coatings. This is attributed to the self-lubricating effect brought about by the incorporation 

of CNT. As it has been suggested by the available literature the addition of the 

nanoparticles changes the following properties: hardness, wear resistance, crystallinity, 

crystal structure also texture and morphology of the EN coatings. The tribo-study of the 

Ni-B-nano particles is still a field of interest for modern-day researchers. Although a few 

researchers have studied the Ni-B coatings as Ni-B-Diamond (Kaya et al., 2008), Ni-B-

Si3N4 (Krishnaveni et al., 2012) and Ni-B-CNT (Yazdani et al., 2018), there still exists a 

whole range of nanoparticles whose influence on the tribo-character of the Ni-B plating 

has not been studied at length. The purpose of this research is t conduct a detailed study of 

the tribo-mechanical properties of such reinforced coatings.

1.12  Research plan 

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

defined. 
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1.12.1  Objectives 
 

Based on the literature survey following objectives have been derived. 

 To prepare sound Ni-B and Ni-B-reinforced nano composite coatings by electroless 

process. 

 To characterise the coatings by microstructural evaluation and SEM, EDS and 

XRD. 

 To study the mechanical properties and wear characteristics of the as deposited 

coatings. 

 To study the corrosion resistance of the reinforced coatings as compared to the as-

deposited Ni-B coatings.  

 To compare the best Ni-B-reinforced coatings with the corresponding Ni-P-

reinforced coatings. 
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1.12.2 Outline of the work

Fig. 1.10: Outline of the work 

 



29

1.13 Closure 

In this chapter, the literature survey provides an overview of the current state of research 

on electroless Nickel depositions incorporated with nanoparticles. The findings of this sur-

vey suggest that there is a growing body of evidence to support the importance of Nickel 

depositions in industrial applications. However, there are still many unanswered questions 

relating to the tribological aspect of electroless Ni-B reinforced with nanoparticles. This 

literature survey has also raised a number of questions that warrant further research. For 

example, what are the effects of nanoparticle reinforcement on the mechanical aspect of 

these coatings? How the presence of nanoparticles influences the electrochemical corrosion 

response of these as-deposited coatings? The ensuing chapters have tried to answer these 

questions in detail.  
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Chapter 2: Materials and methods 

 

Outline: 2.1 Bath composition and coating deposition, 2.2 Surface morphology study, 
2.2.1 Optical microscopy, 2.2.2 Scanning Electron Microscope, 2.2.3 X-Ray Diffraction, 

 test, 2.4 Nanoindentation test, 2.5 Scratch test, 2.6 Corrosion 
test, 2.6.1 Potentiodynamic polarization test, 2.6.2 Electrochemical impedance 
spectroscopy, 2.7 Wear and Friction test, 2.8 Closure 

2.1 Bath composition and coating deposition 

An electroless bath, also known as an autocatalytic bath, is a chemical solution used 

in plating applications to deposit metal coatings onto a substrate. Unlike electroplating, 

which relies on electrical current to drive the deposition of metal ions onto a substrate, an 

electroless bath uses a chemical reduction reaction to achieve the same goal. In an 

electroless bath, a reducing agent in the solution reacts with metal ions to form metal atoms, 

which then deposit onto the substrate. The substrate must be chemically treated to make it 

receptive to the metal coating, and a catalyst is often added to the bath to facilitate the 

reaction.  

In the case of the present study, primarily 3 kinds of nanoparticle-reinforced 

coatings were deposited namely Nickel-Boron-Alumina (Ni-B-Al2O3), Nickel-Boron-

Zirconia (Ni-B-ZrO2) and Nickel-Boron-Titania (Ni-B-TiO2). Steel substrates of 

dimension 15 mm X 15 mm X 5 mm and cylindrical substrates of dimension 30 mm length 

and 6 mm diameter were deposited upon. Fig. 2.1 shows two typical coated substrates used 

in the present research. Prior to the deposition, these substrates were polished using 

corundum embed emery papers of grades 800, 1200, 1600 and 2000 to obtain a good 

surface finish. The primary bath composition used for depositing both coatings is given in 

Table 2.1. The Ni ion source is NiCl2 and ethylene diamine acts as a complexing agent. 

Heavy metallic lead ions are used to stabilize the bath so that the bath does not decompose 

untimely. The pH of the bath was maintained at 12.5 by using sodium hydroxide pellets. 

As the coating progressed the pH of the bath was replenished by adding sodium hydroxide 



31 

solution to the bath externally. The Ni-B coating was reduced by sodium borohydride 

solution added just before the introduction of the substrate in the bath. Additionally, to 

deposit the ternary Nickel-Boron-nano particle composite coatings, nano powders of 

varying composition (avg. particle size-30 nm, SRL, India) was used as reinforcement. The 

Ni-B coating was reduced by sodium borohydride solution added just before the 

introduction of the substrate in the bath. Before adding the nano powders were sonicated 

in an ultrasonicator in presence of surfactant. Sonication was done at a frequency of 60 

kHz for 15 min, to make sure that no lumps of agglomerated nano powder remain when 

they are introduced into the coating bath. A colloidal solution was achieved by this 

ultrasonication process.  

Table 2.1 shows the bath composition used for the deposition. The deposition was 

carried out for a period of 1 hr. The bath temperature was maintained at 85 ± 3° C. These 

polished specimens underwent all the necessary cleaning process such as ultrasonic 

cleaning in deionised water, acid pickling as well as cleaning with ethanol to ensure a 

completely dry and contaminant free surface. To ensure that the deposition was carried out 

in a contaminant-free environment the glassware used were also properly cleaned and 

finally rinsed using deionised water before the commencement of the coating. Fig. 2.2 

shows the schematic diagram of electroless coating setup used in the present research. 

 

Table 2.1: Bath composition 
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Fig. 2.1: Coated substrates used in the study 

 

Fig. 2.2: Pictorial representation of electroless coating setup 

 

2.2 Surface morphology study 

After depositing a sound coating, the next important step is the coating 

characterization and the morphology study. The coatings were studied initially under an 

optical microscope to verify whether the whole substrate surface was coated with the Ni-
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B bath. To further identify the nanoparticles (Alumina, Zirconia and Titania) the as-

deposited samples were analyzed under an FESEM (Field Emission Scanning Electron 

Microscope). The SEM analysis was adjunct by EDS scanning. The phase identification 

was done by analyzing XRD (X-Ray Diffraction) patterns of the coating. Also, RAMAN 

spectroscopy was used to identify phases that were not visible in the XRD patterns. The 

current microstructural investigation aims to study the distribution of reinforcing particles, 

nodule structure and phase element identification in the deposited samples. The coating 

thickness is calculated using equation (2.1). 

(2.1)

 3

2  

 

2.2.1 Optical microscopy 

Optical microscopy refers to a type of microscopy that uses visible light and lenses 

to magnify and observe objects that are too small to be seen with the naked eye. It is an 

important tool for analyzing the microscopic structure of materials. In optical microscopy, 

a sample is placed on a stage and illuminated with light that passes through a series of 

lenses to form an enlarged image. The magnification of the image depends on the type of 

lens used and the numerical aperture of the system. The resolution of the image is 

determined by the wavelength of the light used and the quality of the lens system. 

The primary purpose of the microscopic analysis is to verify the integrity of the 

deposition before analyzing the samples under an SEM. Due to magnification limitations; 

optical microscopes are not suited for detecting particles in the nano range. The optical 

microscope Leica DM2700 M is used in this work. Fig. 2.3 shows the microscope used in 

this study. 
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Fig. 2.3: Optical microscope used in the study 

2.2.2 Scanning Electron Microscope

Fig. 2.4 shows the FESEM (Field Emission Scanning Electron Microscope) used 

in the present research. Scanning electron microscopy (SEM) is a tool for observing 

microstructure in great detail with a resolution of around 1 nm at high magnification. In 

SEM, a beam of electrons is directed at the sample surface, producing signals in the form 

of secondary/backscattered electrons or characteristic X-rays. These signals representing 

surface structures are captured by detectors and used to produce images on a computer 

screen. Light elements (atomic number < 9) are difficult to detect in most common SEM 

machines, but FESEMs, or field emission scanning electron microscopes, having field 

emission guns (FEGs) attachment are better suited for this purpose. FESEMs are capable 

of detecting light elements and provide excellent-resolution imaging. Additionally, 

FESEM is superior for compositional analysis using energy dispersive spectroscopy (EDS) 
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attachment. EDS measures the energy of X-rays produced by heating the electron beam on 

the material surface, allowing for the identification of elements. The EDX spectrum is 

displayed as a plot between X-ray counts and energy, and elemental mapping is also 

possible in EDS to show the distribution of X-rays and different elements in the sample. 

Fig. 2.4: Field Emission Scanning Electron Microscope 

2.2.3 X-Ray Diffraction

The basic idea behind X-ray diffraction is that monochromatic X-rays interfere 

constructively with crystalline material. These X-rays are made by a cathode ray tube. They 

are then filtered to make them monochromatic, collimated to focus them, and sent toward 
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the sample. If the conditions of Bragg's Law (   are met, when the incident 

rays hit the sample, they create constructive interference and a diffracted ray. 

Fig. 2.5: X-Ray diffraction instrument 

According to this rule, the lattice spacing and diffraction angle in a crystalline 

sample are proportional to the wavelength of the electromagnetic radiation being used for 

the diffraction. It is necessary to detect and analyse the X-rays that have been diffracted. 

Due to the amorphous material's random orientation, scanning it across a range of 2 angles 

should expose the material to all possible diffraction directions of the lattice. Diffraction 

peaks can be converted to d-spacings, which then allow for their identification.

XRD is a non-destructive approach. Fig. 2.5 shows the XRD instrument used in the 

present research. The coating phase structure is investigated using a (Bruker D8 advance, 

USA) Diffractometer equipped with a as the radiation source and 

an Inel CPS 120 hemispherical detector. During the XRD test, the scanning speed 

(1.0°/min) and width (0.02°) are held constant. Based on other related research, the 

diffraction angle (2 ) is chosen to be between 20° and 120°.  The nature of XRD plots can 
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quickly identify if a certain phase is crystalline or not. The phase is termed crystalline if 

the diffraction peak is crisp, whereas diffused peaks are features of the amorphous phase.  

2.3 Micro hardness test 

One common technique for determining a material's hardness is the Vicker s 

hardness test. It involves using a square-based pyramidal diamond indenter and applying a 

load to make an indentation on the test surface. The applied force in this test can range 

from 1 gf to 120 kgf, and the indentation time is limited to 10 to 15 seconds. The Vickers 

hardness test is favored due to its ease of performance, independence of indenter size and 

applied load, and the ability to use the same indenter for different materials. 

In general, the coatings under study vary in thickness from 15 µm to 60 µm, hence 

Vic

of the coating. The hardness of materials is typically differentiated into three groups based 

on the penetration depth (d) of the indenter: nano- micro-hardness (d 

= 1-  and macro- This classification helps distinguish between 

the hardness of materials at different length scales and can provide useful information about 

their properties and behavior. The hardness value is determined by measuring the lengths 

of the two diagonals of the projected area of the indentation after the removal of the 

indenter. The image of a typical pyramid indenter with a square base is shown in Fig. 2.6 

(b). 

Vickers Microhardness (HV) is assessed in this study utilizing the LECO 

Microhardness Tester LM248AT (Fig.2.6 a) in accordance with the ASTM E384-17 

standard. At five random locations on the coatings, a 100gf load is applied with a dwell 

duration of 15 seconds. The diagonals (shown in Fig. 2.6 (b) termed as d1 and d2) of the 

impressions are individually recorded using a micrometer attached to the hardness tester. 

The dedicated software installed on the computer linked to the microhardness tester allows 

for the instantaneous display of the microhardness results. This software serves as an 

interface between the microhardness tester and the computer, facilitating data transfer and 

analysis.  
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Fig. 2.6: (a) Vickers Micro hardness tester and (b) Schematic diagram of a typical 
pyramid-type indenter 

Vickers Micro hardness is computed using the equation (2.2). 

                                                                                                 (2.2) 
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Where the applied indentation load in gf is, is the mean of the two diagonals d1 and 

d2 ings is reported as the average 

2.4 Nanoindentation test

Nanoindentation is a popular method for measuring nano/micro-scale properties 

like creep resistance, hardness, fracture toughness, elastic modulus for thin films and 

coatings. This method calculates contact area indirectly from penetration depth without 

imaging the indent. The nano-indentation tester used in the study is an Anton Parr NHT3 

model. Fig. 2.7 shows the nano-indentation tester. This nano-indentation tester can measure 

ch as 

advanced matrices, user-defined sequences, CMC (continuous multi cycles), sinus mode, 

and multiple samples protocols, are all supported by the instrument. Standard Berkovich 

diamond indenters having a tip diameter 100 nm was used to indent the samples. The peak 

load, dwell time and loading-unloading rate were 10 mN, 10s and 0.33 mN/s, respectively.

Fig. 2.7: Anton Parr NHT3 nano-indentation instrument
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The underlying principle for calculating the elastic modulus follows the Oliver and 

Pharr method to generate the load-displacement curve which in turn gives the elastic 

modulus of the specimen. Oliver and Pharr's 1992 nanoindentation data analysis method 

uses the specimen's elastic unloading response to calculate the tip sample contact size at 

unloading. The stiffness of elastic contact is based on Hertz' theory.  

This gives the stiffness of contact as shown in equation (2.3) 

                                                                                                                             (2.3) 

The effective elastic constant is given by equation (2.4): 

                                                                                                             (2.4) 

Where, , from this 

equation the term   may be obtained as the indenter properties are 

known and the  is calculated from the equation 2.4. Fig. 2.8 shows a typical loading-

unloading curve as obtained from the nano-indentation test. 

 

Fig. 2.8: A Typical loading-unloading curve 
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2.5 Scratch test

The coatings resistance to permanent deformation against a linearly moving 

diamond indenter was evaluated using a scratch test. The instrument used was Ducom 

Scratch tester TR-101-IAS. Fig. 2.9 shows the scratch tester and its various components. 

In order to conduct the scratch indentation test, a diamond indenter (conical shape) with 

Rockwell C hardness having a hemispherical end is used. The nose radius of the indenter 

is 200 µm and the flank angle was 120°. Scratches were captured for analysis with the help 

of the scratch tester's built-in image acquisition system, which featured a camera with a 

resolution of 5 megapixels. The scratch tester is connected to a computer by means of the 

W on of test 

parameters. 

Fig. 2.9: DUCOM Scratch tester

In accordance with the standard set by ASTM G171-03, the scratch hardness (GPa) was 

calculated by using the applied load in addition to the average width of the scratch. Scratch 

hardness, better known as scratch hardness number, is calculated by equation (2.5).
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                                                                                                                (2.5) 

'  ' is the normal load applied during scratch, given in N and '  ' is the measured scratch 

width in mm. The average traction load and the normal load that was applied are used in 

the calculation to determine the coefficient of friction.  

The testing was done at a constant loading condition of 20 N, 30 N, and 40 N.  The 

specimen was scratched for a stroke length of 5 mm and an indentation speed of 0.1mm/s. 

Scarview imaging software was used for obtaining optical images. An average hardness of 

3 scratches for each load is reported in this study. 

 

2.6 Corrosion test 

Fig. 2.10 shows the potentiostat setup used for the study. Corrosion measurements 

are vital for figuring out how various materials react to corrosive environments. 

 

 

Fig. 2.10: Electrochemical corrosion setup (Potentiostat) 
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Planning and enacting preventative measures to restore the component's functional 

properties is aided by knowing the materials response to corrosion. Electrochemical 

methods are superior to other methods for revealing important details about the corrosion 

process. Furthermore, it allows for the possibility of reducing corrosion by regulating the 

electrode potential. In the present study potentio-dynamic polarization technique and EIS 

(Electrochemical Impedance Spectroscopy) method are used as yard stick to determine the 

corrosion resistance of the specimen under study.  

 

2.6.1 Potentiodynamic polarization  

In simple terms, Polarization Technique is a method in electrochemistry that studies 

the behavior of metal electrodes in a corrosive environment by shifting the potential of the 

working electrode from its open circuit potential and measuring the current as a function 

of time or potential. The Open Circuit Potential (OCP) of a metal refers to the potential of 

the metal when it is not connected to any external circuit. This potential reflects the 

equilibrium state of the metal and can be used to determine its corrosion potential, 

dissolution potential, or equilibrium potential. The potential-time relation in a corrosive 

environment shows how the protective films on the metal surface form and break down, as 

indicated by changes in the corrosion potential. An increase in the corrosion potential 

indicates the formation of protective films, while a decrease in the corrosion potential 

indicates the breakdown of these films. Anodic polarization occurs when the potential of 

the working electrode is shifted in a positive direction, causing it to become the anode and 

electrons to be removed from it. This leads to the oxidation of metal ions from the electrode 

surface, causing the electrode to corrode. The current flowing through the electrode during 

anodic polarization is proportional to the rate of metal ion oxidation. In contrast, cathodic 

polarization occurs when the potential of the working electrode is shifted in a negative 

direction, causing it to become the cathode and electrons to be supplied to it. This leads to 

the reduction of metal ions from the electrode surface, which may form a protective film 

that slows down the corrosion rate. The current flowing through the electrode during 

cathodic polarization is proportional to the rate of metal ion reduction. 
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In the Polarization Technique, an electrochemical cell with three electrodes is used. 

The working electrode, which is the test sample, is placed in a container filled with a 

corrosive solution. The reference electrode and the counter electrode are also placed in the 

container, and all three electrodes are connected to a potentiostat. The potentiostat is used 

to control the potential of the working electrode and to measure the current flowing through 

the electrode. The reference electrode provides a stable reference potential for the 

measurement, while the counter electrode supplies or removes electrons from the solution 

to complete the circuit. The arrangement of the three electrodes and the use of the 

potentiostat allows for the controlled manipulation of the potential of the working electrode 

and the measurement of the corresponding current.  

The experimental data obtained during the Polarization Technique, including the 

potential and current values, are stored in a connected computer using dedicated software. 

This recorded data is then used to plot different graphs, such as a Tafel plot. A Tafel plot 

is a semi-logarithmic plot of the applied voltage versus the current density. This plot 

provides valuable information about the corrosion behavior of the metal, including the 

corrosion rate, the corrosion current density (Icorr) and the corrosion potential (Ecorr). The 

nonlinearity of the Tafel plot near zero overvoltage indicates the presence of half-cell 

reactions, which contribute to the total current flowing through the electrode. The Tafel 

extrapolation technique can be used to determine these corrosion parameters once the 

interpolated data has been plotted. Fig. 2.11 shows a typical Tafel plot with the specific 

anodic and cathodic parts. The Tafel region is the linear portion of a Tafel plot, which is a 

graphical representation of the relationship between electrode potential and the logarithm 

of the corresponding current density in electrochemical reactions. The Tafel region occurs 

at high overvoltage and indicates the rate-determining step in the electrochemical reaction. 

The Tafel extrapolation method is considered a rapid and accurate method for 

measuring the corrosion rate of metals and alloys. This is based on the Tafel equation, 

which relates the reaction rate and the overvoltage in an electrochemical reaction. The 

Tafel extrapolation method can provide continuous monitoring of the extremely low 

corrosion rate, making it useful in a variety of applications, including the prediction and 

control of corrosion in industrial and natural environments. However, the accuracy of the 
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Tafel extrapolation method can be influenced by several factors, such as temperature, 

electrode geometry, and solution composition, and it may not always be equivalent to the 

accuracy of other methods, such as weight loss or electrochemical impedance 

spectroscopy. 

 

Fig. 2.11: Typical Tafel curve 

 

2.6.2 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a technique used to study the 

behavior of electrochemical systems, such as corrosion and battery performance. It is based 

on the measurement of the electrical impedance of the system over a range of frequencies. 

EIS provides information about the resistance, capacitance, and inductance of the system, 

and the interactions between these components can be used to determine important 

parameters, such as the corrosion rate and the degree of corrosion inhibition. The technique 

is widely used in materials science, corrosion engineering, and electrochemistry, and it 

provides valuable information for the optimization and control of electrochemical 

processes. 
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In Impedance Spectroscopy or Electrochemical Impedance Spectroscopy (EIS), the 

electrode impedance is plotted against frequency to study the behavior of electrical circuits 

and to determine the impedance properties of materials such as resistance, capacitance, and 

inductance, as a function of frequency. During Impedance Spectroscopy test, a small 

voltage signal is applied to the corroding surface and the resulting current is measured. The 

equivalent electrical circuit of the material is then used to analyze the electrochemical 

system. This method is non-destructive. The information obtained from EIS provides 

valuable insights into the corrosion process and helps in developing strategies to mitigate 

it. The Ran

Spectroscopy and is often used to analyze electrochemical systems. A typical circuit is 

shown in Fig. 2.12 (a). 

In this circuit, Rsol represents the solution resistance between the working electrode 

and reference electrode, Rct represents the charge transfer resistance or polarization 

resistance at the interface between the solution and electrode, and Cdl represents the double 

layer capacitance. 

 

 

Fig. 2.12 (a)  
(b) Typical Nyquist curve 

a 

b 
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Fig. 2.12 (b) shows the typical Nyquist curve. The frequency response analyzer 

included with the potentiostat generates a sinusoidal potential across the sample and 

measures the phase angle and magnitude of the induced current. The impedance is then 

calculated from these measurements, across a wide frequency range (from 10-3 Hz to 105 

Hz). The data collected by the potentiostat and frequency response analyzer is transmitted 

back to the computer attached to the instrument and can be stored for further analysis. The 

stored data is represented as a Nyquist plot, which is a graphical representation of the real 

and imaginary parts of the impedance as a function of frequency.  An area of 1cm2 of the 

samples was subjected to the corrosive action of 3.5 wt. % NaCl solution. 1mV/s scanning 

speed was maintained throughout the test. 

 

2.7  Wear and Friction test 

In the present study, the TR-208-M2 pin on disc tribotester is employed for 

conducting sliding wear tests under room temperature and dry conditions. The testing unit 

is shown in Fig. 2.13. The procedure follows the guidelines set by the ASTM G99-05 

standard. The cylindrical work sample is held vertically against a rotary counter disc made 

of EN31 material (with a hardness of 63 HRC), which has a hardness significantly greater 

than the material being tested. Dead weights are added to the pan attached to the loading 

lever, which is operated manually, to apply loads. The control unit connected to the 

computer sets the speed and duration of the test through specialized software. The frictional 

force is measured using a beam-type load cell with a range of 0-100 N and accuracy of 0.1 

± 2% N. The software displays the real-time variation trend of the test material's friction 

coefficient. The data collected during the test is used by the installed software to plot a 

graph. After each test, the specimen's mass loss is measured with a sensitive digital balance, 

and the wear rate is determined by dividing the mass loss by the sliding distance. 
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Fig. 2.13: Pin-on-disk tribotester 

2.8 Closure

This chapter provides a comprehensive overview of the experimental procedures 

employed in the study. The chapter begins by detailing the process of electroless 

deposition, including the materials and techniques used to produce these coatings. Next, 

the chapter goes on to explain the basic material characterization methods, which include 

the measurement of XRD, SEM and EDAX. This is followed by the description of various 

tests conducted on the samples such as hardness, nano indentation, scratch, wear test and 

corrosion tests. These tests are critical to understanding the properties of the materials 

being tested and provide a baseline for comparison to other materials. Each of these tests 

provides unique insights into the behavior of the materials being tested and allows for a 

detailed understanding of their properties and performance characteristics.

a
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Chapter 3: Nano-Alumina reinforced electroless Ni-B 
coatings 

Outline: 3.1. Introduction, 3.2 Experimental details, 3.3 Results and discussion, 3.3.1 Zeta 
potential of colloidal alumina solution, 3.3.2 Coating morphology, 3.3.3 Raman 
spectroscopy, 3.3.4 X-Ray Diffraction, 
3.3.6 Scratch resistance, 3.3.7 Wear and friction behaviour, 3.3.8 Corrosion, 3.4 Closure

3.1 Introduction 

Ni-B coatings are chemically more stable than pure EN coatings (Gültekin et al., 

2021). The addition of nanoparticles like alumina, silica, silicon carbide, etc. may further 

enhance the properties of Ni-B coatings (Ekmekci and Bulbul, 2015; Georgiza et al., 2017).  

ENB coatings show a density that is consi

8.9 g/cm3, and this density reduces as the boron concentration increases. Coatings that 

contain 5 wt% B are commonly acknowledged to possess a density of approximately 8.25 

g/cm3. It is difficult to determine the melting point of nickel-boron accurately. Although it 

is observed that the Nickel-Boron melts in the range between 1093 °C and 1455 °C. 1093 

°C is the eutectic temperature of the Ni/Ni3

temperature.

The addition of nanoparticles improves the mechanical properties such as hardness 

due to the morphological changes brought about in the electroless binary Ni-B matrix 

(Georgiza et al., 2017). Further, the addition of reinforcement particles, which offer both 

dispersion and particle hardening, can lead to a reduction in grain sizes and an increase in 

hardness. It is essential to establish the ideal quantity of these particles, as an excessive 

amount can cause a decline in wear resistance and mechanical strength due to the formation 

of agglomerated ceramic nanoparticles that cannot be integrated into the surface matrix 

 

Secondary particle reinforcement comes in two distinct varieties. The first category 

contains particles that are utilized for the purpose of enhancing the base material's 
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properties, such as its resistance to wear, abrasion, and corrosion. These are primarily hard 

metal oxides, carbides, and nitrides (Grosjean et al., 2001; Alirezaei et al., 2004; Aal, 

Hassan and Rahim, 2008; Bhattacharyya et al., 2023). Particles that are naturally lubricious 

and soft fall into the second category (Leo, Staia and Hintermann, 2005; Hu et al., 2009; 

Sharma and Singh, 2011). Examples of this type of particle include polytetrafluoroethylene 

(PTFE), boron nitride, and molybdenum sulphide, among others. 

Alumina is one of the most prolific second-phase materials used in the case of 

surface modification of coatings as well as composite materials (Purohit and Vagge, 2016; 

Sarbishei et al., 2016; Mahdavi et al., 2020). Owing to the high hardness of alumina 

particles, the incorporation of these particles results in improved mechanical properties like 

hardness and elastic modulus in composite materials. Besides this, these particles also 

increase the wear resistance. 

The literature although provides ample observation on electroless Ni-P-Alumina 

coatings, a lacuna persists in regards to the Ni-B-nano Alumina coatings. Li et al., 2018, 

have investigated the effect of alumina reinforcement on the hardness and corrosion 

resistance of electrodeposited Ni-B coatings. Ekmekci and Bulbul (2015) have studied the 

nano alumina reinforced electroless Ni-B, but their investigation is limited to the 

characterization of these coatings. The literature lacks a detailed investigation into the wear 

behavior and elastic modulus of the Ni-B-nano Alumina coatings.  Furthermore, a study 

into the correlation of these mechanical properties to the colloidal stability of the alumina 

nanoparticles in the solution has not been explored yet. Besides, the present research also 

attempts to find the effect of varying concentrations of nano alumina on the mechanical 

behavior of electroless Ni-B coatings. 

The present chapter involves the study incorporating varying amounts of nano 

alumina particles into the Ni-B coatings and obtaining sound coatings (reinforced with 

alumina). The resulting coatings were subjected to various characterization techniques 

such as X-Ray diffraction pattern analysis, Raman spectroscopy and analysis of scanning 

electron micrographs combined with the EDX study. Additionally, the coatings shall 

undergo hardness testing, elastic modulus evaluation via nanoindentation method, wear 
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study (behavior and mechanism) and electrochemical corrosion testing. It is expected that 

the reinforced coatings would perform better as compared to the unreinforced counterpart.  

3.2  Experimental details 

The as-received alumina nanopowders (20-30 nm) were first sonicated in the 

presence of Sodium Dodecyl Sulphate (SDS) in deionised water to form a colloidal 

suspension of alumina particles. SDS is a suitable surfactant for the dispersion of alumina 

particles (Xu et al., 2017). The ultrasonication was done using a probe-type sonicator at a 

frequency of 60 kHz and 120 W. Sonication was carried out for one hour until a proper 

colloidal state was reached and the particles do not settle to the bottom. Before the coating 

process, the alumina colloidal solution was subjected to a zeta potential test using a 

Zetasizer Nano ZS (Malvern, United Kingdom) to determine the saturation concentration 

of alumina in the coating bath. Ni-B-Nano alumina with varying alumina concentration 

namely: 2.5 g/l, 5 g/l, 7.5 g/l, 10 g/l and 12.5 g/l were deposited using a basic bath solution. 

The constituent bath elements are presented in Table 3.1. The coatings were deposited at a 

temperature of 85 C ± 3 while keeping the bath continuously agitated at 300 rpm. All the 

coatings were deposited for a duration of 1 hr. 

Post-coating, the coated specimens were subjected to Raman spectroscopy using a 

Raman spectrometer (Renishaw Invia, UK) which employs an Argon laser that has an 

excitation wavelength of 514 nm. These parameters are appropriate for recording the 

Raman spectra of thin films and embedded nanoparticles (Mandal et al., 2016). Various 

other tests were conducted to observe the surface morphology, hardness, elastic modulus, 

tribo behaviour and potentiodynamic polarization test (Manning, 1980). The details of 

these tests are presented in Chapter 2.

3.3  Results and discussion 

3.3.1  Zeta potential of colloidal alumina solution 

Alumina nanoparticles of 20-30 nm average diameters were commercially 

obtained. Fig.3.1 (a) shows the alumina suspension in the absence and presence of 

surfactant (SDS). The addition of SDS helps to keep the nanoparticles suspended in the 
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solution for days, while the solution without surfactant can be observed with sedimentation 

at the bottom of the beaker. This ability to keep the particle suspended allows the 

nanoparticles to be embedded in the coating during the deposition. Fig. 3.1 (b) shows the 

SEM of dry un-sonicated agglomerates of alumina powder  

`

Fig. 3.1: (a) Image of a colloidal suspension of alumina particles after allowing it to settle 
for 4 hrs, in presence and absence of sodium dodecyl sulphate (SDS); (b) SEM image of 

nano Al2O3 agglomerates.

Zeta potential is the surface potential of the nanoparticles relative to the boundary 

of the diffused layer when the particle is in suspension. Any nanoparticle in suspension 
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with a surface charge tends to form a double layer by attracting oppositely charged ions 

towards its surface. Fig.3.2 shows the schematic diagram of a typical nanoparticle with a 

negative surface charge. It attracts positive ions which get attached, in a dense packing, 

adjacent to the surface. This layer is known as the stern layer. The stern layer is followed 

by the diffused layer, with loosely held ions. The zeta potential is the electrokinetic 

potential difference between the slipping plane and the particle surface. The slipping plane 

is the boundary between the outer diffused layer and the particle surface. The outer diffused 

layer is a region of ions that are attracted to the particle surface. The zeta potential is 

important because it determines the stability of a colloidal dispersion (International 

Standardization Organization (2012)). Several researchers have determined the stability of 

colloidal solutions using the Zeta potential as a standard (Jiang et al., 2009; Lu and Gao, 

2010). In general, a zeta potential value of ± 40 to ± 60 of a suspension is considered as 

having good stability. A value of ± 30 to ± 40 is considered to represent a colloidal 

suspension of moderate stability (Freitas and Müller, 1998; Hunter, 2013; Shah et al., 2014; 

Kumar and Dixit, 2017).  A zeta potential value in the range of ± 10 to ± 30 is considered 

as representing a suspension with insipient stability and any value below this range i.e.: 0 

to ± 10 causes flocculation in the suspension and results in the sedimentation of the 

submerged particles. 

A surfactant comes in handy in situations where the suspended particles need to 

remain suspended for a long duration, which is a requirement of electroless coating. The 

presence of surfactant also improves the wettability of the particles (Maestro et al., 2015). 

The surfactants are adsorbed onto the solid particulate surface and provide an overall 

charge to the engulfed particles. As a result, all particles of similar nature tend to possess 

like charges of finite magnitude on their periphery. This causes repulsion of like particles 

and prevents flocculation. Thus, the suspended particles do not coagulate and remain 

suspended for a longer duration of time. Fig. 3.3 shows a schematic diagram of a lone 

alumina particle surrounded by surfactants that impart a net charge on to the surface. Fig. 

3.4 shows the measure of zeta potential of nano alumina of varying concentrations at a pH 

of 12, which is the solution bath pH of the coatings under study. The zeta potential was 

measured in the presence and absence of surfactants. The surfactant used is Sodium 

Dodecyl Sulphate (SDS), anionic surfactant. It was observed that the zeta potential value 
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changed from a moderate stability solution potential to a good stability solution potential. 

This is attributed to the ability of the surfactant to wet solid surfaces as well as its ability 

to impart a net charge (in the present case, a negative charge) to the particles. 

Fig.3.2: Schematic drawing showing a typical suspended particle surrounded by ions 
forming the basis for zeta potential measurement 

Fig. 3.3: Schematic diagram of lone alumina particle surrounded by surfactant 

The zeta potential value drops beyond alumina wt % of 10. With the increase of the 

wt % of alumina to 15 % the zeta potential value significantly decreased from a good 

stability zone (-52 mV) to a moderately stable zone (-39 mV), for the solution with 

surfactant. The solution without surfactant also shows a similar trend. This could be due to 

the agglomeration of nanoparticles. These nanoparticles owing to their high surface charge 

tend to agglomerate if there is a high concentration of such particles in the solution. In the 
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present case, beyond 10 wt % of alumina, nanoparticles are unable to stay suspended in the 

solution, at a pH of 12.  

Fig. 3.4: Variation of zeta potential with alumina wt % in a solution of pH 12 

3.3.2  Coating morphology

The coating morphology is identical to cauliflower-like nodules spread throughout 

the surface. Various literature hints at the fact that the size of these nodules may have a 

bearing on the hardness and wear resistance. Fig. 3.5 (a) to Fig. 3.5 (f) show typical nodular 

microstructure which is a characteristic feature of electroless coatings. Fig. 3.5 (a) for Ni-

B binary coating shows larger nodules as compared to reinforced coatings shown in Fig. 

3.5 (b) to Fig. 3.5 (f). 

Table 3.1: Coating bath composition 
 
Sl.No. Chemical Manufacturer Function Amount in 

bath 
1. Nickel chloride Merck (US) Nickel source 18-20g/l 
2. Ethylene diamine Merck (US) Complexing agent 45-50 ml/l 
3. Lead nitrate Merck (US) Stabilizer 0.05-0.06 g/l 
4. Sodium hydroxide Merck (US) Maintains pH  35-40 g/l 
5. Sodium 

borohydride 
Merck (US) Reducing agent 0.5 g/l 

6. Nano alumina SRL Chem (India) Reinforcement Varying 
amount 

7. SDS SRL Chem (India) Surfactant 2.36 gm 
* The bath temperature was maintained at 85 C ± 3.
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Table 3.2: Coating nomenclature 
 

Sl. No. Description of the coating  Nomenclature 
1. Ni-B binary coating  Ni-B 
2. Ni-B + 2.5 wt % nano alumina   Ni-B-2.5 
3. Ni-B + 5 wt % nano alumina   Ni-B-5 
4. Ni-B + 7.5 wt % nano alumina   Ni-B-7.5 
5. Ni-B + 10 wt % nano alumina   Ni-B-10 
6. Ni-B + 12.5 wt % nano alumina   Ni-B-12.5 

 
 

   

   

   

 

Fig. 3.5: Nodular microstructure of (a) Ni-B, (b) Ni-B-2.5, (c) Ni-B-5, (d) Ni-B-7.5, (e) 
Ni-B-10 and (f) Ni-B-12.5 
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Fig. 3.6: (a) SEM image of the subsurface region of the Ni-B-10 coating, (b) point EDX 
)

 

The decrease in size of the nodular structure may be due to the structural refinement 

brought about by the inclusion of alumina nanoparticles. Although no clear trend in the 

nodular size could be established among the reinforced coatings, it may be concluded that 

as compared to the binary Ni-B coating the reinforced coatings show a more refined nodule. 



58

Fig. 3.6 (a) shows agglomerated alumina nanoparticles perched on the coating surface 

partially or completely covering the nodular gaps. Several patches of agglomerated 

alumina nanoparticles (denoted by X in Fig. 3.6 (a)) can be seen blanketing the nodular 

gaps partially or fully. This forms an impermeable layer of Ni-B matrix and nano-alumina 

reinforcement protecting the substrate. (Ernst et al., 1997) reported that electroless coatings 

are dense as the coating grows by nodule overlap. As can be observed from Fig. 3.6 (a) the 

nanoparticles seem to have embedded themselves in the nodular gaps and micro porosities 

of the Nickel-Boron matrix.   Fig. 3.6 (b) depicts the EDX map of the Ni-B-10 coating 

subsurface. Prominent Aluminium K-

presence of sodium is due to the addition of sodium hydroxide and Sodium borohydride in 

the bath during the coating process.

3.3.3  Raman spectroscopy 

Fig. 3.7 depicts the Raman spectroscopy of the coated samples. The peaks signify 

-Al2O3 -Al2O3. According to Laha et al. (2005), the 

-Al2O3 does not show any visible peak in the Raman spectrum. The band at 539 cm-1 

shows the characteristic peaks of -Al2O3, while the bands at 321 cm-1 and 306 cm-1 show 

the spectrum corresponding to Al(OH)3 (Ruan et al., 2001). This is quite possible as the 

electroless deposition is performed in a solution with deionised water as the solvent. The 

coating bath temperature is maintained at around 85 C. This facilitates the chemical 

bonding of alumina with water and results in the formation of the hydroxide. The band at 

539 cm-1and 446 cm-1 correspond to Al-O-Al distortion and the ones at 321 cm-1 and 306 

cm-1 are caused by stretched vibrations due to the formation of Al-O bonding (Ruan et al., 

2001). Raman data is significant to the study because due to the low percentage of 

adsorption of alumina into the coating, it often becomes difficult to identify the alumina 

peaks by the X-Ray diffraction method.
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Fig. 3.7: Raman spectrum of the coated specimens 

3.3.4  X-Ray Diffraction    

The diffraction pattern analysis of the coatings reinforced with alumina is shown in 

Fig. 3.8. XRD helps to identify the nature of as-deposited coatings. The characteristic Ni 

peak is identified at 2  value of around 45° for all the coatings (Vitry et al., 2012). The 

broad peak identified indicates an amorphous nature of the coating. Although as reported 

by Delaunois and Lienard (2002), the structure is often found to be a mixture of crystalline 

and amorphous structures. Dervos et al. (2004) and Ziyuan et al. (2006), also supported the 

presence of the mixed structure in electroless coatings. The identification of boron tends to 

be difficult via XRD because of the low solubility of boron in solid nickel (0.03 wt %) 

(Ziyuan et al., 2006). The boron is often identified in the form of some Ni-B inter-metallic 

as Ni3B and Ni2B when the coatings are subjected to heat treatment (Hamid et al., 2010). 

It can be deduced from the XRD pattern that the addition of alumina does not affect the 

structure of the coating although it may change the morphology of the coatings (from 

coarser to finer nodules) (Hu et al., 2018).  
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Fig. 3.8: X-Ray diffraction of the specimens under study 

3.3.5   

Fig. 3.9 shows the hardness values obtained for the coatings. With the addition of 

nano Al2O3, the hardness increases as expected. This is attributed to the desired hard 

nanoparticle inclusion, which when embedded in the softer Ni-B matrix, transfers the 

applied load from the matrix to the reinforcements (nano Al2O3). This sharing of load 

causes a hardness value. Further, these nanoparticles obstruct the flow of material. When 

a load is being applied during hardness test this also helps to restrict the size of indentation 

as a result a higher value of hardness is obtained. Although the hardness improves with the 

addition of nanoparticles it should be noted that the standard deviation of the hardness 

values for the coating Ni-B-12.5 is much higher than the other coatings as indicated by the 

error bars. This fluctuation in hardness values is a result of the inhomogeneous distribution 

of nano-Al2O3 powders in the case of the Ni-B-12.5 coating caused by the higher degree 

of agglomeration of alumina beyond a concentration of 10 g/l. Fig 3.10 represents the 

elastic modulus in graphical format. The elastic modulus increases with the addition of 

nano-particles. It can be seen that unlike the hardness a clear trend is not observed for the 

elastic modulus values. The elastic modulus (E) increases from 75.9 GPa for binary Ni-B 
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to 122.9 GPa for the reinforced Ni-B-10 coating. This may be due to the dispersion 

strengthening resulting from the addition of nanoparticles (Sarbishei et al., 2016; Mahdavi 

et al., 2020).     

 

Fig. 3.10: Elastic modulus of the coatings obtained at a loading-unloading rate of 
20mN/min 

Fig. 3.11 shows the loading/unloading curve for the variation of normal force 

against the applied depth of penetration of the indenter. The curve is obtained by employing 
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the depth method. In this method, the load is allowed to vary up to a maximum depth of 

500 nm and once the maximum depth is reached the load is released. The loading and 

unloading rates were maintained at 20 mN/min. The pattern of the curves obtained is quite 

similar to one another. The area under each curve represents the energy absorbed by the 

respective coating to reach the desired penetration depth of 500 nm. The loading-unloading 

curve for Ni-B-10 coating encompasses the largest area among the coatings. This is also 

corroborated by its elastic modulus value of 122.9 GPa which is the largest for the coatings 

reinforced with nano alumina.  

Fig. 3.11: Loading and unloading curve showing the variation of normal force with the 
penetration depth 

 

It must be noted that although the percentage addition of alumina in the coating bath of Ni-

B-12.5 is more (12.5 g/l) as compared to Ni-B-10 coating, still the resulting elastic modulus 

is less as compared to Ni-B-10. In the present case, due to the excessive agglomeration of 

alumina (beyond 10g/l concentration), proper inclusion and uniform distribution of 

alumina may not be achieved in the Ni-B-12.5 coatings, as a result, lower dispersion 
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strength and a lower elastic modulus are obtained. It should be mentioned here that more 

alumina in the coating bath does not necessarily mean more absorption of alumina in the 

coating. The adsorption of alumina depends on the degree of agglomeration and 

sedimentation of the colloidal solution.   

3.3.6  Scratch resistance 

 Fig. 3.12 (a) and (b) display the optical images of surface scratches on two types of 

coatings: as-deposited binary Ni-B and as-deposited Ni-B-10 g, respectively. 

Fig. 3.12: Scratch on binary (a) Ni-B, (b) scratch on Ni-B-10 and (c) scratch width of Ni-
B and alumina reinforced coatings 

The hardness of the scratch is inversely proportional to the square of its width, as indicated 

by equation (2.5). Therefore, a narrower scratch width corresponds to a higher scratch 

hardness. In Fig. 3.12 (a), the as-deposited Nickel-Boron coating exhibits a peel-off 
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phenomenon, identifiable by a bright white patch. However, this peel-off is not observed 

in the Ni-B-10 coating shown in Figure 3.12 (b). Nano inclusions present within the 

subsurface of the coatings play a significant role in acting as load-bearing elements in 

composite electroless Ni-B coatings. They contribute to the distribution of the applied load, 

enabling effective dissipation of energy resulting from the penetration and movement of 

the diamond indenter during the scratching process. Conversely, the absence of 

nanoparticles in the as-deposited Ni-B coatings hinder the facilitation of load transfer. 

Consequently, the energy generated by the applied load remains concentrated in the 

surrounding area. This concentrated energy causes the coating to peel off, releasing the 

excess localized energy. In Figure 3.12 (c), the measurement of scratch width in the 

reinforced Ni-B-10 coatings demonstrates a notable improvement compared to the as-

deposited binary Ni-B coating. This indicates that the incorporation of TiO2 nanoparticles 

enhances scratch hardness up to an alumina concentration of 10 g/l and mitigates the 

occurrence of peel-off.

3.3.7  Wear and friction behaviour 

The coatings under study were subjected to a dry sliding wear test at loads of 1 Kgf 

and 2 Kgf and a sliding speed of 100 rpm. The specific wear rates at these loads are shown 

in Fig. 3.13 (a) and 3.13 (b). These figures show that with the increase in the amount of 

reinforcement (nano alumina) from 0 g/l to 10 g/l in the coating bath, the wear resistance 

of the coatings also increases. This is due to the increase in the percentage inclusion of hard 

nanoparticles in the coating. The hard alumina nanoparticles when embedded in the softer 

Ni-B matrix obstruct the sliding motion and do not allow the interacting coating surface to 

be removed easily. The corresponding data for the variation in frictional force is shown in 

Fig. 3.14. Here the increase in frictional force along with the addition of nanoparticles is 

evident. However, there seems to be a break in trend at 12.5 g/l of alumina in addition to 

the coating. 

coating reinforced with 12.5 g/l alumina. This may be due to the pluck-out of patches of 

nanoparticles from the coating surface.  
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This makes the coatings weak and subsequent removal of the coating layer occurs 

at certain instances. The alumina patches are formed as a result of excessive agglomeration. 

As discussed earlier, beyond 10 g/l concentration the agglomeration of alumina becomes 

severe which is detrimental to the stability of the colloidal solution and the suspension 

stability of nano alumina in the coating bath. Also, there are instantaneous spikes in 

frictional force at certain points as seen in Fig. 3.14. This is more evident in the case of the 

coatings with a higher concentration of nanoparticles (10 g/l and 12.5 g/l). This may be 

attributed to the three-body abrasion caused due to the reattachment of the plucked-out 

nanoparticles back into the softer matrix of the specimen surface. Fig. 3.15 shows the 

coefficient of friction of the binary Ni-B and the various alumina reinforced Ni-B coatings. 

The coefficient of friction increases with the addition of nanoparticles as these are hard and 

irregular shaped particles and thus increase the friction coefficient of the interacting pair 

(coating surface and the counter disk). But for the coating Ni-B-12.5 the coefficient of 

friction decreases due to the high concentration of alumina in the solution bath that renders 

the colloidal solution is unstable. This unstable solution results in agglomeration of the 

alumina particles and sedimentation. Hence the effective concentration of nanoparticles 

decreases in the coating and in turn the coefficient of friction also decreases. 

a 
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Fig. 3.13: Specific wear rate of the specimen under a load of (a) 1 kgf and (b) 2 kgf 

Fig. 3.14: Variation of frictional force with time for the coatings under study 

b 
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Fig. 3.15: Coefficient of friction for the coatings under study 

  

  

Fig. 3.16: Wear morphology of (a) Ni-B, (b) Ni-B-5, (c) Ni-B-10 and (d) Ni-B-12.5 
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Fig. 3.16 shows the worn surface of the coatings. A similar mechanism can be 

observed in all the coatings. A combination of abrasive and adhesive wear seems to be the 

dominating wear phenomenon (Gawne and Ma, 1987; Correa et al., 2013). Fig. 3.16 also 

shows micro-cracks and pluck out of worn patches due to the sliding motion and interaction 

of the coatings with the hard EN 31 counterpart.

3.3.8  Corrosion 

Fig. 3.17 shows the Tafel curves for the coatings under study. Electroless coatings 

are highly corrosion resistant. These coatings do not act as sacrificial layers instead they 

form a noble and almost impervious layer upon the substrate. Thus obstruct the substrate 

from coming directly in contact with the corrosive environment. To achieve this, the 

coatings need to be non-porous. 

Fig. 3.17: Tafel curves (Anodic and cathodic) for the coatings under investigation 

An added advantage of these coatings is the absence of any grain boundaries that 

act as inherent sites for excessive corrosion (Sha et al., 2011). Hamid et al., (2010) 
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discussed the detrimental effect that heat treatment has on the electrochemical corrosion 

resistance of the EN coatings. They found that although heat treated coatings show 

improved surface micro-hardness and increased sliding wear resistance but due to warping 

of the coatings, heat treatment tends to decrease the corrosion resistance. The improved 

micro-hardness and wear resistance is attributed to the formation of hard inter-metallic 

phases like Ni3B and Ni2B and also the transformation of coatings to a more or less 

crystalline structure from an amorphous structure of the as-deposited coatings. A high 

temperature of 800 C and above tends to cause severe flaking due to the decrease in 

adhesion of these coatings with the underlying substrate layer (Biswas et al., 2017). Hence, 

for optimal design, parity has to be maintained between the mechanical properties and 

corrosion behavior of these coatings.

Table 3.3 shows the corrosion potential and current for the coatings. The corrosion 

current increases along with the incorporation of alumina nanoparticles until the Ni-B-10 

but start to decline as the amount of alumina is further increased in the bath. This may be 

attributed to the agglomeration of nanoparticles which reduces the effective surface 

covered by the nanoparticles as compared to the case when they are more or less dispersed 

(as is for the coatings with a lower amount of alumina addition). 

The best performing coating among the alumina reinforced coatings as per 

corrosion protection is Ni-B-10 because, with the further addition of alumina (12.5 g/l) to 

the coating bath, the colloidal solution tends to display insipient stability as shown by the 

zeta potential value in Fig. 3.4. The Ecorr value increases from -494.54 mV (binary Ni-B 

coating) to a nobler (more positive value) value of -421.02 mV for the Ni-B-10 coating. 

This shift of corrosion potential is also an indicator of the improved corrosion resistance 

of the Ni-B-10 coating. Although researchers argue that Icorr value provides a better 

representation of the electrochemical corrosion behavior of surfaces, in the present research 

in addition to the corrosion current the corrosion potential also follows a similar trend. This 

is strong evidence in favor of the improved corrosion potential of the reinforced specimens. 

As observed from Table 3.3, Ecorr value suggests a decreased performance of Ni-B-12.5 

coating against the 3.5 % NaCl solution used as the corrosive environment.
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Table 3.3: Corrosion potential and current for the coatings under study 
 

Sl.No. Specimen Ecorr (mV) Icorr (mA/cm2)
1 Ni-B - 494.54 0.01126 
2 Ni-B-2.5 - 471 0.01103 
3 Ni-B-5 - 467.64 0.009 
4 Ni-B-7.5 - 458.08 0.004 
5 Ni-B-10 - 421.02 0.0026 
6 Ni-B-12.5 - 456.83 0.0092 

 

3.4  Closure

In the present chapter, the study conducted determined the influence of the addition 

of alumina nanoparticles on the microhardness, elastic modulus, wear resistance and the 

electrochemical response of the coatings. The improvement in the properties was brought 

about by the dual effect of improved hardness and refinement of the nodular morphology 

of the coatings.  In this chapter as observed, Ni-B-10 coating shows the most balanced 

response to the mechanical, tribological and corrosion-resistant properties. With the 

increase in the concentration of alumina nanoparticles to 12.5 g/l, the wear resistance, 

elastic modulus and corrosion resistance decrease. Hence, amongst the alumina reinforced 

coatings under study the Ni-B-10 coating seems to be the most appropriate to use where 

coatings with low wear and high corrosion resistance are required. 
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Chapter 4: Nano-Titania reinforced electroless Ni-B 
coatings 
 
 
Outline: 4.1. Introduction, 4.2 Experimental details, 4.3 Results and discussion, 4.3.1 
Coating morphology, 4.3.2 X-Ray Diffraction, elastic 
modulus, 4.3.4 Scratch resistance, 4.3.5 Wear and friction behaviour 4.3.6 Corrosion, 4.4 
Closure 
 

 

4.1 Introduction 

 Titania nanoparticles or titanium dioxide (TiO2) are widely used inclusions in bulk 

composite materials and composite coatings. These have applications in various industries 

such as cosmetics, paper, paint, and electronics, among others. TiO2 is highly valued for 

its excellent properties such as high refractive index, chemical stability, low toxicity, and 

photocatalytic activity, making it useful for various applications. As nanoparticles, TiO2 

has even more attractive properties, such as unique optical and electronic properties, higher 

reactivity and increased surface area. One of the most important applications of TiO2 

nanoparticles is in the field of photocatalysis, where they are used to degrade pollutants 

and organic matter in air and water. They are also used as UV filters in sunscreens and 

other personal care products, and as whitening agents in food, cosmetics, and other 

applications.  

  

In the present study the characterization and tribomechanical behavior of TiO2 

incorporated Ni-B coatings are investigated. The hardness and mechanical properties are 

expected to improve as per the evidence collected from the literature. In order to, analyze 

the coating they are subjected to couple of characterization techninques and mechanical 

testing methods. These include EDAX SEM, XRD, tribo test, nanoindentation test, 

hardness test and corrosion response of the coatings. 

 

4.2  Experimental details 

The following sections show the various characterization studies and mechanical 

property evaluation of the Ni-B-TiO2 (nano) samples. The coating nomenclature is given 
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below. 

 

Table 4.1: Coating Nomenclature 

Sl. No. Coating description Nomenclature 
1. Nickel-Boron binary coating Ni-B 
2. 5 g/l TiO2 (nano) reinforced electroless Nickel-Boron Ni-B-5g/l TiO2 
3. 10 g/l TiO2 (nano) reinforced electroless Nickel-Boron Ni-B-10g/l TiO2 
4. 15 g/l TiO2 (nano) reinforced electroless Nickel-Boron Ni-B-15g/l TiO2 

 
In the present investigation, four different coatings were prepared which include 

the as-deposited Ni-B and the composite ternary coatings prepared with varying quantities 

of TiO2 as shown in Table 4.1. Mild steel substrates having a length and breadth of 15 mm 

* 15 mm and thickness of 2mm were coated and used for the characterization and hardness 

tests. Cylindrical specimens of diameter 6 mm and length 30 mm are deposited to study 

the wear behaviour of the coatings. In order to get a fine surface finish, these specimen 

surfaces were polished using abrasive papers of varying grades. Table 4.2 provides the 

main bath constituents utilized for depositing the coatings. The details of the equipment 

used and their specifications are provided in the Chapter 2. 

Table 4.2:  Coating bath composition for Ni-B-TiO2 

Sl. No. Chemicals  Role Amount  
1 Nickel chloride hexahydrate  Nickel source  20g/l  
2 Lead nitrate  Stabilizer  0.06g/l  
3 Sodium hydroxide  Maintain pH  35-40g/l  
4 Ethylene diamine  Complexing agent  80-100ml/l  
5 Sodium borohydride  Reducing agent  0.2-0.3 g/l  
6 Titania Reinforcements  Varying amount  

 

 

4.3 Results and discussion 

4.3.1 Coating morphology 

Fig. 4.1(a) shows the spot EDAX of the 

SEM image of the as-deposited coating Ni-B- 10 g/l TiO2 and the SEM image of Ni-B- 15 

g/l TiO2 coatings is shown in Fig. 4.1 (c). In course of the deposition, the nano Titania 

particles get lodged into the porosities and voids of the electroless Ni-B matrix, as observed 

in Fig. 4.1 (b). The rate of deposition of the coatings is given by dividing the coating 
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thickness with the time of deposition. An hour of deposition resulted in an average coating 

thickness of around 17-20 µm. The thickness of the coatings is calculated by the equation 

(2.1).  A number of researchers have reported a similar coating thickness for electroless 

Ni-B coatings (Kaya et al., 2008; Krishnaveni et al., 2012). Using equation 2.1. the coating 

thickness is calculated. 

 

 

 

 

 

Porosities 
covered by 

Nano particles 

b 

X 

a 



 

74 
 

 

 

Fig. 4.1: (a) Spot EDAX of Ni-B- 10 g/l TiO2, SEM image of (b) Ni-B- 10 g/l TiO2 as 
deposited (c) Ni-B-15 g/l TiO2  

 

There was no visible difference in the thickness of the coatings even after the 

addition of the nanoparticles. This is probably because during Ni-B coating there is a high 

amount of evolution of hydrogen gas that pushes out the excessive nanoparticles from the 

matrix. Due to this the actual amount of nanoparticle incorporation is limited. This has 

been reported by several researchers working with alumina nanopowder (Narayanan and 

Seshadri, 2001; Krishnaveni et al., 2008; Krishnaveni et al., 2012).  In Fig. 4.1 (b), the 

structure resembling the florets of cauliflower can be observed. This is a characteristic 

feature of such coatings (Rao et al., 2005). The boron content is often considered to be the 

factor on which several mechanical properties and the coating microstructure are dependent 

(Gaevskaya et al., 1996; Anik et al., 2008; Vitry et al., 2011; Vitry et al., 2012).  

 

4.3.2    X-Ray Diffraction 

Fig. 4.2 shows the X-Ray diffraction patterns of as-deposited coatings. The as-

deposited binary Ni-B coating shows only one broad peak of Nickel at an angle (2 ) of 

Agglomerated 
Nano powder 

c 
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around 45°. This indicates a purely amorphous nature of the as-deposited Ni-B coatings. 

With the addition of Titania nanoparticles some crystallinity is observed indicated by sharp 

peaks in Fig. 2. This mixed nature of the Ni-B XRD patterns is reported in the literature. A 

number of Ni peaks with varying orientations are seen in the XRD patterns. This 

crystallinity also affects the mechanical behaviour of the coatings. Boron has low solubility 

in nickel hence during coating deposition when the boron diffuses distortion occurs in the 

Ni lattice as a result broad peaks are seen. This distortion decreases because of the addition 

of nanoparticles; hence a mixture of crystalline and amorphous peaks is observed for TiO2-

reinforced coatings. At angle (2 ) of around 36° Fe-C and at 65° Fe peak is observed. This 

is due to the substrate material. 

 

 

Fig. 4.2: XRD pattern of coatings 

 

 

Fig. 4.3 shows the microhardness of the coatings under study. The microhardness 

values increase with the addition of nanoparticles. This is attributed to the incorporation of 
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hard titania nanoparticles in the coatings. The bulk hardness of TiO2 is around 10 GPa. 

These hard particles are responsible for the increased average hardness of these reinforced 

coatings. The nanoparticles have a high surface-to-volume ratio hence the nanoparticles 

surface interaction with the matrix is high. Due to this interaction, the nanoparticles act as 

a load-bearing member in the composite coatings. Thus, the mechanical properties of the 

coatings are significantly improved. The hardness increases from 465 HV of binary Ni-B 

to a maximum value of 580 HV for Ni-B- 10 g/l TiO2. An increase of around 25 % is 

observed for the coatings.  

 

This trend of increasing hardness is seen up to Ni-B- 10 g/l TiO2 coating. A further 

increase of nano TiO2 concentration in the coating results in decreased hardness due to the 

agglomeration of these nanoparticles at higher concentrations, hence the nanoparticles are 

perched on the surface instead of getting embedded in the Nickel-Boron matrix. The 

evidence of excessive agglomeration is seen in Fig. 4.1 (c). Also, from the same figure the 

distribution of nanoparticles is found to be uneven and this results in the erratic nature of 

various mechanical properties. 
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Fig. 4.4: Elastic modulus of coatings 

 

 

Fig. 4.5: Loading- Unloading curves of coatings 

 

Fig. 4.4 shows the elastic modulus of the coatings under study. The elastic modulus 

values are 79.5 GPa, 90 GPa, 118 GPa and 110 GPa respectively for Ni-B, Ni-B-5 g/l TiO2, 



 

78 
 

Ni-B-10g/l TiO2 and Ni-B-15 g/l TiO2. Fig. 4.5 shows the loading-unloading curves for the 

nanoindentation test. The loading and unloading curves show plastic deformation and low 

recovery after unloading. The depth of penetration is the lowest for Ni-B-10 g/l TiO2 

showing that the material is comparatively harder than the other coatings. The elastic 

modulus obtained is the highest for the Ni-B-10 g/l TiO2 at 118 GPa as seen in Fig. 4.4. 

The unloading curves in Fig. 4.3.5 show a higher slope than the loading curves indicating 

a steeper recovery rate once the load was unmounted. The binary Ni-B coating showed 

wide penetration for the same loading conditions as compared to the nano-reinforced 

coatings. The nanoparticle reinforcement in the coatings seems to inhibit the dislocation 

motion hence causing a lower range of penetration depth. Also, from the shape of the 

loading-unloading curves, it may be concluded that for Ni-B the degree of deformation is 

more as compared to nanoparticle-reinforced coatings. Beyond the concentration of 10 g/l, 

which is likely the saturation level for nanoparticle adsorption, with further increase in the 

concentration of nanoparticles the coating properties deteriorate. This deterioration of the 

coating is seen in the case of Ni-B-15 g/l TiO2, where the elastic modulus decreases by 

around 8 % as compared to the Ni-B-10 g/l TiO2.  

 

4.3.4  Scratch resistance 

Fig. 4.6 (a) and (b) show the optical image of the scratch on the surface of as-

deposited binary Ni-B and as-deposited Ni-B-10 g/l TiO2, respectively. Scratch hardness 

is inversely dependent on the square of the scratch width thus a low scratch width results 

in a higher scratch hardness as given by equation 2. In Fig. 4.6 (a) a coating peel-off is 

observed for the as-deposited Nickel-Boron, marked by a bright white patch, but the same 

is not visible for the Ni-B-10 g/l TiO2 coating (Fig. 4.6(b)). The nano inclusions within the 

subsurface of the coatings often act as load-bearing members in the composite electroless 

Ni-B coatings and help to distribute the applied load. This allows for the dissipation of the 

energy caused due to the penetration and travel of the diamond indenter during the 

scratching. In the case of the as-deposited Ni-B coatings, due to the absence of 

nanoparticles, this phenomenon of load transfer is not facilitated as a result; the energy 

developed due to the applied load remains concentrated in the vicinity. This in turn causes 

the coating to peel off to release this excess localized energy. In Fig. 4.6 (c), the scratch 
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width of reinforced Ni-B-10g/l TiO2 coatings indicates a marked improvement over the as-

deposited binary Ni-B. From Fig. 4.6 (c) it is observed that for the applied loads of 20N, 

30N, and 40N the Ni-B-10g/l TiO2 coatings show a scratch hardness of 4.8 GPa, 3.2 GPa, 

and 2.6 GPa, respectively (using equation 2). For the same loading conditions, the as-

deposited Ni-B coatings show a lower scratch hardness of 2.1 GPa, 1.7 GPa, and 1.5 GPa, 

respectively for applied loads of 20N, 30N, and 40N.  

 

 

 

 

 

Fig. 4.6: (a) Optical image of scratch taken on Ni-B, (b) Ni-B- TiO2 taken at load 20 N 
and (c) Scratch width of as-deposited coatings at applied loads 20 N, 30 N and 40 N 

taken at an indentation speed of 0.1 mm/s. 
 

The coating Ni-B- 10 g/l TiO2 scratched under an applied load of 20 N shows an 

increase in the scratch hardness of nearly 2 times as compared to Ni-B. This decreases 1.5 

times for the 40 N applied load. This is because the scratch hardness depends inversely on 

c 

a 

b 5 mm 

Coating peel-off 
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the square of scratch width and hence a slight change in the scratch width will result in a 

high change in the hardness of the samples. The corresponding scratch width of Ni-B- 10 

g/l TiO2 coating is 103 µm, 154 µm, and 198 µm for 20N, 30N, and 40N, respectively. The 

scratch width of Ni-B coating is higher with values of 156 µm, 214 µm, and 257 µm for 

the same set of loads. Beyond the applied load of 40 N excessive coating peel-off was seen 

even for the reinforced coatings. 

 

4.3.5  Wear and friction behaviour 

 The results of the tribo analysis (specific wear rate) of the specimens are shown in 

Fig. 4.7. The addition of TiO2 led to an initial increase in the specific wear rate. This 

increase was observed until the concentration of TiO2 nanoparticles reached 10 g/l 

thereafter, the wear resistance started to decrease with further addition of TiO2 

nanoparticles, and the wear rate increased. The specific wear rates for Ni-B, Ni-B with 5 

g/l TiO2, Ni-B with 10 g/l TiO2, and Ni-B with 15 g/l TiO2 were found to be 8.8 * 10-5 

mm3/Nm, 5.2 * 10-5 mm3/Nm, 3.2 * 10-5 mm3/Nm, and 4.6 * 10-5 mm3/Nm, respectively. 

 

This increase in wear resistance is attributed to the multiple functions that the 

nanoparticles perform in the coating. Firstly, the nanoparticles embedded throughout the 

coating hinder the dislocation motion, making it harder for the dislocation to move freely 

through the coating (Gül et al., 2009). As a result, the process of deformation and material 

failure is slowed down. Secondly, the increased frictional force caused by the nanoparticles 

requires more force to remove the coating. Therefore, the nanoparticles act as load-bearing 

members (Yang et al., 2017) and distribute the force applied throughout the coating to 

prevent stress from congregating in a single location and causing failure. 

  

However, it is necessary to note that the concentration of TiO2 nanoparticles has to 

be carefully controlled. Higher concentrations of nanoparticles have a high surface energy, 

leading to a higher agglomeration rate. During the coating process, this results in the 

nanoparticles accumulating in large quantities and sinking to the base of the beaker. This, 

in turn, results in a decrease in the effectiveness of the addition of nanoparticles due to 

decreased adsorption of nanoparticles into the coating.  
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Fig. 4.7: Specific wear obtained at a load of 10 N

 

Fig. 4.8: Coefficient of friction values obtained during the Tribo test 

 

Fig. 4.8 demonstrates that the coefficient of friction (COF) also increases with the 

addition of nanoparticles. The COF is a necessary parameter to analyze the sliding wear of 

a material with respect to its counterpart (EN31). The COF seems to increase with the 
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addition of nanoparticles, which in turn increases the resistance of the coating against the 

sliding motion.  This may be because, during the sliding motion of the coating against the 

harder counterpart on the Pin on Disk tester, the nanoparticles attached to the surface of 

the coatings dislodge and form a layer between the coating and the counterpart, similar to 

a three-body abrasion. These nanoparticles being harder than the coating matrix of Ni-B, 

provide more resistance to the sliding motion. Similar observations are made in the case of 

Alumina reinforced Ni-B, where the sliding force is shown to increase with the increase in 

the concentration of nanoparticles.  The COF of Ni-B-10 g/l TiO2 increases to 0.72 from 

0.52 for the binary Ni-B coating. This substantial increase in COF results in better wear 

resistance properties as shown in Fig. 4.7. However, in the case of Ni-B- 15 g/l TiO2 due 

to agglomeration the adsorption of nanoparticles into the coating decreases hence the COF 

also decreased from 0.72 for Ni-B- 10 g/l TiO2 to 0.67 for Ni-B- 15 g/l TiO2. In summary, 

the incorporation of nanoparticles into the coatings increases wear resistance and friction 

coefficient up to a certain concentration (10 g/l). Beyond that, the wear resistance 

decreases, and the specific wear rate again increases. 

 

4.3.6  Corrosion 

 

Fig. 4.9 shows the Tafel curves from the potentiodynamic test conducted to study 

the corrosion resistance of the coatings under study. Table 3 shows the data obtained by 

plotting the Tafel slopes on the cathodic and anodic curves. The Ecorr value increased with 

the addition of TiO2 nanoparticles up to a concentration of 10 g/l but with a further increase 

to 15 g/l a decline in the value is seen. The increase of Ecorr towards a nobler (more positive) 

value indicates better corrosion resistance. On the contrary, the corrosion density of the 

coating should be as low as possible for better corrosion resistance. As seen from Table 3, 

the Icorr decreases from 0.0113 for binary Ni-B to a lower value of 0.003 for the Ni-B-10 

g/l TiO2. Except for the Ni-B coating which shows dominant anodic corrosion, the rest of 

the coatings show more balanced corrosion as the difference between the anodic and 

cathodic slopes is very minimal. The coating however did not follow the trend of improved 

corrosion resistance with increased nanoparticle concentration. This may be due to the 

agglomeration and sedimentation of the nanoparticles due to their high concentration in the 
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solution. As shown in Fig. 1 (c) the coating Ni-B-15 g/l TiO2 shows patches of 

agglomerated nanoparticles on the surface this results in a non-uniform distribution of the 

nanoparticles in the coating hence the coating's resistance to the corrosive environment of 

3.5 % NaCl decreases. This in turn results in a decrease in Ecorr of Ni-B-15 g/l TiO2 coating 

by around 28 mV as compared to the Ni-B-10 g/l TiO2. The corrosion current density on 

the other hand increases drastically to more than twice that of the Ni-B-10 g/l TiO2 coating.  

 

 

Fig. 4.9: Tafel curves for the as-deposited coatings Ni-B, Ni-B- 5 g/l TiO2, Ni-B- 10 g/l 
TiO2, Ni-B- 15 g/l TiO2 

 

 

Table 4.3.: Data obtained from the tafel curves 

Sl.No. Specimen Ecorr (mV) Icorr (mA/cm2)   
1 Ni-B - 494.54 0.0113 365.8 196.5 
2 Ni-B-5 g/l TiO2 - 488 0.0047 254 260 
3 Ni-B-10 g/l TiO2 - 457.26 0.003 235 216 
4 Ni-B-15 g/l TiO2 - 485.02 0.007 276 278 

 

 

4.4 Closure 

This study envisages the effect of the addition of nano titania on the 
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tribomechanical behaviour of the Ni-B coatings. Samples were coated with titania 

concentrations of 0 g/l, 5 g/l, 10 g/l and 15 g/l. These were then characterized and tested. 

Ni-B-10 g/l TiO2 shows the most favourable results as concluded from the tests conducted 

and with further increase in nanoparticle concentration the wear resistance, mechanical 

properties and electrochemical corrosion resistance deteriorates. 
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Chapter 5: Nano-Zirconia reinforced electroless Ni-B 
coatings 
 
 
Outline: 5.1 Introduction, 5.2 Experimental details, 5.3 Results and discussion, 5.3.1 

and 
friction behaviour, 5.3.4 Scratch resistance, 5.3.5 Corrosion, 5.4 Closure

 

5.1 Introduction 

Zirconium dioxide (ZrO2) is a versatile material widely used in various 

technological applications due to its appealing properties. It finds application as a gate 

dielectric in fuel cell electrolytes and has been extensively employed in catalysis, including 

supporting catalysts like Au, Ag, and Cu in the water gas-shift reaction. However, the 

characteristics of zirconia are influenced by its different structural polymorphs. Zirconia 

exhibits three distinct stable phases: monoclinic phase is stable up to 1175ºC, followed by 

transformation into the tetragonal phase, which remains stable up to 2370ºC, and eventually 

transitioning into the cubic phase. With their notable hardness, they are highly suitable for 

reinforcing particles in their nano form.

In the present chapter, Zirconia reinforced electroless Ni-B coatings have been 

evaluated on their mechcanical, tribological and electrochemical corrosion behaviour. Due 

to the fact that zirconia has a bulk average hardness of approximately 10 GPa, the resulting 

composite coatings may have a higher bulk average hardness as a result. Additionally, due 

to the size of these zirconia nanoparticles, it is anticipated that they will be able to cover 

the nodular gaps and pores of the softer Nickel-Boron matrix, which will result in the 

coatings being of a higher quality. The present research uses ultrasonication to form a 

colloidal solution of nanoparticles and water which when poured into the coating bath 

(which is continuously being stirred over a magnetic stirrer) helps to deposit a coating with 

uniform distribution of nanoparticles. The coatings have been examined using scanning 

electron microscopy, energy dispersive x-ray spectroscopy, and X-ray powder diffraction 

in order to validate the aforementioned qualities. 
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5.2 Experimental details 

The mild steel samples undergo various cleaning methods before being deposited. 

This includes polishing the samples with emery papers using grades 800, 1200, 1600, and 

2000 to render all the samples smooth and samples have the same surface roughness. This 

is followed by ultrasonic cleaning, acid pickling, and drying of the samples. The samples 

are then deposited in a chemical bath after being exposed to a heated PdCl2 solution, to 

make the surface more reactive, for ease of deposition. 

Table 5.1. Coating Nomenclature 

Sl. No. Coating description Nomenclature 
1. Ni-B binary coating Ni-B 
2. 1 g/l ZrO2 (nano) reinforced electroless Ni-B Ni-B- 1g/l ZrO2

3. 5 g/l ZrO2 (nano) reinforced electroless Ni-B Ni-B- 5g/l ZrO2

4. 10 g/l ZrO2 (nano) reinforced electroless Ni-B Ni-B- 10g/l ZrO2

5. 15 g/l ZrO2 (nano) reinforced electroless Ni-B Ni-B- 15g/l ZrO2

 

Electroless Ni-B coatings are deposited over mild steel substrates. Also, coatings 

are deposited incorporating zirconia in the coatings. The coating nomenclature is given in 

Table 5.1. The bath composition is shown in Table 5.2. The bath solution is prepared in a 

volume of 250 ml in a clean beaker. The deposition is done using a magnetic stirrer (IKA, 

India) with a temperature control module. Nickel chloride hexahydrate acted as the source 

of Ni++ ions in the solution. Ethylenediamine is used as a complexing agent. The primary 

function of the complexing agents is to act as a deterrent and prevent the basic pH (12-14) 

of the solution to drop steeply. Simultaneously, these complexing agents also help to 

prevent metallic nickel precipitation in the solution. Sodium borohydride provides the free 

electrons to reduce the Ni++ ions. A temperature of 85° ± 3° Celsius was maintained 

throughout the deposition time of 1 hour. Before being introduced into the coating bath the 

nano ZrO2 was sonicated at 60 Hz in an ultrasonicator in deionised water.

Various tests were conducted to observe the Surface morphology, elemental 

composition, hardness, elastic modulus, scratch resistance, tribo behaviour and corrosion 

response. These tests helped to evaluate the property of these zirconia incorporated 
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coatings. The following section presents the results of the tests conducted on the coatings. 

The details of these tests are presented in chapter 2.

Table 5.2. Bath composition 

Sl.No. Chemical Function Amount in bath 
1. Nickel chloride Nickel source 18-20g/l 
2. Ethylene diamine Complexing agent 45-50 ml/l 
3. Lead nitrate Stabilizer 0.05-0.06 g/l 
4. Sodium hydroxide pH buffer 35-40 g/l 
5. Sodium borohydride Reducing agent 0.5 g/l 
6. Nano Zirconia Reinforcement 1 g/l, 5g/l, 10 g/l, 15 g/l 
7. SDS Surfactant 2.36 gm 

5.3 Results and discussion 

5.3.1 Coating morphology 

Fig. 5.1 (a) to (d) shows the SEM microstructure of the coated specimen. The 

typical cauliflower-like microstructure is observed for the entire set of the specimen. 

During electroless deposition, the nucleation and growth of individual grains are 

responsible for this cauliflower-like morphology. The activated surface of the substrate 

provides excellent spots for the beginning of nucleation. The metallic ions of Ni-B then 

tend to overlap with each other and grow in a vertical direction facilitating a columnar 

microstructure. Simultaneously, the Ni-B covers the nanoparticles and entraps the 

nanoparticles inside the porosities of these columnar growths. 

Figure 5.1 (b) to (d) shows the zirconia nanoparticles embedded in many such pores 

created due to the basic columnar microstructure of the electroless Ni-B matrix. Fig. 5.1 

(a) shows binary Ni-B coatings with porosities. Fig. 5.1 (d) shows a lower presence of 

zirconia nanoparticles on the surface as compared to Fig. 5.1 (c), although the amount of 

nanoparticles added during the deposition process is more for the coating. This may be 

attributed to the fact that at a concentration of more than 10 g/l of zirconia nanoparticles, 

the agglomeration was higher and as a result the adsorption of the nanoparticles was low. 

Also, as evident during the coating process, the majority of the nanoparticles got settled at 

the bottom of the beaker and did not participate actively in the coating process. 
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Fig. 5.1: SEM image of (a) as deposited Ni-B, (b) as deposited Ni-B- 5g/l ZrO2, (c) as 
deposited Ni-B- 10g/l ZrO2 and (d) as deposited Ni-B- 15g/l ZrO2

Fig. 5.2 EDAX spectrum peaks of Ni-B-10 g/l ZrO2

The EDAX (Energy-dispersive X-Ray analysis) spectra in Fig.5.2 shows the 

presence of Boron, Oxygen, Zirconia, Lead, Palladium and Nickel at their respective 

energy spectra. Palladium has been used as a surface activator as evidenced by the presence 

of the same in the EDAX scan. The EDAX scan shown in Fig. 5.3 shows a uniform 

distribution of nano zirconia as observed from the distribution pattern of elemental Zr. The 

uniform distribution of nano Zirconia is a result of ultrasonication. Ultrasonication 

facilitated the formation of a colloidal solution which in turn allowed the zirconia particles 

to remain in the solution throughout the coating without sedimenting. One of the primary 

requirements of a sound coating with reinforced nanoparticles is the homogenous 

d 
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distribution of the nanoparticles. As evident from the SEM images, the same has been 

achieved in the present study.  

Fig.5.3: EDAX area scan of the surface of Ni-B-10 g/l ZrO2

5.3.2  

Fig. 5.4 shows the microhardness of the specimen under study. The expected 

increase in hardness occurs after the addition of nano-sized ZrO2 particles. This can be 

attributed to the inclusion of the hard nanoparticles, which, when embedded in the more 
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pliable Ni-B matrix, helps in sharing the load that is being applied normally during the 

indentation hardness test. In addition, these nanoparticles impede the flow of material when 

a vertical load is applied during the test. This helps to restrict the size of the indentation, 

which ultimately leads to a higher value for the material's hardness. Even though the 

addition of nanoparticles results in an increase in the coating's hardness, at high 

concentrations of nanoparticles the property deteriorates. This variation in hardness values 

is due to the inhomogeneous distribution of nano-ZrO2 powders in the Ni-B-15 g/l ZrO2 

coatings, which is caused by a higher degree of agglomeration of alumina beyond a 

concentration of 10 g/l. 

 

 

 

This agglomeration of alumina is what causes this deviation from the trend in 

hardness values. The elastic modulus of the as-deposited coatings is shown in Figure 5.5. 

The incorporation of nanoparticles results in an increase in the material's elastic modulus 

which is more or less gradual. The elastic modulus (E) of the reinforced Ni-B-10g/l ZrO2 

coating is higher than that of the binary Ni-B coating, coming in at 83 GPa as opposed to 
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75.9 GPa. On further addition of nanoparticles, there is a drastic decrease in the modulus 

value to 75 GPa. This may be due to the higher degree of agglomeration which tends to 

decrease the adsorption of the nanoparticles in the coating as a result their effectiveness in 

improving the overall elastic modulus decreases. 

 

Fig. 5.5. Elastic modulus of the coatings under study 

 

5.3.3 Wear and friction behaviour 

Fig. 5.6 shows the wear rate of specimens under study. Fig. 5.7 shows the 

coefficient of friction values. It is observed that with the addition of ZrO2 nanoparticles, 

the specific wear rate of the samples increased initially up to a nanopowder concentration 

of 10 g/l but with a further increase, the wear resistance decreases, as a result, the wear rate 

increased. The specific wear rate for Ni-B, Ni-B- 1 g/l ZrO2, Ni-B- 5 g/l ZrO2, Ni-B- 10 

g/l ZrO2 and Ni-B- 15 g/l ZrO2 are 8.8 x 10-5 mm3/Nm, 7.3 x 10-5 mm3/Nm, 6.7 x 10-5 

mm3/Nm, 3.9 x 10-5 mm3/Nm and 5.2 x 10-5 mm3/Nm, respectively. This is due to the fact 

that the nanoparticles perform multiple functions which affect the wear resistance of the 

coating. 
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Fig. 5.6: The specific wear rate of the as-deposited binary Ni-B coating and reinforced 
coatings 

     Fig. 5.7: The coefficient of friction of the as-deposited binary Ni-B coating and 
reinforced coatings
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Firstly, these embedded nanoparticles obstruct the dislocation motion and do not 

easily allow the dislocation to flow through the coating. This slows down the process of 

deformation and finally material failure. Secondly, these particles increase the frictional 

force hence more load is required to remove the material (coating). Finally, they act as 

load-bearing members and help distribute the applied throughout the coating and thus do 

not allow the stress to concentrate at a place that may be detrimental to the wear resistance 

behaviour of the coating.  This may be attributed to the fact that higher concentrations of 

nanoparticles which inherently exhibit high surface energy, contribute to a high 

agglomeration rate. This causes the nanoparticles to accumulate in large volumes and 

sediment to the bottom of the beaker during the coating. The adsorption of the nanoparticles 

into the coating decreases and makes the addition of nanoparticles less effective as 

compared to coatings with lower concentrations of nanoparticles. As the addition of 

nanoparticles increases the friction coefficient also increases as shown in Fig.5.7. Overall, 

it may be said that with the addition of nanoparticles up to a certain concentration (10 g/l) 

the wear resistance and friction coefficient both increases.

 

Fig. 5.8: SEM image showing the wear morphology of Ni-B-10 g/l ZrO2

Fig. 5.8 shows the SEM image of the worn surface of Ni-B-10 g/l ZrO2 coating. 

The wear morphology shows both adhesive and abrasive wear. The worn surface shows 
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coating pluck-out which is typical of adhesive wear, where due to localized welding, the 

top surface of the specimen attaches to the counter face. This welded protrusion, at a later 

stage, due to the continuous sliding motion between the specimen and the counter face, 

breaks. This creates a crater as seen in Fig. 5.8, indicating adhesive wear. On the other 

there is also evidence of abrasive wear due to three body abrasions, this is brought about 

by the presence of ploughing marks. Hence, it may be observed that the wear phenomenon 

is a combination of both abrasive and adhesive wear.

5.3.4 Scratch resistance 

Fig.  5.9 (a) and (b) show the scratches on the Ni-B and Ni-B-ZrO2 coatings, 

respectively. Fig. 5.9 (c) shows the scratch width values of the specimen. The scratch 

hardness for a set of applied loads (20 N, 30 N, and 40 N) increases with the addition of 

ZrO2 in the coatings. The best results are obtained for higher Ni-B-10 g/l ZrO2 coating. 

This can be attributed to the inclusion of hard ZrO2 nanoparticles which are found to be 

embedded in the as-deposited Nickel-Boron matrix. Also, at a very high concentration of 

15 g/l, the hardness decreased as the amount of adsorption of ZrO2 decreased due to a high 

degree of agglomeration. These hard particles act as an obstruction to penetration resulting 

in a lower scratch width. 

From Fig. 5.9 (c) it is observed that the minimum scratch width is obtained for the 

Ni-B-10 g/l ZrO2 for all the applied loads. The trend of decreasing scratch width is observed 

with the addition of ZrO2 up to a concentration of 10 g/l, thereafter the scratch width 

increases, for all applied loads, for the coating Ni-B-15 g/l ZrO2. This is because at higher 

concentrations the nanoparticles agglomerate and do not contribute to the improvement of 

the coating properties. 
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Fig.5.9: Optical image of (a) as deposited Ni-B, (b) Ni-B- 10 g/l ZrO2 and (c) Scratch 
width obtained at varying loads of 20 N, 30 N and 40 N

 

5.3.5 Corrosion 

Fig. 5.10 shows the Tafel curves and Fig. 5.11 shows the Nyquist plots for all the 

coatings under study. The slope of the anodic and cathodic parts is shown in Table 5.3. The 

electrochemical corrosion test is done by the commonly used three electrode method. In 

the case of Ni-B and Ni-B-5 g/l ZrO2, the anodic corrosion is more dominant over the 

a (anodic slope) as compared 

c (cathodic slope). The rest of the coatings show more balanced anodic and cathodic 

corrosion. The Ecorr also shifts to a nobler value for the coatings with higher concentrations 

of nanoparticles. 

c 
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         Fig. 5.10: Tafel curves of the as-deposited coatings 

          Fig.5.11: Nyquist plot for the coatings under study 

The best corrosion potential value is obtained for Ni-B-10 g/l ZrO2 at -428.31 mV. 

As compared to the binary Ni-B coating which has a value of -494 mV the Ni-B-10 g/l 

ZrO2 coating showed an improvement of around 13 %. Although it should be noted that 

the corrosion current density and not the corrosion potential is the determining factor in the 



98

corrosion resistance property of a material. In the present study, the corrosion current 

density Icorr for the Ni-B-10 g/l ZrO2 is the least, hence this coating has the highest corrosion 

resistance to the standard corrosion environment of 3.5 % NaCl. The Rct value increases 

with the addition of nanoparticles. 

The Rct value is calculated from a semicircle fit into the EIS plot shown in Fig. 3.13. 

The values of Ecorr, Icorr and Rct are shown in Table 3. The Rct value of Ni-B-10 g/l ZrO2 

is 5 times that of the binary as deposited Ni-B. The coating Ni-B-15 g/l ZrO2 does not 

follow the trend and shows an Rct value of 1.1 x 104 which shows a lower corrosion 

resistance as compared to Ni-B-10 g/l ZrO2. This may be due to the lower degree of 

adsorption of ZrO2 in the Ni-B-15 g/l ZrO2 coating owing to high agglomeration.

Table 5.3: Corrosion data obtained from the Tafel plot and the Nyquist plot 

Coating Ecorr 

(mV)
Icorr 

(mA/cm2)
a 

(mV/dec)
c (mV/dec) Rct

(ohms.cm2)
Ni-B -494 0.011 365.8 196.5 0.3x104

Ni-B- 1 g/l ZrO2 -491.6 0.004 152.2 151.7 0.8x104

Ni-B- 5 g/l ZrO2 -468.1 0.0031 188.3 105 1.04x104

Ni-B- 10 g/l ZrO2 -428.3 0.0028 98 95 1.5x104

Ni-B- 15 g/l ZrO2 -451 0.003 209.6 207.6 1.1x104

 

In recent times, there is an enhanced interest among researchers for using 

electroless nickel variants in corrosion protection of construction steel rebars 

(Mukhopadhyay and Sahoo, 2022b;Mukhopadhyay and Sahoo, 2022a;Mukhopadhyay and 

Sahoo, 2022c;Mukhopadhyay and Sahoo, 2021b;Mukhopadhyay and Sahoo, 

2021a;Mukhopadhyay and Sahoo, 2019) and high temperature applications (Kundu, Das 

and Sahoo, 2021;Sahoo, 2021) Evaluation of the present coating variant in such 

applications defines a future scope of work.

 

5.4 Closure 

The present chapter dealt with the study of zirconia-reinforced electroless Ni-B 

coatings deposited on mild steel substrates. The addition of ZrO2 nanoparticles is assisted 
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by ultrasonication which helps in forming a uniform colloidal solution, which is then added 

to the coating bath. The coatings are deposited varying the zirconia concentrations (1 g/l, 

5g/l, 10 g/l and 15 g/l). The deposited coatings are investigated for Vicker's microhardness, 

elastic modulus, friction, wear, scratch width and corrosion resistance. The results of the 

deposited coatings are also compared with binary Ni-B coatings. The coating with a 

zirconia concentration of 10 g/l in the bath shows the most promising result. This coating 

shows a decreased specific wear rate of nearly 1/3rd as compared to the binary Ni-B coating. 

The coating with a zirconia concentration of 10g/l also shows an improvement in corrosion 

resistance. The Ecorr of the coating shows an increase of approximately 13% towards a 

nobler value as compared to the unreinforced coating (binary Ni-B coating). The same 

coating also shows an increase in the elastic modulus to nearly 14 % as compared to the 

binary Ni-B coating. The scratch width of the coating with 10 g/l zirconia concentration is 

minimum among the coatings under study. It is also observed that the above-mentioned 

properties deteriorated upon increasing the concentration of the nano-zirconia in the bath 

beyond 10 g/l. 
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Chapter 6: Comparison between Nano-Alumina 
reinforced electroless Ni-B and Ni-P coatings 
 

Outline: 6.1. Introduction, 6.2 Experimental details, 6.3 Results and discussion, 6.3.1 
X-Ray Diffraction, 6.3.3 Scratch 

resistance, 6.3.4 Wear behaviour, 6.3.5 Corrosion, 4.4 Closure

6.1 Introduction 

This chapter provides an overview of the fundamental aspects that form the basis 

of electroless nickel-phosphorus (Ni-P) coatings. Subsequently, the chapter subsequently 

the chapter compares the effect of nano-alumina reinforcement in Ni-P coating and Ni-B 

coatings. The results from the previous chapters established Ni-B-10 g/l Al2O3 as the best 

Ni-B reinforced coating among the three Ni-B reinforced (Alumina, Titania, Zirconia) 

coatings. Hence, the present chapter compares Ni-B-10 g/l Al2O3 with Ni-P-10 g/l Al2O3 

coating.

6.2 Experimental details 

Table 6.1 lists the composition of coating bath for Ni-P coating. The deposition was 

done on mild steel samples. Flat ground samples dimension 15 mm X 15 mm X 2 mm were 

used for scratch testing and coating characterizations. Cylindrical ground samples of length 

30 mm and diameter 6 mm were used for the tribo testing. These samples were 

characterized using Scanning Electron Microscopy & X-Ray Diffractometry. These 

samples were further subjected to hardness, scratch test and wear test. The tests mentioned 

above are explained in detail in Chapter 2. 

Table 6.1: Composition of the coating bath for Ni-P deposition 

Chemicals Amount 
in the bath 

Use 

Nickel Chloride (II) hexahydrate 20g/l Source of Ni 
Nickel (II) Sulphate hexahydrate 20g/l Source of Ni 
Sodium succinate 12g/l Complexing agent 
Sodium hypophosphite 12g/l Reducing agent 
Nano alumina 10 g/l Reinforcement 
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6.3 Results and discussion 

6.3.1  

Fig. 6.1 shows the as deposited electroless microstructure replete with typical 

cauliflower like nodular structures. The cross-section revealed the columnar structure of 

the Nickel-Phosphorus coatings. The deposition kinetics of the coatings highly depends on 

the temperature of the bath as well as the duration of the coating. The presence of alumina 

particles is observed in the Fig. 6.1 and the agglomerated particles can be observed to be 

embedded in the porosities and voids. These particles being hard tend to improve the wear 

micro hardness values for the specimen under study. Hardness for Ni-P-Al2O3 increased 

by approximately 18 % on addition of the nano particles as compared to Ni-P binary 

coatings. This could be attributed to the high hardness of the alumina particles which is 

effective in restricting the dislocation flow. Ni-B-Al2O3, shows better hardness as 

compared to Ni-P-Al2O3, this is obvious as the Ni-B matrix is harder than Ni-P due to the 

presence of boron. This is extensively reported in literature.

Fig. 6.1: SEM micrograph of the Nickel-Phosphorus-nano Al2O3
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6.3.2 X-Ray Diffraction  

Fig. 6.3 shows the XRD (X-Ray Diffraction) pattern of the Nickel-Phosporus-nano 

Al2O3 coatings. 

Fig. 6.3: XRD of electorless Ni-P-nano-Al2O3 coating
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phases corresponding to the peaks obtained, on the basis of JCPDS data. The as-deposited 

nickel peak shows an amorphous nature. It is observed that by adding nano alumina 

particles to the coating the nature of the coating does not change ie: no transition from 

amorphous to crystalline is seen in XRD pattern. The nodules changed from coarser to finer 

structure, same was reported for Ni-B electroless coatings reinforced with nano alumina 

 Nickel peak was identified.

 

6.3.3 Scratch resistance 

The scratch width values of the specimen are shown in Fig. 6.4. The scratch 

hardness of the alumina reinforced coating is the highest among the three. This can be a 

result of the hard alumina nanoparticles embedded in the coatings. These particles tend to 

provide resistance to penetration as well as the travel of the diamond indenter resulting in 

high scratch hardness. Fig. 6.5 shows the scratches taken on mild steel, as deposited Nickel-

Phosphorus and as deposited Nickel-Phosporus-10 g/l Al2O3 (nano).

Fig. 6.4: Scratch width comparison among coatings 

It is observed that for the Nickel-Phosphorus coating, there is a coating peel-off around the 

scratch. The same is not observed for the mild steel sample or the Nickel-Phosphorus-10 

g/l Al2O3 sample. The coating peel-off may be attributed to the brittleness of these coatings. 

In the case of the Nickel-Phosporus-10 (g/l) Al2O3 coating the addition of alumina seems 

to have made the coating more ductile.
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Fig. 6.5: Optical image of scratch on (a) MS (mild steel), (b) as deposited Nickel-
Phosphorus, (c) as deposited Nickel-Boron, (d) as deposited Nickel-Phosphorus -10 g/l 

nano Al2O3 and (e) as deposited Nickel-Boron -10 g/l nano Al2O3

 

 The average scratch width was found to be approximately 267 µm, 240 µm, 220 

and 170 µm for the mild steel, as deposited Nickel-Phosphorus, as deposited Ni-B and as 

deposited Nickel-Phosphorus-10 (g/l) Al2O3 (nano) specimen, respectively for an applied 

load of 30 N. The alumina reinforced coating shows the least width which can be attributed 

to its high hardness. As compared to Ni-P-10 (g/l) Al2O3 the Ni-B-10 (g/l) Al2O3 showed 

a lower width of approximately 150 µm. This shows that the hardness of Ni-B-10 (g/l) 

Al2O3 is relatively more than the Ni-P-10 (g/l) Al2O3. It should be noted here that the semi-

circular curves obtained at the edges are due to the shape of the scratch indenter. During 

a 

b 

c 

d 

e 
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the measurement of the width, these semicircular portions are not considered. The average 

scratch width is a measure of only the linear portion of the scratch.  

6.3.4 Wear behaviour 

Fig.6.6 shows the specific wear rate of as deposited Nickel-Phosphorus, MS and as 

deposited Nickel-Phosporus-10 (g/l) Al2O3 (nano). As expected, the wear rate of the 

uncoated substrate is the highest among the coatings.

 

Fig. 6.6: Specific wear rate comparison 

 

The specific wear rate of Nickel-Phosporus -10 (g/l) Al2O3 (nano) is very less 

compared to that of the substrate material (MS). Simultaneously it must be noted that the 

as deposited Nickel-Boron -10 g/l nano Al2O3 is most resistant to wear among all the 

coatings this is because of the harder Ni-B matrix as compared to the Ni-P matrix. The 

wear mechanism of the as deposited Ni-P coatings follows the same phenomena as the 

other coated samples. They also showed signs of both abrasive and adhesive wear during 

the pin-on-disk sliding test.
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6.3.5 Corrosion 

Table 6.2 shows the Ecorr and Icorr values obtained by analyzing the Tafel curve. The 

method of obtaining the Ecorr and Icorr is shown in detail in chapter 2. As can be seen the 

best corrosion resistance is obtained for the Ni-P coatings. Both Ecorr and Icorr for the binary 

Ni-P and Ni-P reinforced are more corrosion resistant as compared to binary Ni-B and Ni-

B reinforced, respectively. The Ecorr value improves by nearly 5% and 10% for Ni-P and 

Ni-P reinforced as compared to binary Ni-B and Ni-B reinforced, respectively. Similarly, 

the Icorr values decreases from 0.001126 mA/cm2 for Ni-B to 0.00732 mA/cm2. The 

correspond values for the reinforced coatings are 0.0026 mA/cm2 and 0.0018 mA/cm2 for 

Ni-B-10 g/l TiO2 and Ni-P-10 g/l TiO2. Respectively.

The presence of phosphorus content in Ni-P coatings is considered the primary 

factor responsible for their superior corrosion resistance compared to Ni-B coatings. This 

can be attributed to the unique properties imparted by phosphorus, which enhances the 

protective characteristics of the coating. The higher concentration of phosphorus in the Ni-

P coating forms a stable and dense amorphous phase, which acts as a barrier against 

corrosive agents. This barrier effectively inhibits the diffusion of corrosive species, such 

as oxygen and moisture, into the underlying metal substrate. 

Furthermore, the higher crystallite sizes observed in Ni-P coatings contribute to 

their enhanced corrosion resistance. The larger crystallite sizes provide a more continuous 

and homogeneous structure, reducing the number of defects and discontinuities in the 

coating. Consequently, the diffusion pathways for corrosive species are impeded, limiting 

their ability to penetrate the coating and reach the underlying metal. 

Additionally, the lower micro strains exhibited by Ni-P coatings play a significant 

role in their improved corrosion resistance. Lower micro strains indicate a reduced 

presence of internal stresses within the coating, which can lead to crack formation and 

corrosion initiation. The decreased occurrence of micro strains in Ni-P coatings helps 

maintain the structural integrity of the coating, preventing the formation of corrosion sites 

and subsequent degradation. 
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Table 6.2: Ecorr and Icorr obtained from Tafel curve

Sl.No. Specimen Ecorr (mV) Icorr (mA/cm2)
1 MS - 722.51 0.008 
2 Ni-P - 473.60 0.00732 
3 Ni-B - 494.54 0.01126 
4 Ni-P-10 - 411.24 0.0018 
5 Ni-B-10 - 421.02 0.0026 

 

6.4 Closure 

In this chapter, an effort has been made to study the tribological behavior of the 

Nickel-Phosphorus coatings reinforced with nano alumina powders. The study includes the 

incorporation of 10 g/l of nano alumina power into the Nickel-Phosphorus coatings. Prior 

to the introduction of the alumina powder into the coating bath, it was ultrasonicated in a 

wet media (deionized water). After preparing a sound reinforced as-deposited coating of 

Nickel-Phosphorus-Alumina (nano), it was compared to a binary Nickel-Phosphorus 

coating and an uncoated mild steel specimen. These were subjected to a sliding wear test 

on a pin-on-disk setup and the wear rate was evaluated from the difference in weight 

(before and after the test). The reinforced (Nickel-Boron-Alumina) coating was found to 

be the most resistant to wear amongst the three. Besides this, the present chapter also 

corrosion resistance. This chapter also includes a characterization study of the as-deposited 

reinforced coating surface via X-Ray diffraction (XRD) and Scanning electron microscopy 

(SEM). 
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Chapter 7: Conclusion and future scope 

 

Outline: 7.1. Conclusions, 7.2 Future scope

 

7.1  Conclusions 

This study envisages the effect of the addition of nano alumina, nano titania and 

nano zirconia on the tribomechanical behaviour of the Ni-B coatings. Samples were 

coated with varying concentrations of these nanoparticles. These coatings were then 

characterized and tested. The major conclusions from this investigation are given below

Ni-B-Alumina 

 The addition of alumina nanoparticles increased the microhardness of the 

coatings. The maximum microhardness of 614 HV was observed for the coating 

Ni-B-12.5. The hardness shown is the average hardness of the coatings.   

 

 As compared to Ni-B coating, the elastic modulus is observed to increase by 

approximately 62% and 48% for Ni-B-10 and Ni-B-12.5 coatings, respectively. 

This shows that the elastic modulus of the Ni-B-12.5 decreased by around 9 % as 

compared to Ni-B-10. 

 

 The wear resistance of the coatings is found to increase with the increase in 

alumina reinforcement up to Ni-B-10. However, when the concentration of 

nanoparticles in the coating bath is increased to 12.5 g/l. the wear resistance 

decreases as compared to Ni-B-10, due to the increase in the agglomeration of the 

nanoparticles as well as decrease in elastic modulus.  The Ni-B-10 shows a 4 fold 

decrease in the specific wear rate as compared to Ni-B coating. The Ni-B-12.5 

coating as compared to Ni-B-10 shows an increase in the specific wear rate of 

nearly 2 times. Ni-B-10 coating displayed the least specific wear rate, i.e., the 

highest wear resistance amongst all the alumina reinforced coatings under study.  
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 Ni-B-10 coating shows a decrease of 77 % in the Icorr values and an increase of 

around 15% in the Ecorr value as compared to the binary Ni-B coating. Ni-B-12.5 

coating showed a decrease of Ecorr by nearly 8 % as compared to the Ni-B-10 

coating also, the corrosion current density decreased increased from 0.0026 to 

0.0092 mA/cm2. 

 

Ni-B-Titania 

 Sound coatings reinforced with TiO2 are developed. Ultrasonication helped 

develop a colloidal solution of nanoparticles and deionized water which was later 

used in the coating bath to prepare the reinforced coatings. 

 

 SEM images showed the presence of nanoparticles which was also corroborated 

by the EDAX. 

 

 XRD peaks indicate a mixed nature of the amorphous and crystalline structure. 

 

 The hardness is found to increase from 465 HV for the as-deposited Ni-B coating 

to 480 HV for Ni-B-10 g/l TiO2 coating. 

 

 The elastic modulus of Ni-B-10 g/l TiO2 also increased to nearly 1.5 times that of 

the Ni-B coating. But for the coating Ni-B-15 g/l TiO2 the elastic modulus 

decreased to 110 GPa as compared to 118 GPa for Ni-B-10 g/l TiO2 coating. 

 

 The scratch hardness of Ni-B-10 g/l TiO2 increased to more than 2 times as 

compared to Ni-B coating for the applied load condition of 20N. 

 

 The wear resistance of the Ni-B-10 g/l TiO2 coating was found to be the best. The 

specific wear rate of Ni-B-10 g/l TiO2 decreased to a value of 3.2 * 10-5 mm3/Nm 

as compared to 8.8 * 10-5 mm3/Nm for Ni-B coating. 

 

 The Ecorr value of Ni-B-10 g/l TiO2 increased by 7 % as compared to Ni-B. Also, 



110 

the Icorr value of Ni-B-10 g/l TiO2 decreased to 0.003 mA/cm2 as compared to 

0.0113 mA/cm2 for Ni-B. 

 
 

Ni-B-Zirconia 

 The Vickers microhardness value for Ni-B- 10 g/l ZrO2 was found to be 580 HV 

as compared to the 465 HV for as-deposited binary Ni-B. With a further increase 

of ZrO2 concentration to 15 g/l the hardness decreased to 500 HV. 

 

 The elastic modulus gradually increased from 73 GPa for as-deposited Ni-B to 83 

GPa for  Ni-B- 10 g/l ZrO2. 

 

 The specific wear rate of the Ni-B-10 g/l ZrO2 decreased by nearly 1/3rd  to 3.2 * 

10-5 mm3/ Nm as compared to 8.8 * 10-5 mm3/ Nm for Ni-B coating. An increase 

in the friction coefficient was also observed with the addition of zirconia 

nanoparticles up to a concentration of 10 g/l but with further addition, the friction 

coefficient decreases ie. for the coating Ni-B-15 g/l ZrO2. 

 

 The scratch width decreases with the addition of the zirconia nanoparticles. The 

decrease in width for the Ni-B-10 g/l ZrO2 coating is found to be around 34 %, 28 

% and 23 % for the applied load of 20 N, 30 N and 40 N, respectively, as 

compared to the binary Ni-B coating. 

 

 The corrosion resistance of Ni-B-10 g/l ZrO2 is the best among the coatings under 

study. The Ecorr decreases from a value of  494  mV for Ni-B to a nobler value of 

 428 mV Ni-B-10 g/l ZrO2. The Rct decreases from 0.3  * 104 ohms.cm2 for Ni-B 

to 1.5 * 104 ohms.cm2  for Ni-B-10 g/l ZrO2. The Icorr decreases to 0.0028 mA/cm2 

for Ni-B-10 g/l ZrO2 as compared to the unreinforced Ni-B coating which has a 

high corrosion current density of 0.011 mA/cm2. 
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Overall, the best wear resistance was obtained for the Ni-B-10 (Al2O3) coating 

although the hardest coating was the Ni-B-12.5 (Al2O3). The best corrosion resistance 

and the best elastic modulus was obtained for alumina reinforced Ni-B-10 coating among 

the Ni-B reinforced coatings but as compared to the Ni-P-10 (g/l) the corrosion resistance 

of Ni-B-10 coating falls short.  

 

7.2  Future scope 

While promising results have been obtained with the use of surfactants, it is 

crucial to ensure that those utilized in industrial applications are as benign as possible. 

Additionally, there is still much exploration to be done to make electroless Ni-B coating 

more eco-friendly. The use of organic and sustainable stabilizers in electroless nickel 

plating is still in its early stages. Additionally, the high temperature and pH of the plating 

baths used with sodium borohydride require a significant amount of energy. The next 

hurdle in the field may involve exploring alternatives to the widespread use of ethylene 

diamine. The industrial use of of electroless Ni-B coating is a significant challenge. There 

have been limited investigations into the recycling, retreatment, and replenishment of 

coating baths to streamline their integration into industrial processes. These investigations 

are imperative to ensure the practicality and longevity of the technology, as well as 

enable the complete assessment of the economic and environmental implications of 

applying EN-B coatings. Lifecycle assessment is one such method, but its efficacy is 

contingent upon a comprehensive understanding of the aging behavior of electroless 

nickel-boron plating baths. Thus, conducting further research on these aspects is crucial 

to address the challenges and maximize the potential of this technology. In addition to its 

well-established use in enhancing resistance to wear and corrosion, there is great potential 

for electroless nickel-boron coatings to find new applications in a variety of fields. For 

example, a deeper understanding of the impact of the stabilizing agent on the 

microstructure and morphology of the coatings could allow for the engineering of very 

smooth and shiny deposits, making them suitable for decorative applications. 

Additionally, textured surfaces with hydrophobic properties could be created, which 

could be useful in fields like self-cleaning coatings or biomedical devices. 
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Moreover, the conductivity and catalytic activity of electroless nickel-boron 

coatings in both film and powder form have been under investigated. They could 

potentially be utilized in areas such as water splitting, supercapacitors, and catalysis, 

where their properties could provide unique advantages over other materials. For 

instance, the high conductivity of electroless nickel-boron coatings could make them 

ideal for use in high-performance supercapacitors, while their catalytic activity could be 

harnessed for a variety of applications, such as hydrogen generation via water splitting. 

By exploring these new applications, the full potential of electroless nickel-boron 

coatings can be realized, making them an even more versatile and valuable material in a 

range of industries. 
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