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Abstract 

Certain nickel polyalloys, such as Ni-P-BN(h) and Ni-P-PTFE, are commonly used in the 

molding and stamping industries as they produce superior anti-galling coatings. In addition, 

PTFE and BN(h) are known for their high thermal stability and great solid lubrication, 

which can improve the wear characteristics of the coating. BN(h) particles also improve 

the corrosion resistance of Ni-P coatings, and heat treatment can raise their hardness. On 

the other hand, poor wettability of the BN(h) coating counts as a disadvantage that can be 

solved by incorporation within the matrix layer of an active metal such as nickel. Due to 

the nature of the previously mentioned operations, these coatings may develop defects over 

time, exposing the base substrate. This study focuses on the corrosion behavior of 

hexagonal boron nitride (BN(h)) co-deposited on nickel-phosphorus (Ni-P) coating by 

utilizing an electroless deposition process. Electrochemical and tribological tests such as 

electrochemical impedance spectroscopy (EIS) as a widely used approach to analyze the 

anti-corrosion performance of protective coatings, are performed to study the interaction 

between the coating and substrates of mold used in the tire industry.  
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1 Chapter 1: Introduction 

1.1 Overview 

All materials are susceptible to varying degrees of wear when they interact with other 

materials, resulting in gradual material deterioration. Whether through processes like 

adhesion, abrasion, erosion, corrosion, or other mechanisms, these interactions can lead to 

significant damage and, ultimately, devastating failure (Maclean, 2019). To protect the 

materials, various precautionary measures have been implemented, such as either 

substituting the material or applying protective coatings. However, using a material that is 

both more durable and corrosion-resistant may result in higher costs. (C. Wang, 2017a). 

As a result, there is a growing need among researchers to enhance the protection of metals, 

either through the development of superior coatings or modifications to existing ones 

(Fayyad et al., 2018a). While the use of epoxy or polymer-based coatings has shown some 

enhancements, it's important to note that each has its limitations. Epoxy-based coatings, 

for instance, cannot offer adequate protection against specific chemicals (Bayram et al., 

2015). On the other hand, polymer-based coatings may be susceptible to thermal damage 

during the assembly process (Taubkin et al., 2005), in addition to having relatively low 

hardness. Consequently, there is an opportunity to enhance these protective coatings to 

discover a remedy that offers the best possible protection while minimizing the requirement 

for replacement or re-coating processes.   

Various methods can also be employed for applying coatings, such as electroplating, 

electroless plating, mechanical plating, and hot dipping. Among these, electroless coating 

is the most commercially viable method, thanks to its distinctive properties and 

straightforward application (Fayyad et al., 2018b).  

The deposition of nickel through the reduction of the metal salt by hypophosphite was 

initially discovered by Wurtz in 1844. Subsequently, Roux patented a general metal plating 

process using hypophosphite and orthophosphite (Mallory & Hajdu, 1990; Sudagar et al., 

2013). However, this process did not see further study or commercial use until its 

rediscovery in 1946 by Brenner and Riddell (Brenner & Riddell, 1946). They detailed the 

deposition process of nickel and cobalt through chemical reduction using various reducing 

agents, operational parameters, and bath compositions to determine the optimal conditions. 
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In 1947, Brenner and Riddell coined the term "electroless" for this process and presented 

their findings on the optimal bath conditions (Brenner & Riddell, 1947). 

The most prevalent form of electroless plating is the deposition of nickel, known as 

Electroless Nickel (EN). Nevertheless, other metals, including copper, gold, and cobalt, are 

also deposited using this method (Fayyad et al., 2018b; Sudagar et al., 2013). Electroless 

nickel-phosphorus (Ni-P) coatings have found extensive application across various 

industries as protective coatings, owing to their notable characteristics such as high 

hardness, superior adhesion strength, and exceptional corrosion resistance (C. K. Lee, 

2009; Vojtěch et al., 2009; Xiu-qing et al., 2012). In contrast to electroplating, electroless 

Ni-P plating is an autocatalytic chemical reduction process that operates without needing 

an external electric current (Mallory & Hajdu, 1990). Additionally, the autocatalytic nature 

of electroless Ni-P plating allows for its application on irregular or complex-shaped 

components (Krishnan et al., 2006). Moreover, electroless plating stands out by delivering 

uniform coatings with enhanced adhesion, minimized internal stress within the coating, 

and a broader range of coating thickness compared to electroplating (C. Wang, 2017b). 

Electroless Ni-P (ENP) coatings dominate the industrial electroless coating landscape, 

accounting for over 95% of usage, and they have steadily gained popularity over the past 

seven decades and are extensively employed in various sectors like electronics, aerospace, 

and automotive industries. These coatings are preferred for their advantageous qualities, 

including notable resistance to wear and corrosion, hardness, lubricity, and strong 

adhesion. ENP coatings are typically categorized into three groups based on phosphorus 

content levels: low, medium, and high, with phosphorus concentrations ranging from 1 to 

5 wt%, 5 to 9 wt%, and 9 to 11 wt%, respectively. Furthermore, the metallurgical 

characteristics of these alloys are influenced by the percentage of phosphorus present; for 

instance, high-phosphorus Ni-P coatings are particularly renowned for their exceptional 

resistance to wear and corrosion. 

Nevertheless, Ni-P coatings have drawbacks as they tend to be brittle and lack sufficient 

toughness. This limitation restricts their suitability for applications demanding high scratch 

and dent resistance (Maclean, 2019; Shen et al., 2010; C. Wang et al., 2017). Recently, 

researchers have been engaged in the development of ENP composite coatings. This 
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involves either introducing secondary alloying elements or incorporating second-phase 

particles to augment the properties of these coatings (Fayyad et al., 2018a). Incorporating 

Ni-P-SiO2 composite coatings has been documented to enhance the hardness and corrosion 

resistance of conventional Ni-P coatings (Islam et al., 2015). The introduction of tungsten 

has resulted in a lower coefficient of friction and improved wear resistance (Duari et al., 

2017; Palaniappa & Seshadri, 2008). Furthermore, the application of Ni-P-SiC coatings 

has demonstrated enhanced resistance to cavitation erosion (Lin et al., 2006). These 

composite coatings demonstrate superior properties, such as increased hardness and 

improved wear resistance when compared to the monolithic Ni-P coatings. 

Hexagonal boron nitride (BN(h)) has emerged as a promising material for high-temperature 

solid lubrication due to its appealing attributes, including outstanding lubricating and 

thermal properties, an impressive melting point of approximately 2973°C and outstanding 

chemical stability. Boron nitride does not exist naturally as a mineral. Pure BN is 

synthesized through a chemical process involving a mixture of gases: boron trichloride, 

hydrogen, and ammonia (Georgieva et al., 2013). BN(h) is an inorganic ceramic material 

with crystalline lamellar structure. This structure closely resembles graphite as it shares a 

layered structure characterized by robust covalent bonding within each layer and 

comparatively weaker van der Waals forces between the layers. It is often referred to as 

"white graphite." These characteristics position BN(h) as a superior choice to graphite in 

high-temperature solid lubrication applications, primarily because the oxidation of BN(h) 

initiates at a higher temperature, around 800°C, in contrast to graphite, which experiences 

significant oxidation kinetics at 600°C (Bello, Maleque, et al., 2015; Eichler & Lesniak, 

2008). The self-lubricating and anti-friction properties of this coating position it as a strong 

contender for various tribological applications. Specific use cases encompass dry 

lubrication components like pistons, tooling moulds with outstanding release 

characteristics, and large sliding joints within machine tools, offering a low coefficient of 

friction (Kiran et al., 2020). 

1.2 The Objectives 

This study explores the electroless plating technique for co-depositing hexagonal boron 

nitride (BN(h)) particles with a Ni-P coating. Despite its potential, BN(h) has been 
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relatively underexplored in tribological research focusing on composite coatings. Our goal 

is to improve the tribological characteristics of the composite coating by incorporating 

BN(h) particles into Ni-P matrices. Moreover, the study investigates the influence of 

varying BN(h) particle concentrations beyond what has been previously explored, 

examining their co-deposition within the Ni-P matrix and its subsequent impact on the 

microstructure and tribological properties of electroless Ni-P-BN(h) composite coatings. 

A noticeable gap in the existing literature pertains to the effect of using an Ni-P pre-coat 

on the tribological behavior of electroless Ni-P-BN(h) composite coatings. This research 

extends the understanding by incorporating optimized heat treatment and comprehensively 

comparing all three parameters to identify the most effective combination for various 

applications. Addressing these research gaps is crucial for comprehending these coatings 

and their potential applications. 

We anticipate that this composite coating has the potential to enhance anti-galling 

properties and heat resistance when combined with metallic and ceramic matrices. The 

outcomes of this study will contribute valuable insights to the field and pave the way for 

optimized applications of electroless Ni-P-BN(h) composite coatings. 

 

1.3 Thesis Structure 

The content of this thesis is organized into five chapters.  

• Chapter 1 serves as the introduction, providing context and an overview of the 

research.  

• Chapter 2 offers a comprehensive literature review covering Ni-P coatings, 

hexagonal boron nitride as an additive, electroless Ni-P-BN(h) composite coatings, 

tribological properties, and microstructure.  

• Chapter 3 outlines the experimental procedures employed.  

• Chapter 4 examines all results and presents a formal discussion.  

• Lastly, Chapter 5 contains conclusions drawn from the research and offers 

recommendations for future work. 
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2 Chapter 2: Literature Review   

2.1 Electroless Ni-P Coatings 

Electroless nickel phosphorous (ENP) coatings, initially pioneered by Brenner and Riddell 

in 1944, have since found wide-ranging applications in various industries (By & Taheri, 

2003; Fayyad et al., 2018b). The electroless nickel plating process operates by chemically 

reducing aqueous nickel cations on a catalyzed substrate surface in the presence of a 

reducing agent (J. N. Balaraju et al., 2003). By employing appropriate bath components, 

nickel can be deposited without needing an external electric current, and phosphorus can 

be co-deposited, aided by heat. The electroless nickel reaction's self-catalyzing 

characteristic results in consistent coatings with uniform thickness across all surfaces, 

including edges and interior geometries (G. O. Mallory et al., 1990). Compared to 

conventional electroplating methods, electroless plating presents significant advantages. 

These include reduced processing costs attributed to the absence of electricity and the 

ability to achieve diverse deposits with exceptional properties through straightforward 

adjustments in pH, temperature, and bath compositions (Sudagar et al., 2013). Electroless 

deposition demonstrates the ability to precisely conform to the contours and intricate 

shapes of the substrate, resulting in a highly uniform coating. In contrast, electrolytic 

deposition relies on an electric current and often shows less uniformity, especially in 

regions with sharp corners and complex geometries (Jiang et al., 2014; Taheri et al., 2001). 

These characteristics have contributed to the growing importance of electroless plating 

among electrodeposition techniques, especially in creating advanced electroless composite 

coatings with exceptional qualities for critical tribological and mechanical applications 

(Bello, Maleque, et al., 2015). Furthermore, the popularity of electroless plating is 

attributed to the outstanding qualities of these coatings. These include exceptional 

corrosion resistance, high wear resistance, effective lubrication, elevated hardness, and 

satisfactory ductility. Notably, electroless plating consistently deposits materials on 

various metallic and non-metallic surfaces, regardless of their geometry. (C.-I. Hsu et al., 

2015). This versatility has been demonstrated in applications involving pure metals and 

alloys, plastics, ceramics, fibers, and powders (Bello, Maleque, et al., 2015). 
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Ni-P coatings inherently possess self-lubricating properties owing to the presence of 

phosphorus, contributing to a low friction coefficient. Furthermore, these coatings exhibit 

exceptional corrosion resistance, especially when the phosphorus content is high. (By & 

Taheri, 2003; Jiang et al., 2014). 

2.2 Autocatalytic Reaction Mechanism 

The electroless plating process functions via an autocatalytic reaction mechanism, with the 

kinetics of this reaction being influenced by the substrate's characteristics. This 

autocatalytic process requires the use of a reducing agent to supply electrons for nickel 

reduction, a complexing agent to control free nickel ions, and a stabilizer or inhibitor to 

regulate the reduction process, ensuring deposition occurs solely on the intended substrate 

(Dadvand, 2002; Fayyad et al., 2018). Plating requires a nickel source, typically a nickel 

salt, commonly nickel sulfate or nickel chloride. During the process, Ni2+ ions undergo 

reduction, forming nickel (Ni) on the autocatalytic substrate surface (Fayyad et al., 2018a; 

Sudagar et al., 2013). Four chemical reducing agents, namely sodium hypophosphite, 

sodium borohydride, dimethylamine borane (DMAB), and hydrazine, are commonly used 

for the reduction of nickel in electroless nickel plating. Sodium hypophosphite 

(NaH2PO2·H2O) is particularly prevalent in electroless Ni-P (EN) plating solutions, where 

nickel sulphate serves as the nickel source (Li, 2021).  

When working with Electroless Nickel, where sodium hypophosphite acts as the reducing 

agent, the anodic and cathodic reactions are outlined as follows (Agarwala & Agarwala, 

2003; Mallory & Hajdu, 1990): 

H2PO2- + H2O →H2PO3- + 2H+ + 2e- 

Ni2+ + 2e- → Ni 
 (1) 

Resulting in the following reaction: 

Ni2+ + H2PO2- + H2O → Ni + H2PO3- + 2H+  (2) 

In this chemical reaction, hypophosphite serves as the anodic element, undergoing 

oxidation and leading to a negative charge on the surface of the underlying metal. 

Meanwhile, the nickel ions from the salt solution undergo reduction, converting into nickel 

atoms that are subsequently deposited onto the substrate (Loto, 2016). 
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After the initial layer of nickel is deposited, it serves as a catalyst for the subsequent stages 

of the process. The deposition rate is influenced by various factors, including temperature, 

pH, the concentration of Ni2+, the reducing agent and its concentration, the bath load, and 

the level of agitation (By & Taheri, 2003; Taheri et al., 2001). The hypophosphite reducing 

agent acts as a source of phosphorus (P) as well, facilitating the simultaneous co-deposition 

of phosphorus alongside nickel reduction. Further details regarding these variables will be 

examined in subsequent sections. 

2.3 Electroless Plating Bath 

Proper substrate pre-treatment is essential to improve adhesion between a metal substrate 

and a coating. Metal substrates such as steel, aluminum, or magnesium undergo a series of 

steps for optimal preparation. Initially, the substrates are ground using abrasive papers and 

finely polished with alumina solutions. Following polishing, the substrates are typically 

degreased using acetone. Before plating, alkaline cleaning and acid etch solutions are 

applied to the substrates. Alkaline cleaning involves immersing the substrate in a solution 

containing substances like sodium hydroxide or sodium carbonate, while acid etching 

utilizes solutions such as sulfuric acid or hydrochloric acid. The specific pre-treatment 

process varies depending on the substrate, with each type of substrate requiring its own set 

of pre-treatment procedures (C. Wang et al., 2018).  

To attain optimal results from the plating bath, monitoring and adjusting the temperature 

and pH to specific levels is imperative. Furthermore, the reducing power can be maximized 

by controlling the pH, thereby enhancing the deposition rate. Additionally, temperature 

plays a crucial role in providing energy for the process, and numerous experiments have 

been conducted to determine the ideal conditions based on the application (Brenner & 

Riddell, 1947; Loto, 2016). 

The main components of a plating bath typically include metal ions, reducing agent, 

complexing agent, stabilizer, buffer, and pH regulator. The primary component required 

for the plating bath is a source of metal ions to be deposited onto the substrate's surface, 

such as Ni2+ ions, which can be supplied in the form of salts like nickel sulfate or nickel 

chloride. The nickel ions accept electrons from the reducing agent, which acts as the 

electron donor, and are then reduced to nickel metal on the substrate's surface (Sahoo & 



8 

 

Das, 2011; Sudagar et al., 2013). Subsequently, the reducing agent supplies electrons for 

the reduction of metal ions, experiencing oxidation in the process. Electroless baths 

frequently utilize various reducing agents, including sodium hypophosphite, 

dimethylamine borane, sodium borohydride, and hydrazine. Among these, sodium 

hypophosphite baths are the most widespread, representing nearly 70% of Ni-P coating 

deposition. This preference is attributed to their superior deposition rates, ease of bath 

control, and enhanced stability. In the case of using hypophosphite, it also contributes to 

the phosphorus content of the coating (Agarwala & Agarwala, 2003; Kiran et al., 2020). 

Complexing agents, which are typically organic acids or their salts (such as acetic, malic, 

succinic, or citric acids), are added to electroless plating baths to control reactions. They 

fulfill three key roles in the electroless plating bath. Firstly, they help to prevent the rapid 

decrease in the solution's pH. Secondly, they function as inhibitors, preventing the 

precipitation of nickel salts. Thirdly, they aid in reducing the concentration of free nickel 

ions. The plating rate is inversely proportional to the stability constant of the complexing 

ion. Additionally, complexing agents serve as buffers and retarders for the precipitation of 

nickel phosphite. The choice of complexing agent significantly affects the quality of the 

deposits and the levels of internal stress and porosity (Mallory & Hajdu, 1990; Schlesinger 

& Paunovic, 2010). 

The buffer maintains pH levels consistently over an extended period, ensuring precise 

control for achieving thin and uniform plating. To prevent the decomposition of the coating 

solution, a stabilizer is utilized, protecting against the breakdown of catalytically active 

deposition. Additionally, accelerators enhance the deposition rate by activating 

hypophosphite anions, expediting the reducing agent's action. Stabilizers or accelerators 

are added in small amounts (ppm) to weaken the bond between hydrogen and phosphorus 

atoms in hypophosphite molecules, facilitating the adsorption of phosphorus onto the 

catalytic surface (Loto, 2016; Sahoo & Das, 2011; Sudagar et al., 2013). 

As per Brenner and Riddell (1946), acid electroless nickel-phosphorus baths offer 

advantages over alkaline baths, including enhanced composition stability due to the 

absence of complexant loss through evaporation, superior deposition rates and thickness, 

and the production of high-quality coatings. Acid electroless nickel baths allow for easy 
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control of the phosphorus content percentage in the deposit, a crucial factor influencing the 

properties of the deposit. Additionally, these baths demonstrate thermal stability and do 

not decompose upon heating. Consequently, acid solutions are preferred in various 

industries, particularly corrosion applications (Krishnan et al., 2006). 

Unlike an acid bath, an alkaline bath exhibits instability at higher temperatures. This 

instability arises from a sudden decrease in bath pH, resulting from the loss of ammonia, 

which is added to elevate the bath's pH at elevated temperatures. Consequently, controlling 

bath pH becomes challenging at temperatures exceeding 90°C. Moreover, the rate of nickel 

deposition is directly correlated with the hypophosphite concentration. However, higher 

levels of hypophosphite can lead to bath instability due to homogeneous deposition in the 

bulk. Despite this, alkaline bath deposits typically offer lower levels of corrosion (Sudagar 

et al., 2013). 

2.4 Coating Properties and Affecting Factors for Electroless Plating  

Several factors that affect the deposition rate, quality, and overall appearance influence the 

electroless plating process. These factors include bath concentration, bath time, bath 

volume, operating temperature, pH, and adding additives (Loto, 2016; Osifuye, 2014). 

Bath concentration refers to the quantity of each component within the plating bath, which 

plays a crucial role in determining the quality of the final product. It directly impacts the 

deposition rate and the amount of metal deposited on the substrate. Higher concentrations 

of metal ion source or the reducing agent result in an increased deposition rate. However, 

as metal ions become depleted, the metal reduction decreases as the equilibrium shifts, 

resulting in fewer metal ions available compared to the electrons released by the reducing 

agent. Research on the reducing agent's concentration demonstrates that an increase 

enhances the deposition rate and surface roughness; however, a further increase can lead 

to bath decomposition (Lobanova et al., 2008; Loto, 2016). 

Bath time refers to the duration of the plating process and is dependent on the stability of 

the bath solution. Extending the bath time typically results in an enhanced deposition of 

the coating metal, provided the bath remains stable. Another significant factor is the bath 

volume, which influences plating quality and ensures the maintenance of the plating bath's 

operational level. Initially, a plating bath operates at 100% efficiency and chemical 
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balance. However, its efficiency decreases as plating progresses, and changes occur in the 

bath chemistry (Loto, 2016). 

The temperature and pH of the plating bath are crucial factors in maintaining bath stability. 

A change in the temperature of the plating bath directly impacts the deposition rate, with 

an exponential increase in the rate observed as the temperature rises, assuming all other 

parameters remain constant (Sudagar et al., 2013).  Standard temperature ranges for plating 

baths vary; temperatures between 80-90 °C are typically common for acidic solutions, 

while alkaline solutions are usually maintained at 40 °C or higher. Lower temperatures 

below 60 °C may lack the necessary energy for reactions to proceed effectively. 

Conversely, higher temperatures can result in an overly active bath, potentially leading to 

a "plate-out" effect or bath decomposition (By & Taheri, 2003; Loto, 2016). An elevated 

temperature can render the bath highly active, leading to instability. The optimum 

operating temperature of an acid hypophosphite plating solution typically ranges from 85 

to 90 °C. However, when temperatures exceed 90 °C, the phosphorus content of the deposit 

may decrease, and the potential for solution decomposition increases (Guo et al., 2012). 

Due to the approximate linear relationship between plating time and coating thickness, 

temperature can indeed influence the thickness of the coating. If the temperature of the 

plating bath becomes excessively high or low, it can affect the deposition rate. Excessive 

temperatures may slow the deposition rate, while extremely low temperatures may render 

the bath unstable (Fayyad et al., 2018a). 

The pH of the plating bath is the second primary operational parameter. Various electroless 

plating processes necessitate an acidic or alkaline bath to achieve practical and high-quality 

deposition, making the operational pH a crucial parameter. Moreover, the pH level 

influences the phosphorus content within the deposit: lower pH values result in higher 

phosphorus content, while higher pH values yield lower phosphorus content (Loto, 2016).  

Acid baths are preferred for producing high-quality, thick coatings on metals and ensuring 

prolonged bath stability (Sudagar et al., 2013). For example, Chen et al. found that an acidic 

bath with a pH of 4 can produce up to 25% phosphorus content, whereas a higher alkaline 

pH leads to less than 1% phosphorus content (Z. Chen et al., 2003a). Another study 

confirmed that the adhesion characteristics of coatings from acidic baths to steel substrates 
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significantly depend on the bath's pH level (Braun et al., 2011). Additionally, Molla et al. 

noted a decrease in phosphorus concentration as pH values shifted from 3 to 7, highlighting 

that the deposition rate peaked at a pH of 5 (Molla et al., 2012). Furthermore, Chen et al. 

found that coatings from acidic baths exhibited internal tensile stresses, whereas those from 

alkaline baths developed internal compressive stresses (Z. Chen et al., 2003b). 

In certain instances, the hypophosphite reaction may shift from catalytic to homogeneous, 

leading to the spontaneous decomposition of the solution with nickel deposition and a 

decreased solubility of nickel phosphate. This decomposition initiates rough and less 

desirable deposits. Lowering the pH helps prevent the deposition of essential salts and 

hydroxides, thereby decreasing the reducing power of hypophosphite. This enhances the 

buffering action of both species. The optimal pH for an acid plating bath is typically around 

5 (By & Taheri, 2003). 

A proper pre-treatment of the substrate is essential to establish strong adhesion between 

the deposited coating and the substrate. For metal substrates like steel, preparation involves 

grinding with abrasive grit paper and fine polishing using specific solutions to ensure a 

smooth surface for coating deposition. Substrates should also undergo pre-plating 

treatment, including cleaning with an alkaline solution containing sodium hydroxide or 

sodium carbonate, followed by an acid etching step using sulfuric acid or hydrochloric 

acid. Pre-treatment procedures may vary for other substrates depending on their material 

composition (Z. Li, 2021; C. Wang et al., 2017). 

Another reaction that adversely impacts the coating process is the precipitation of nickel 

orthophosphate. This reaction depletes the concentration of nickel ions in the plating bath, 

consequently yielding a rougher coated surface than desired (Mainier et al., 2013). These 

challenges contribute to a decrease in the efficiency of Electroless Nickel (EN) coatings. 

To address these issues, a complexing agent must be introduced to prevent the precipitation 

of Ni2+ (Fayyad et al., 2018a).  

2.5 Ni-P Coating’s Microstructure and Properties 

Electroless Nickel (EN) coatings exhibit homogeneous deposition onto a substrate when 

appropriately prepared. The adhesion between the coating and the substrate is influenced 

by factors such as thickness, phosphorus content, and the ductility of the substrate, which 
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is crucial to prevent delamination (Taheri et al., 2001).  The Ni-P coating's characteristics 

are significantly impacted by their phosphorus content, which is related to plating 

parameters and bath composition. The phosphorus content within the deposits can be 

conveniently regulated by adjusting the pH of the hot acid bath, resulting in low, medium, 

or high phosphorus Ni-P coatings.  

Low phosphorus, comprising 1-5 wt.% P, demonstrates high hardness and wear resistance, 

whereas a high phosphorus coating (9-11 wt.% P) is favored for its exceptional corrosion 

resistance. Medium phosphorus falls within the range of 6-9 wt.% P. One of the other 

influences of the phosphorus content is the degree of crystallinity observed in the deposited 

coatings. Coatings with high phosphorus content demonstrate an amorphous structure, 

whereas those with low phosphorus content tend to be microcrystalline. Interestingly, 

coatings with medium phosphorus content usually exhibit crystalline and amorphous 

characteristics (By & Taheri, 2003; Maclean, 2019). The degree of crystallinity is related 

to factors such as phosphorus content, heating rate, heat treatment temperature and 

duration, and the preceding thermal history. (By & Taheri, 2003). The Vickers hardness of 

Ni-P coatings, measured at a 100 g load, spans from 500 to 600 HV100, while ductility 

ranges from 0.7% elongation to 1.5% elongation. It can be concluded that both properties 

are dependent on the phosphorous content and can be enhanced through post-deposition 

heat treatment (Jensen, 2022; Z. Li, 2021). 

The amorphous nature of Ni-P coatings enhances ductility and corrosion resistance 

(Jensen, 2022). Generally, Ni-P coatings possess notable corrosion resistance, which is 

attributed to their amorphous structure compared to equivalent polycrystalline materials 

due to the absence of grain boundaries. As a result, Ni-P coatings with high phosphorus 

content show superior corrosion resistance compared to those with lower phosphorous 

content (Jensen, 2022; Qi et al., 2017). This heightened resistance is attributed to the 

absence of grain boundaries and the formation of passive layers. These coatings function 

as barrier coatings, shielding the substrate from the corrosive environment. (Parkinson, 

2001). 

The amorphous crystal structure of the coating contributes to a high tensile strength and 

strain, and it tends to increase with higher phosphorus content. (B. Jiang et al., 2014). When 
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the phosphorus content falls within the range of 4-7.5 wt.%, the microstructure is 

incoherent (brittle). At this juncture, internal stress reaches its maximum tensile value, 

resulting in the lowest ductility. Conversely, if the phosphorus content is below four wt.% 

or above 11 wt.%, a coherent microstructure is formed, leading to compressive internal 

stress. In instances where the structure is single-phase, ductility increases but remains 

relatively low (By & Taheri, 2003). 

Taheri has indicated that the mechanical and corrosion properties of Ni-P coatings are 

directly linked to the internal stress state (By & Taheri, 2003). Internal stress, defined as 

"the force, free from external forces, that is created within the deposit and tends to change 

the shape of the deposit to relieve the force" (Parkinson, 2001), initially manifests as 

tensile. However, with a sufficiently high phosphorus content, this stress transitions to a 

compressive state. Additionally, internal stress is influenced by the bath age, with the 

internal tensile stress reaching a maximum as the bath ages (By & Taheri, 2003). 

The lubricity properties resulting from the phosphorus content in Electroless Ni-P coatings 

contribute to their exceptional frictional properties. This enhanced lubricity improves wear 

resistance, proving particularly advantageous in applications where high lubricity is a 

critical factor (Z. Li, 2021; Sudagar et al., 2013). 

2.6 Composite Ni-P Coatings 

Electroless composite coating involves the integration of secondary-phase particles into 

the metallic matrix of the electroless coating during the plating process. These composite 

materials can consist of either hard particles or nonmetallic materials (Sudagar et al., 2013). 

Extensive research has demonstrated the enhancement of the tribological properties of 

electroless coatings through dispersion strengthening and the modification of coating 

characteristics. This advancement has opened the way for a new era of electroless coatings 

and holds the potential for further enhancements in coating performance across a wide 

range of applications (Islam et al., 2015; Low et al., 2006). 

Composite coatings are achieved by allowing the secondary-phase particles to impact and 

settle onto the substrate's surface. Subsequently, they become encased by the metallic 

matrix during the deposition process. Notably, there are no molecular bonds formed 

between the metal matrix and the dispersed particles (Sudagar et al., 2013). To achieve a 
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uniform distribution of the secondary-phase particles, magnetic agitation, stirring, and 

surface modification of particles using a surfactant are employed to prevent agglomeration 

(Islam et al., 2015). 

The inclusion of these particles in the electroless bath resulted in a significant increase in 

surface area loading, exceeding two orders of magnitude. However, this initial exploration 

in the field faced challenges as plating baths became unstable and decomposed. It was only 

when appropriate stabilizers were introduced that coatings were successfully prepared (J. 

N. Balaraju et al., 2003). 

The inclusion of finely sized particles in Ni-P autocatalytic coatings has significantly 

improved their properties and, in some instances, introduced entirely new characteristics 

to enhance their performance. This has led to an expanded utilization of these coatings in 

various industries, ranging from high-tech sectors like electronic components and 

computers to more traditional fields such as general mechanics, automotive, paper 

manufacturing, textiles, and the food industry. Composite coatings containing hard 

particles like SiC, diamond, Al2O3, WC, Si3N4, or BN (cubic) have been developed to 

enhance surface wear resistance and hardness. Furthermore, improved lubricity has been 

achieved by integrating soft particles such as PTFE, MoS2, or BN(h) (León et al., 2005). 

Incorporating polymeric PTFE within an electroless nickel matrix has also garnered 

substantial interest. The introduction of soft PTFE particles results in a low friction 

coefficient within the co-deposit, making it ideal for mould release applications in the 

production of producing plastic and rubber components (Leó N A et al., 1999). It is a well-

established fact that to improve and extend wear resistance, electroless nickel coatings can 

undergo post-heat treatment at temperatures ranging between 300°C and 400°C. This 

treatment facilitates the precipitation of dispersed hard nickel phosphide intermetallic 

compounds. Typically, the higher end of this temperature range is favored to expedite the 

crystallization process (Leó N A et al., 1999). Although it was previously asserted that 

post-baking autocatalytic Ni–P–PTFE composites are not feasible because PTFE begins to 

break down at temperatures exceeding 230°C, more recent findings in the literature have 

demonstrated that these composite coatings, when heat treated at 400°C, exhibit the highest 
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reduction in friction and anti-wear capability without any PTFE decomposition (Leó N A 

et al., 1999; Yu & Zhang, 1994). 

2.7 Factors Affecting Composite Coatings Quality 

The essential factors influencing electroless composite coating are bath stability, agitation, 

particle size, particle concentration, and the use of surfactants (Sudagar et al., 2013). 

Bath stability is one factor which can affect the composite coating quality. The addition of 

particles to the plating bath increases surface area loading, which can lead to bath 

decomposition. Agitation is crucial in ensuring uniform particle distribution in the matrix, 

as it keeps the particles suspended during deposition, with the particle surfaces facing 

upwards (Kalantary et al., 1993; Sudagar et al., 2013). However, excessive agitation, even 

with optimal loading and stabilizer concentration, can negatively impact deposit quality. 

Particle size is another critical factor. Reddy et al. (Reddy et al., 2000) proposed that 

smaller particles enhance the bond between the matrix and second-phase particles because 

they are more effectively integrated into the matrix. Apachitei et al. (Apachitei et al., 1998) 

found that spherical-shaped alumina particles are better incorporated than irregularly 

shaped ones, resulting in improved hardness and surface finish. The shape of particles also 

affects the coating surface finish, with small round particles yielding smoother surfaces, 

while larger angular particles result in rougher surfaces (Apachitei et al., 1998; Sudagar et 

al., 2013). Balaraju et al. noted that 50 nm alumina particles provide superior corrosion 

resistance compared to 1.0 µm particles in Ni-P composite coatings, with no significant 

impact on hardness (J. N. Balaraju et al., 2006). Particle size should be large enough to 

settle during deposition with nickel and phosphorus but not so large as to significantly 

increase coating surface roughness (J. N. Balaraju et al., 2003; Z. Li, 2021). 

The concentration of the second-phase particles plays a critical role in their integration into 

the matrix. Particle agglomeration can occur when a specific concentration threshold is 

reached or exceeded. This proximity of particles can lead to settling, saturation, or reduced 

incorporation (Abdel Hamid & Abou Elkhair, 2002; J. N. Balaraju & Seshadri, 1999). Each 

composite material has an ideal concentration determined through experimental 

investigation to achieve the desired outcomes. For example, in Ni-P coating, the optimal 

concentration of SiC was 20–25 vol.% to maximize hardness. Similarly, PTFE's optimal 
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concentration is 20–25 vol.% to provide lubrication and reduce friction in the plated 

component (Izzard & Dennis, 1987; Sudagar et al., 2013). 

Surfactants serve as additives to achieve a uniform distribution of second-phase particles 

within the metallic matrix while preventing particle agglomeration. They become 

particularly essential when the reinforcement particles are soft, such as PTFE or graphite 

(Ger & Hwang, 2002; Moonir-Vaghefi et al., 1997). 

Various techniques have been documented in the literature to assess the level of 

incorporation of second-phase particles. One approach involves utilizing a plasma emitting 

spectrum analyzer to determine the coating composition (Yu & Zhang, 1994). Another 

method relies on particle counting, which entails examining the coating's surface 

morphology (Łosiewicz et al., 1999). An electron microprobe analyzer can also be 

employed for this purpose(Dennis et al., 1981). Observing the coating's cross-section 

through image analysis is yet another means of evaluation (Bozzini et al., 1999). To 

determine the weight percentage of second-phase particles in the deposit, a known coating 

weight can be dissolved in nitric acid, followed by filtration through a pre-weighed 0.1 μm 

membrane filter (W. Chen et al., 2010). 

Numerous researchers have illustrated significant improvements in the wear characteristics 

of Ni–P composite coatings through heat treatment (León-Patiño et al., 2019; Mohammadi 

& Ghorbani, 2011; Sahoo & Das, 2011). Baibordi et al. indicated improved hardness and 

wear resistance in multi-layer Ni–P/Ni–B–BN composite coatings after heat treatment at 

400 °C due to their crystalline nature and the precipitation of the Ni3B phase (Baibordi et 

al., 2014). The studies conducted by Jiang et al. and Sivandipoor et al. showed that heat 

treatment of Ni–P coatings incorporating solid lubricant particles resulted in enhanced 

tribological characteristics (J. Jiang et al., 2016; Sivandipoor & Ashrafizadeh, 2012).  

 

2.8 Properties of Composite Coatings 

2.8.1 Hardness 

An essential advantage of composite coatings lies in their capacity to enhance the hardness 

of the deposited material. Hardness is influenced by various factors, including the quantity 



17 

 

of second-phase particles, the phosphorus content in the matrix, and, in some instances, 

post-deposition heat treatment (Sudagar et al., 2013). Introduction of hard particles, like 

SiC, into the coating elevates its hardness regardless of the phosphorus content, whereas 

the inclusion of soft particles, such as PTFE, aimed at friction reduction, diminishes the 

coating's hardness (J. N. Balaraju & Rajam, 2007; Huang et al., 2003; Jiaqiang et al., 2006). 

Apachitei et al. (Apachitei et al., 1998) conducted a study on the composite coating Ni-P-

Al2O3, where alumina was dispersed within the Ni-P matrix on an aluminum alloy 

substrate. They observed a notable enhancement in hardness, with the as-plated sample 

increasing from 600 HV100 to 743 HV100, signifying a 24% hardness improvement. 

Furthermore, subjecting the material to heat treatment at 400 °C for one hour resulted in 

an additional 10% increase in hardness, elevating it from 1136 HV100 to 1248 HV100. Huang 

et al. (Huang et al., 2003) conducted a study on electroless nickel composite coatings 

applied to a mild steel substrate, incorporating both SiC and PTFE. They observed that the 

inclusion of hard ceramic SiC led to an increase in hardness from 453 HV50 to 530 HV50, 

signifying a 17% enhancement. In contrast, PTFE had the opposite effect, reducing the 

hardness to 340 HV50, marking a 25% decrease. Additionally, subjecting the SiC composite 

coating to heat treatment at 400 °C for one hour resulted in a substantial increase in 

hardness from 956 HV50 to 1365 HV50, translating to a remarkable 43% increase in 

hardness. 

2.8.2 Wear Resistance 

Another significant advantage of electroless composite coatings is the enhancement of 

wear resistance, particularly in applications where components are subjected to wear and 

abrasion (Sudagar et al., 2013). Studies on the co-deposition of various hard particles have 

shown that wear resistance comparable to hard chromium can be achieved in electroless 

composite coatings. The wear resistance of composite coatings is influenced by various 

factors, including the type of co-deposited particles, their size, and concentration, similar 

to their impact on hardness (Sudagar et al., 2013). 

Silicon carbide (SiC) is commonly incorporated into electroless coatings and extensively 

studied, as its addition provides excellent wear resistance, proving beneficial in wear 

applications (Sudagar et al., 2013). Studies have reported that higher incorporation levels 
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increase wear resistance due to the dispersion strengthening effect of the particles 

(Apachitei et al., 2002; Jiaqiang et al., 2006; Y. Li, 1997). For example, Huang et al. 

(Huang et al., 2003) found that the incorporation of SiC particles in electroless nickel 

results in an 82% decrease in wear rate, from 2.52 to 0.45×10–6 mm3/Nm. However, they 

also observed that incorporating the softer polytetrafluoroethylene (PTFE) further reduces 

the wear rate to 0.36 × 10–6 mm3/N m (85% decrease). 

Reddy et al. (Reddy et al., 2000) investigated how the size of particles affects the wear 

resistance of deposits by introducing diamond particles of varying sizes into a Ni-P matrix, 

ranging from 3 μm to 40 μm. Their findings indicated that finer particles in the 3-6 μm 

range demonstrate better wear resistance than larger particles sized 20-40 μm, assuming an 

equal coating thickness. This was attributed to the smaller diamond particles achieving a 

higher degree of incorporation for a given thickness. 

The wear process of electroless Ni-P composite coatings typically unfolds in two stages. 

Initially, the coating undergoes mild abrasive wear, impacting surface durability. 

Subsequently, more severe wear ensues, characterized by the brittle detachment of debris 

(Straffelini et al., 1999; Sudagar et al., 2013). 

2.8.3 Friction 

Composite coatings enhance lubrication in electroless Ni-P coatings and reduce the 

coefficient of friction. This is particularly beneficial in unlubricated conditions or extended 

periods of friction, where Ni-P coatings may exhibit shortcomings. Unlike hardness, 

incorporating soft particles leads to more favorable friction properties. Commonly used 

materials such as graphite and polytetrafluoroethylene (PTFE) are employed in composite 

coatings to prevent adhesion between mating surfaces, ensuring effective lubrication 

(Sudagar et al., 2013). 

On the other hand, the co-deposition of hard particles, such as silicon carbide (SiC), tends 

to result in weaker lubrication properties compared to monolithic coatings. Grosjean et al. 

(Grosjean et al., 2001) observed this effect in Ni-P-SiC composite coatings and attributed 

the increased friction to the abrasive nature of the carbide particles. In a study by Huang et 

al. (Huang et al., 2003), the comparison of SiC and PTFE particles individually in 

electroless nickel coating showed that the average coefficient of friction for PTFE particles 
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(0.48) is significantly lower than for SiC (0.59). An intermediate value of 0.52 was 

obtained for the friction coefficient by incorporating a combination of both particles. Other 

second-phase particles utilized in electroless composite coatings for improved lubrication 

include carbon nanotubes and boron nitride (W. X. Chen et al., 2002; Sudagar et al., 2013; 

L. Y. Wang et al., 2003). 

Surface roughness, a crucial parameter influencing the coefficient of friction by 

determining the contact area between materials, is typically considered when evaluating 

coating quality. Composite coatings containing soft particles exhibit lower surface 

roughness than monolithic electroless coatings, whereas coatings with hard particles result 

in rougher surfaces (Feldstein et al., 1983; Sudagar et al., 2013). 

2.8.4 Corrosion Resistance 

Corrosion resistance stands out as a notable advantage of electroless coatings. However, 

ongoing efforts are directed towards developing composite coatings to enhance this 

property further, especially for use in more demanding applications (Islam et al., 2013). 

Electroless coatings, by nature, exhibit passivity and high corrosion resistance across a 

broad spectrum of temperatures and pH values (Masry et al., 2018). Initially, some 

researchers believed that incorporating second-phase particles into the matrix would 

compromise this passivity and corrosion resistance, resulting in significantly reduced 

corrosion resistance for composite coatings compared to electroless nickel alone. As a 

result, composite coatings were not commonly recommended for applications requiring 

high corrosion resistance (J. Balaraju et al., 2001). Despite this initial skepticism, several 

electroless composite coatings have been developed that demonstrate enhanced corrosion 

resistance, prompting further research to increase corrosion resistance (J. Balaraju et al., 

2001; Hubbell, 1978; Jin et al., 2008; Ranganatha et al., 2010; Zuleta et al., 2009). 

Balaraju et al. (J. Balaraju et al., 2001) assessed the corrosion resistance of electroless Ni-

P-Si3N4, Ni-P-CeO2, and Ni-P-TiO2 composite coatings, comparing them to electroless 

Ni-P. All three composite coatings exhibited significantly higher corrosion resistance in a 

3.5 wt.% NaCl solution at room temperature. This improvement was attributed to the 

reduction in the effective metallic area available for corrosion. Furthermore, the co-
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deposition of Si3N4 and CeO2 particles resulted in higher corrosion resistance than TiO2 

particles. 

Mohammadi and Ghorbani (Mohammadi & Ghorbani, 2011) delved into the impact of 

incorporating polytetrafluoroethylene (PTFE) and MoS2 particles, individually and in 

combination, into electroless nickel coatings concerning corrosion resistance in acidic and 

brine solutions. The PTFE composite coating exhibited improved performance as the 

particles effectively blocked the pores of the electroless coating. In contrast, the MoS2 

particles yielded poorer results, and the combination of both particles resulted in extremely 

poor corrosion resistance, with corrosion rates five to ten times higher than the monolithic 

coating in acidic and brine solutions, respectively. This adverse effect was attributed to the 

presence of some porosities in the coatings. 

Additional strides in composite coatings have been made to safeguard pipeline steel against 

corrosion, as demonstrated by Masry et al. (Masry et al., 2018). This study co-deposited 

Graphene and titanium to create Ni-P-Ti and Ni-P-Graphene composite coatings. The 

corrosion performance of these coatings was evaluated using polarization methods and 

electrochemical impedance spectroscopy in a 3.5% NaCl solution, and the results were 

compared to those of Ni-P coating. The composite coating containing titanium exhibited 

superior corrosion resistance compared to the monolithic coating, with the graphene 

particles providing the highest corrosion resistance. Furthermore, composite coatings 

incorporating polymer particles, such as polyvinyl chloride and polyvinyl alcohol, 

enhanced the corrosion resistance of electroless Ni-P coatings (Shoeib et al., 1998). 

2.9 Boron Nitride (BN) 

Boron nitride (BN) is an artificially produced refractory material renowned for its physical 

and chemical attributes (Mosuang & Lowther, 2002; Shi et al., 2008). BN comes in various 

structural forms, including cubic BN (BN(c)), explosive BN (BN(e)), hexagonal BN 

(BN(h)), rhombohedral BN (BN(r)), turbostratic BN (BN(t)), and wurtzitic BN (BN(w)) 

(Shi et al., 2008). Pure BN is synthesized through a chemical reaction involving a mixture 

of gases containing boron trichloride, hydrogen, and ammonia. Under conditions of high 

pressure (2–6 GPa), temperatures exceeding 1200°C, and in the presence of catalysts, two 

dense alpha-BN modifications are produced: beta-BN with a cubic crystalline structure 
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akin to diamond (sphalerite type) known as BN(c) or 'borazone,' serves as an abrasive 

material for grinding and polishing steel components to achieve a high degree of surface 

finish. Gamma-BN with a hexagonal crystalline structure resembling wurtzite (BN(w)). 

Both dense modifications exhibit hardness levels close to that of diamond. Still, they do 

not interact with iron-based metals and alloys ,are utilized as a solid lubricant and are 

incorporated into composite materials based on various substrates. Products made from 

such composites also exhibit excellent anti-friction properties (Georgieva et al., 2013). 

BN(h) is an inorganic ceramic material characterized by its crystalline, layered structure. 

This structure bears a striking resemblance to graphite and is often referred to as "white 

graphite." BN(h) has shown significant promise as a solid lubricant material for high-

temperature applications. This is attributed to its appealing combination of excellent 

lubricating properties, high thermal stability, and chemical resistance, which positions 

BN(h) as preferred over graphite in certain critical engineering contexts. Notably, BN(h) 

has the potential to replace graphite in high-temperature solid lubrication, given that its 

oxidation begins at 800°C, in contrast to graphite, which exhibits significant oxidation 

kinetics at 600°C (Bello, Md Abdul, et al., 2015). 

BN(h)'s layered structure comprises a network of (BN)3 rings. In contrast to graphite, 

BN(h) acts as an insulator and this behavior arises from the covalent inter-layer bonding 

between boron and nitrogen atoms, which effectively restricts the movement of free 

electrons. Consequently, the distinct colors of graphite (black) and boron nitride (white) 

can be attributed to this phenomenon (Eichler & Lesniak, 2008). These rings are held 

together by highly robust covalent bonds, while the atomic layers are connected by weak 

van der Waals bonds, allowing for easy slippage between them (Eichler & Lesniak, 2008). 

This lamellar arrangement, like the structure of graphite and MoS2, gives BN(h) its identity 

as a low-friction material. Remarkably, it has been observed that even a single layer of 

BN(h) can display reduced friction (C. Lee et al., 2010). 

Furthermore, it possesses essential properties such as high thermal conductivity, low 

thermal expansion, excellent thermal shock resistance, high electrical resistance, a low 

dielectric constant, and transparency to microwaves. Additionally, it is non-toxic, 

chemically inert, and repels most molten metals, making BN(h) a crucial solid lubricant 
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with numerous industrial applications. As a result, it is a highly regarded solid lubricant in 

the industry and is the subject of frequent research and application in various sectors 

(Eichler & Lesniak, 2008). 

2.10 Ni-P-BN(h) Composite Coating 

Among the viable options, one noteworthy candidate, often referred to as "white graphite," 

is hexagonal boron nitride (BN(h)) (Kimura et al., 1999; Shi et al., 2008). In recent times, 

autocatalytic electroless nickel-phosphorus (Ni-P) coatings containing nano-sized 

hexagonal boron nitride, BN(h), have gained significant popularity as exceptional low-

friction, self-lubricating coatings, particularly in the fields of automobile manufacturing 

and aerospace industries (Farrokhzad, 2017). Boron nitride with a hexagonal close-packed 

structure denoted as BN(h), emerges as a highly promising candidate for electroless nickel 

composite coatings, primarily due to its unique properties (Leó N A et al., 1999). Under 

specific conditions (Pushpavanam & Natarajan, 1995), BN(h) exhibits a lower friction 

coefficient than graphite or molybdenum disulphide. Furthermore, its exceptional chemical 

and thermal stability permits the application of post-heat treatment at various temperatures 

to achieve the desired level of hardness. While it is recognized that electroless Ni-P-BN(h) 

coating materials exhibit functional performance at elevated temperatures (Z. Li et al., 

2013), it is essential to note that, their behavior regarding high-temperature oxidation has 

not been thoroughly and systematically examined to date. Nickel, by itself, possesses a 

high melting point of 1480°C and demonstrates strong resistance to high-temperature 

atmospheric oxidation up to 500°C. 

Furthermore, hexagonal boron nitride, BN(h), is characterized by its chemical inertness, 

significant thermal stability, and remarkably high melting point of 2973°C. This makes it 

an ideal choice for incorporation into the nickel matrix for applications requiring resistance 

to high temperatures (J. N. Balaraju et al., 2003; Tyagi et al., 2010). Consequently, it is 

reasonable to deduce that Ni-P-BN(h) coatings should also exhibit considerable resistance 

to high-temperature oxidation. 

Bello et al. utilized an electroless deposition technique to combine Ni–P-coated BN(h), 

which significantly enhanced tribological properties (Bello, Maleque et al., 2015). The 

tribological characteristics of heat-treated Ni–P–BN(h) composite coatings against alumina 
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balls at high temperatures were also explored by Leon et al. (León et al., 2003). The 

findings indicated increased coefficient of friction and wear with rising test temperatures. 

They observed the wear mechanism shifting from mild adhesive wear to a combination of 

adhesive and fatigue wear when temperatures transformed from elevated to ambient 

temperature conditions. 

Podgornik et al. assessed the feasibility of replacing "contaminating" graphite with "clean" 

hexagonal boron nitride as the lubricant for aluminum forming and to ascertain how the 

particle size and concentration of BN(h) affect lubrication performance when incorporated 

into lithium grease (Podgornik et al., 2015). Vlasa et al. observed that increasing the wear 

temperature leads to a rise in the friction coefficient and a decrease in the wear resistance 

of Ni–P–BN coatings that were heat-treated at 400°C for 1 hour (Vlasa et al., 2010). These 

Ni–P–BN composites exhibited superior performance as dry lubricant coatings compared 

to Ni-MoS2 and Ni-graphite composites (Pushpavanam & Natarajan, 1995). Hsu et al. 

explore the impact of submicron BN(h) particles co-deposited on a Ni–P matrix on 

mechanical properties and corrosion behaviour in comparison to both Ni–P coating and an 

iron substrate (C. I. Hsu et al., 2016). Despite BN(h) being a well-established solid 

lubricant significantly influenced by factors such as the type, size, and concentration of the 

particles, there has been limited exploration into its suitability as a substitute for graphite 

in aluminum-forming processes. Additionally, the impact of BN(h)'s particle size and 

concentration on friction and wear behavior in the contact between tool steel and aluminum 

has received minimal attention (Podgornik et al., 2015). 

Ranganatha et al. examined the impact of BN nano-particulates and heat treatment on the 

developed surfaces' electrochemical and mechanical properties (Ranganatha & 

Venkatesha, 2017). The phosphorus content within the coating matrix indicates that an 

increase in the concentration of BN(h) particles in the bath leads to a corresponding 

increase in phosphorus content within the coating. Furthermore, it is observed that an 

increase in the quantity of added BN(h) particles to the bath results in a reduction in the 

thickness of the coating formed on the substrate (León et al., 1998). Farrokhzad has 

examined the resistance to high-temperature oxidation of electroless Ni-P-BN(h) coatings 

exposed to atmospheric air at three different temperatures (500°C, 600°C, and 700°C) 

(Farrokhzad, 2017). The findings indicated that the as-deposited Ni-P-BN(h) coating 
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exhibits wear resistance approximately two orders of magnitude superior to that of the Ni-

P coating. Furthermore, the excellent chemical and thermal stability of BN(h) enables the 

application of post-heat treatment to achieve the desired level of hardness (Leó N A et al., 

1999). 

The Leo´n et al. (León et al., 2005) findings revealed that the Ni-P-BN(h) coating, in its 

as-deposited state, exhibits wear resistance that is two orders of magnitude greater than that 

of the Ni-P coating. Previous research has highlighted the significant role of electroless 

coating processes in improving corrosion and wear resistance, mainly because they are not 

limited by the shape of the components (Taheri et al., 2001). 
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3 Chapter 3: Methodology  

3.1 Materials 

3.1.1 Hexagonal Boron Nitride (BN(h)) Powder 

Commercial BN(h) suspension supplied by Caswell company was used as a second-phase 

particle in the composite coating. The suspended solid test results show that BN(h) 

suspension has 338.5 g/L using volume/weight concentration and 28.5% of suspended 

solids using weight/weight. A scanning electron microscope was used to characterize the 

BN(h) powder as shown in Figure 1. 

 

Figure 1. Scanning electron micrograph of hexagonal Boron Nitride powder 

3.1.2 Steel Test Samples 

Low carbon steel (AISI 1018) was used as a substrate for all the experiments, such as 

surface morphology, microhardness, scratch, and corrosion tests. The elemental 

composition of the substrate is provided in table 1. 

Table 1. ARMI-reported elements in AISI 1018 with concentrations exceeding 0.1 wt% 

Element Fe Mn Si C Cu Cr 

Wt% Balance 0.800 0.291 0.174 0.170 0.107 
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3.2 Sample Preparation 

The test samples were cut from stock 1018 low carbon steel. The samples were cylindrical 

in shape with a diameter of 16 mm and a height of 6 mm. All samples underwent a 

meticulous surface preparation process, which involved grinding with grit papers of 240, 

360, and 600 grades, followed by polishing with alumina suspensions of 1 and 0.3 micron, 

respectively. After polishing, samples were rinsed with distilled water and left to air-dry at 

ambient temperature.  

3.3 Coating Bath Preparation 

The electroless Ni-P-BN(h) composite coating plating bath was prepared using the 

premixed solutions of Ni-P and BN(h) suspension obtained from Caswell Canada.  

3.4 Pretreatment Process 

Prior to coating, all samples were further polished using 1 and 0.3 mm alumina suspension 

for approximately five minutes, to achieve a uniform, mirror finish polish. The samples 

were then degreased by immersing them in a cleaning solution kept at 85 ± 5°C for five 

minutes, to eliminate any residual dirt or oil that might hinder the integrity of the coating. 

The samples were then rinsed with distilled water. These steps served two purposes, one is 

cleaning, and the other is to check for droplet accumulation, as the presence of droplets 

would indicate unsatisfactory cleaning, possibly due to insufficient time, low temperature, 

or decomposition of the cleaning solution. 

Following the cleaning process, the samples were plated by immersing them in the plating 

solution. A summary of these pretreatment steps is provided in Table 2. 

Table 2. Pre-treatment steps for electroless coating 

Pretreatment Stages Description 

1. Grinding 240, 320, 400 and 600 SiC paper 

2. Polishing 1 and 0.3 μm alumina solution 

3. Cleaning Submerged for 5 minutes in degreaser solution at 85°C 

• Throughout each pretreatment step, rinsing with distilled water was performed. 
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3.5 Deposition Process 

Samples for this study were coated, for one hour, in a bath containing either 8 g/L or 16 

g/L BN(h). Additionally, to investigate the influence of the Ni-P pre-layer, a 30-minute Ni-

P monolithic coating was applied, resulting in four different coating configurations.  

As mentioned previously the plating bath was prepared using premixed solutions. A 

solution rich in nickel ions and sodium metabisulfite (solution A) and a solution containing 

the BN(h) suspension and a surfactant (solution B). Solutions A and B were mixed with 

distilled water following the recommended ratio outlined in the manual and adapted to the 

desired bath size. According to the instructions outlined in the manual, a 1/6 mini kit 

sufficed for plating each puck for one hour without necessitating replenishment. To achieve 

this, 78.8 ml of solution A and 26.1 ml of solution B were mixed with 443.3 ml of distilled 

water to have standard 16 g/L BN(h) plating bath. The bath size selection was based on 

sample size, concentration of nickel ions, the amount of BN(h) in the suspension, and the 

required plating time.  A summary of the plating parameters is shown in Table 3. 

Table 3. Plating parameters for electroless Ni-P-BN(h) coating 

Temperature 85 ± 2 °C 

Magnetic stirring speed 200 rpm 

Plating time Ni-P pre coat: 30 minutes 

NI-P-BN(h): 60 minutes 

 

Maintaining the bath temperature at 85 ± 2°C is crucial for optimal results as energy is 

needed for the process, which is endothermic, to take place for an hour or longer. Plating 

the monolithic Ni-P layer did not require any stirring. Whereas plating the layer containing 

the Ni-P and BN(h) required stirring at 200 rpm using a magnetic stirrer to prevent 

agglomeration.  

Figure 2 shows the equipment and setup used for coating all samples. Plating for the Ni-P 

pre-layer was conducted for 30 minutes, while the composite Ni-P-BN(h) coating was 

applied for one hour with the sample suspended vertically in the coating solution. The onset 
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of bubble formation, indicative of hydrogen evolution and the initiation of the reaction, 

was observable, particularly in the Ni-P bath used for the pre-layer. 

 

 

 

Figure 2. Plating bath setup 
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Plating solution 

Thermometer 
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3.6 Post Treatment Process 

Four coating configurations were implemented, using baths containing 8 and 16 g/L BN(h), 

both with and without a 30-minute pre-coating. Following the plating process, half the 

amount of the plated samples was heat treated. The heat treatment process was done using 

an OMEGALUX LMF-3550 furnace, shown in Figure 2. The process employed a heating 

rate of 5°C/min and a dwell time of one hour at 400oC. This gradual temperature increase 

serves to minimize thermal stresses in the material, thereby reducing the likelihood of 

thermal shock consequences such as cracking and other structural defects. 

 

  

Figure 3. OMEGALUX LMF-3550 furnace used for heat treatment 

3.7 Characterization Techniques 

3.7.1 Inductively Coupled Plasma (ICP) 

ICP testing, which included both ICP-MS (Inductively Coupled Plasma Mass 

Spectrometry) and ICP-OES (Inductively Coupled Plasma Optical Emission 

Spectroscopy), was employed for identifying the elemental makeup of the stock material 

used for all the samples. 
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3.7.2 Coating Characterization 

• Axia™ ChemiSEM™ (Thermo Scientific™), a scanning electron microscope 

(SEM) equipped with an energy-dispersive spectrometer (EDS), shown in figure 4-

a, was employed for the analysis of surface morphology and coating composition 

before and after various electrochemical tests on the samples. The SEM and EDS 

were operated at an applied voltage of 20 kV, and images were captured using a 

secondary electron detector (ETD: Everhart-Thornley).  

• A 3-D Keyence confocal laser microscope, shown in figure 4-b was used to assess 

the surface topography, roughness, and the depth and width of scratches. 

• A Bruker D8 advanced diffractometer (Bruker Corporation, Billerica, MA, USA), 

shown in figure 4-c, with Cu Kα radiation was utilized for phase analysis. The 

diffractometer was set to detect peaks within a 2-theta range spanning from 20° to 

80°, ensuring comprehensive coverage of all relevant peaks. 

  

a b 
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c d 

Figure 4. a) Scanning electron microscope (SEM), b) confocal laser scanning microscopy (CLSM), c) X-ray 

diffractometry (XRD) d) Universal micro tribometer (UMT) 

3.8 Mechanical Tests 

• A Universal Micro-Tribometer (UMT), shown in Figure 4-d was used to assess the 

tribological properties of the coatings.  Scratch tests were conducted using a 

diamond indenter to create scratches under a constant load of 6 N at room 

temperature. Following ASTM standard (G171), three readings were taken from 

each sample with a sliding distance of 5 mm. Each scratch, executed at a speed of 

0.17 mm/s, took approximately 30 seconds. 

The average coefficient of friction (COF) and its corresponding plot for each 

scratch were presented and compared among different samples. The topographic 

scanning feature of CLSM was utilized to measure the width and depth of each 

scratch along their profile. The scratch hardness was calculated using the following 

equation, where F represents the 6 N load, and w is the track width in m. 

HS = (8F/πw2)  (3) 
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• A Vickers hardness tester, shown in figure 6, was used to assess the hardness of the 

coatings.  The test involved applying a 1 kg force load on the coating surface for a 

15-second dwell time, utilizing a micro diamond indenter. Six tests were conducted 

on each sample, and the average indentation width was employed to calculate the 

Vickers hardness. The results are presented graphically in Chapter 4.  

The following equation is used to calculate Vickers hardness: 

HV = 1.85443x(F/d2)  (4) 

Where F is applied load, in kilograms-force and A the area of the indentation, measured in 

mm.  

 

Figure 5. Vickers hardness tester (LECO V-100A)  
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3.9 Electrochemical Tests 

Linear Polarization Resistance (LPR) and Electrochemical Impedance Spectroscopy (EIS) 

tests were conducted to assess the corrosion resistance of various coatings in a 3.5 wt% 

sodium chloride solution. These assessments were carried out at room temperature, using 

a PalmSens4 potentiostat. The experimental setup employed a three-electrode flat cell, 

shown in figure 6a, comprising the coated sample as the working electrode, a saturated 

calomel electrode (SCE) as the reference electrode, and a platinum wire mesh serving as 

the counter electrode. A surface area of 1 cm² of the coated sample was exposed to the 

electrolyte during testing. 

3.9.1 Linear Polarization Resistance (LPR): 

The Linear Polarization Resistance (LPR) technique is used experimentally to determine 

the polarization resistance of a sample. It involves applying a very small potential scan to 

the sample, typically less than 100 mV, both above and below its open circuit potential 

using a low scanning rate of 0.125 mV/s. In that potential range, the current's response is 

directly proportional to the voltage (linear relationship). The slope of this linear segment 

on the current-potential graph, is the polarization resistance (Rp). Using the Stern-Geary 

equation the corrosion current (Icorr) could be calculated from Rp. The corrosion rate (CR) 

in mm/year can then be calculated using equation 5.  

𝐼𝑐𝑜𝑟𝑟 =
𝛽𝐴𝛽𝐶

2.3𝑅𝑝(𝛽𝐴 + 𝛽𝐶)
 

(5) 

𝐶𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑅𝑎𝑡𝑒 =
𝐼𝑐𝑜𝑟𝑟. 𝐾. 𝐸𝑊

𝜌𝐴
 

 (6) 

Where:  

EW is the equivalent weight in g/mol,  

ρ is the density in g/cm3 

and A is the sample area in cm2 

(K) is a constant defined by the ASTM (3272 mm/(A*cm*year*mol)) 
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3.9.2 Electrochemical Impedance Spectroscopy (EIS) 

EIS tests were carried out using the same three-electrode corrosion cell setup shown in 

Figure 7. The EIS measurements were performed at the Open Circuit Potential (OCP), 

applying an AC perturbation of 10 mV across a frequency spectrum from 0.01 Hz to 50,000 

Hz. To ensure the system reached a steady state before measurement begun, a pre-treatment 

period of 1800 seconds was adopted. All experiments were conducted at ambient 

temperature, and the data gathered was analyzed using the PSTrace electrochemical 

software package. 

 

 

 

The data obtained from these tests are plotted on two types of graphs: the Nyquist Plot and 

the Bode Plot shown in figure 6. The Nyquist Plot provides a visual representation of the 

real and imaginary components of impedance, plotted as coordinates on a graph, 

facilitating the analysis of electrochemical processes occurring at various frequencies. On 

the other hand, the Bode Plot displays the impedance amplitude on the vertical axis against 

frequency on the horizontal axis, using a logarithmic scale. This plot is divided into two 

sections: one showing the amplitude and the other showing the phase angle, thus offering 

a comprehensive view of the impedance characteristics across the frequency range tested. 
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a 

 

b 

Figure 6. a) Nyquist plot and b) the Bode plot for 8 g/L BN(h) as-deposited composite coating with Ni-P pre coating. 
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The data obtained from these tests are plotted on two types of graphs: the Nyquist Plot and 

the Bode Plot shown in figure 6. The Nyquist Plot provides a visual representation of the 

real and imaginary components of impedance, plotted as coordinates on a graph, 

facilitating the analysis of electrochemical processes occurring at various frequencies. On 

the other hand, the Bode Plot displays the impedance amplitude on the vertical axis against 

frequency on the horizontal axis, using a logarithmic scale. This plot is divided into two 

sections: one showing the amplitude and the other showing the phase angle, thus offering 

a comprehensive view of the impedance characteristics across the frequency range tested. 

 

Figure 7. Corrosion test configuration: corrosion cell and PalmSens potentiostat 
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4 Chapter 4: Results and Discussion 

This study investigates the electroless deposition of composite Ni-P-BN(h) coatings on a 

low carbon steel substrate. The plating bath includes two concentrations of BN(h) – 8 g/L 

and 16 g/L – and is explored with and without a 30-minute Ni-P pre-layer. During the 

initial stages of electroless plating on a steel substrate, nickel atoms are displaced from the 

bath by iron. Subsequently, the displaced nickel deposits serve as a catalyst, expediting the 

plating process. (Mallory & Hajdu, 1990). The investigation extends to examining the 

impact of heat treatment at 400 oC for one hour. As a result, a comprehensive analysis 

encompassing a total of eight distinct configurations, systematically exploring the diverse 

combinations and effects of these parameters on the resulting coatings. 

4.1 Coating Characterization 

4.1.1 X-ray Diffraction 

X-ray Diffraction (XRD) was utilized to examine the structural and compositional 

characteristics of the coating material.  Figure 8 shows the diffraction pattern resulting from 

the XRD analysis on the BN(h) powder. The peak observed at an angular position of 26° - 

27°, is consistent with the phase structure of the Ni-P-BN(h) composite coating depicted 

in Figure 9. This alignment underscores the successful incorporation of BN(h) particles 

into the composite coating matrix, as indicated by the matching diffraction peaks. 

 

Figure 8. XRD pattern for hexagonal boron nitride powder 
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Figure 9 shows the phase structure of the as-deposited Ni-P-BN(h) composite coating. The 

peak located between 26° - 27°, is present for all coatings and corresponds to BN(h) powder 

as indicated in figure 8. This peak is assigned to the (002) reflection of the graphite-like 

structure inherent in these powders (Kiran et al., 2020). The broad peak at 44.50° (2θ) is 

attributed to the crystalline phase of Ni (111), and it matches with established peaks for 

nickel phosphide in existing literatures. The diffraction patterns observed in all as-

deposited Ni-P-BN(h) composites confirm the presence of both amorphous and micro-

crystalline phases. The broadening of these peaks suggests increased lattice disorder, 

indicating hindered crystallization of the Ni phase during deposition. The amorphous 

nature of the Ni-P-BN(h) nanocomposite coating is likely due to alterations in the nickel 

crystal lattice caused by BN(h) particles, which accelerate nucleation. The properties and 

composition of these phases are affected by the incorporation of BN(h) during the 

electroless deposition process, as indicated by broad peaks within the angular range of 40–

50° (2θ) which is consistent with previous literature (Khaira et al., 2023).  Furthermore, in 

the coatings with 30 minutes Ni-P pre-coat, the peaks corresponding to BN(h) are higher 

than those of the single layered coatings due to higher BN(h) concentration based on the 

EDS results in table 4. It is important to highlight that the thickness of the coatings 

exceeded the depth of XRD beam penetration, preventing the detection of steel peaks. 
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Figure 9.X-ray diffraction patterns: Relative intensity for as-deposited Ni-P-BN(h) Coating.  

Figure 10 provides a comparison of the heat-treated Ni-P-BN(h) composite coatings 

generated from baths with BN(h) concentrations of 8 and 16 g/L, both with and without a 

Ni-P pre-layer. After heat treatment at 400°C for 1-hour, crystalline diffraction peaks 

associated with Ni and Ni3P were identified. This occurred because the amorphous 

structure of the deposits exhibited thermal instability and underwent a transition to a 

crystalline state between 300 and 400°C. Distinct phases associated with Ni and Ni3P are 

clearly visible, with high intensity but narrow peaks indicating a large crystallite size, 

particularly notable in the heat-treated samples. 
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Figure 10.X-ray diffraction patterns: Relative intensity for heat-treated Ni-P-BN(h) coating.  

4.1.2 Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy 

(EDS) 

Surface analysis using Energy Dispersive X-ray Spectroscopy (EDS) was conducted on the 

composite Ni-P-BN(h) coatings, both as deposited and heat treated, to obtain its chemical 

composition. The summarized EDS analysis findings are outlined in Table 4 and 5, 

indicating the presence of four primary constituents: Ni, P, B, and N. In multi-layer 

composite coating higher BN(h) concentration is observed than single layer coating which 

confirms the better deposition of additive by employing Ni-P pre-coat. For instance, BN(h) 
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weight percentage changes from 2.5% to 3.9% in 8 g/L as-deposited coating when Ni-P 

pre-layer is employed. After the initial layer of Ni-P is deposited, it serves as a catalyst by 

providing smooth and uniform nucleation sites for the BN(h) particles. 

Figure 12 shows the elemental mapping outcomes, providing a visual representation of the 

distribution of each element, with particular attention to B and N, representing BN(h) 

particles. These mappings validate the uniform dispersion of the second-phase particles 

throughout the Ni-P matrix. It's important to note that due to the boron peak's location, 

there is a potential overlap between B,N and C, as shown in Figure 11. 

 

 

Table 4. EDS analysis results of as-deposited Ni-P-BN(h) composite coating 

 
Ni P B N C Fe 

Multi 8 g/L AD 81.55 2.55 3.9 3.35 7.25 0.3 

Single 8 g/L AD 81.1 2.6 2.5 2.8 8.4 0.2 

Multi 16 g/L AD 83.85 2.2 4 2.5 7.25 0.15 

single 16 g/L AD 84.2 2.4 3.65 2.15 7.4 0.25 

 

Table 5. EDS analysis results of heat-treated Ni-P-BN(h) composite coating 

 
Ni P B N C Fe O 

Multi 8 g/L HT 82.95 2.6 2.25 2.25 7.55 0.2 2.25 

Single 8 g/L HT 82.5 2.4 2.05 1.45 8.8 0.3 2.55 

Multi 16 g/L HT 81 2.65 2.55 2.3 8.4 0.2 2.45 

single 16 g/L HT 81.6 2.4 2.55 2.65 8.05 0.3 2.5 

 

 

Figure 11. EDS analysis plot showing elements peak 
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Figure 12. Quant Map results from EDS at 10000X magnification showing BN(h) particles 

Cross section image of 8 g/L as-deposited coating using SEM presented in figure 13 

comparing pre-layer’s effect. Pre-layer acts as catalyst for better deposition of the coating. 
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Ni-P-BN(h) composite coating layer on top for 60 minutes also showed higher thickness 

when Ni-P pre-layer is employed. 

 

 

Figure 13. Cross section images of as-deposited 8 g/L coating with and without Ni-P pre-layer 

The distribution of BN(h) particles throughout the coating thickness was also assessed 

using line EDS scans, presented in Figure 14. For each coating three lines were selected. 

One in the vicinity of the steel substrate, one close to the surface of the coating and one at 

the center of the coatings. Each line comprised 5 measurements. The weight percentages 
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of all detected elements for each line are listed in Table 6, highlighting the uniformity of B 

and N elements, across the coating thickness. 

 

Figure 14. Cross Section line EDS scan across the single-layer 8 g/L as-deposited coating thickness  

  

1 2 3 4 5 
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Table 6. Line EDS on the cross sectioned sample across the thickness 

Line 1 Weight % 

Element Line Point 1 Line Point 2 Line Point 3 Line Point 4 Line Point 5 

B 2.8 3.3 2.7 2.7 2.8 

C 20.8 23.1 20.3 21.0 20.1 

N 1.9 0.4 1.7 1.9 1.8 

O 2.5 0.9 2.5 2.6 2.6 

P 6.7 5.1 7.5 7.8 7.5 

Fe 2.2 15.4 0.9 0.9 1.1 

Ni 63.1 51.8 64.4 63.1 64.1 

Line 2 Weight % 

Element Line Point 1 Line Point 2 Line Point 3 Line Point 4 Line Point 5 

B 2.6 2.7 2.8 2.8 2.8 

C 19.1 20.1 20.2 20.2 19.6 

N 1.8 1.9 2.0 6.4 1.4 

O 2.5 2.6 2.7 3.0 2.6 

P 5.7 5.9 5.6 6.0 6.3 

Fe 0.9 0.9 1.2 1.0 1.3 

Ni 67.4 65.9 65.5 60.6 66.0 

Line 3 Weight % 

Element Line Point 1 Line Point 2 Line Point 3 Line Point 4 Line Point 5 

B 2.7 2.4 2.5 2.4 2.6 

C 19.2 18.1 18.7 19.5 19.2 

N 1.6 1.8 1.8 1.6 1.3 

O 3.1 2.6 2.7 2.4 2.8 

P 5.1 4.7 5.4 5.4 5.5 

Fe 1.4 1.5 1.5 1.4 1.4 

Ni 66.9 68.9 67.4 67.3 67.2 

 

Moreover, the surface morphology of the composite coating was examined at 5000 

magnifications, shown in figure 15. The development of a smooth and defect-free structure 

is credited to the uniform and steady-state reduction and adsorption of nickel ions onto the 

substrate. This is facilitated by the optimal concentration of plating parameters and proper 

replenishment. Ni-P-BN(h) composite coating in different configuration that BN(h) 

deposited uniformly all over the area without agglomeration.  
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Figure 15. Surface morphology of Ni-P-BN(h) composite coatings at 5000X magnification 
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4.2 Surface Roughness 

To investigate the surface roughness of the coatings, confocal laser microscopy was used 

to find the 3-D texture parameter Sa, which is directly proportional to the roughness of the 

surface.  The Sa values for all coating configurations are shown in Figure 16 providing a 

comparison of the average surface roughness. As can be seen heat-treated samples 

consistently showed lower surface roughness across all specimens.  This is most likely due 

to the microstructural improvements induced by the heat treatment such as pore elimination 

and refinement of surface features, resulting in a reduction in surface roughness. 

Additionally, the utilization of a Ni-P pre-layer has contributed to a reduced surface 

roughness, with the multi-layer 8g/L heat-treated coating exhibiting the lowest surface 

roughness at 0.2 µm. Analysis of samples from different concentrations of BN(h) baths 

reveals that coatings from the 16 g/L plating bath exhibit higher surface roughness 

compared to those from the 8 g/L coating. Specifically, the multi-layer as-deposited sample 

from the 16 g/L bath records the highest surface roughness among all tested samples at 

0.054 µm. This phenomenon arises from the inclusion of higher concentration of insoluble 

BN(h) within the Ni-P matrix. These findings align with existing literature, where similar 

outcomes have been demonstrated (Fatima et al., 2022). 
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b 

Figure 16. Average surface roughness at 20X using confocal laser microscopy a) multi-layer b) single layer 

4.3 Microhardness: Vickers Test 

To investigate the hardness of the coatings, Vickers micro hardness testing was conducted 

and the data for all coating configurations is shown in Figure 17 (a, b). As can be seen, 

annealing the samples at 400°C showed a substantial improvement in the coating's micro-

hardness, reaching values of 539 and 536 HV for 8 g/L and 16 g/L coatings with Ni-P pre-

layer, respectively. This enhancement can be primarily attributed to the phase 

transformation of the amorphous structure within the coatings during the annealing 

process, as shown in XRD pattern (Figure 10). The transition from an amorphous to a 

crystalline structure, which occurs in the range of 300∼450°C, contributes to the increased 

hardness. The precipitation of the Ni3P phase during heat treatment acts as a barrier to 

dislocation motion, thereby impeding plastic deformation and leading to an increase in 

hardness.  

The hardness of the as-deposited Ni-P-BN(h) coatings rely on both the presence of BN(h) 

particles and the phosphorus content within the coating. Incorporation of BN(h) particles 

in the bath solution affects the phosphorus content in the coating matrix. Previous findings 

have shown that electroless Ni coatings with relatively low phosphorus (1%-5%) content 

exhibit nanocrystalline microstructures, resulting in superior hardness compared to 

coatings with higher phosphorus content, which often contain amorphous portions (By & 
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Taheri, 2003; Khaira et al., 2023). The weight percentage of phosphorus in the coating, as 

determined by EDS and presented in Table 4 and 5 is about 2.6 which is in low- phosphorus 

content range. However, it does not show considerable increase and the results show 

negligible changes in terms of changing BN(h) concentration. 

However, it is noteworthy that the multi-layer coating exhibited greater hardness compared 

to the single layer samples since it has higher BN(h) concentration according to table 4. 

Overall, the as-deposited single-layer composite coating showed the lowest hardness in 

both concentrations (315-317 HV), while the highest hardness is achieved by the multi-

layer heat-treated coating (536-539 HV). 
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b 

Figure 17. Vickers microhardness of Ni-P-BN(h) composite coating a) multi-layer b) single-layer coatings 

4.4 Scratch Hardness 

The scratch hardness test was used to quantify the resistance of the composite coatings, 

offering insights into the hardness variations along specific lengths which is measured from 

the scratch width on the surface layers. Scratch tests were conducted at a constant load of 

6 N across eight samples, examining the impact of heat treatment, presence of a Ni-P pre-

layer, and varying BN(h) concentrations in the plating bath. Tracks were each 5 mm in 

length and 38-51 µm in width. No visible cracks were observed through the various 

coatings owing to incorporation of BN(h) particles even though Ni-P is known to be brittle. 

The wear tracks were then analyzed using confocal laser scanning microscopy. 

From Figure 18, it is evident that incorporating higher concentrations of BN(h) into the 

coating results in higher scratch hardness, with a 7% improvement observed in the single 

as-deposited coating and a 5% improvement in the heat-treated multi-layer coating. This 

observation can be attributed to BN(h) layer structure, characterized by strong covalent 

bonds within each layer. However, weaker van der Waals forces between these layers, 

allowing for easy slippage between them. Moreover, the utilization of a Ni-P pre-coat 

significantly enhanced the scratch hardness in both heat-treated and as-deposited coatings 

as discussed in the previous section, the EDS results in table 4 and 5, shows the higher 

deposition of BN(h) particle when Ni-P pre-coat is applied. The highest scratch hardness 
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was observed in the heat-treated multi-layer 16 g/L coating, reaching 10.2 GPa. It is 

noteworthy that while heat treatment has improved the hardness for multi-layer coatings, 

it has shown the opposite trend for single-layer coatings, as evidenced by the single 8 g/L 

coating revealing the lowest scratch hardness of 5.8 GPa. 

 
a 

 
b 

Figure 18. Scratch hardness analysis of a) multi-layer b) single-layer Ni-P-BN(h) composite coatings 
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the thickness of the composite coating (below 5 µm). Additionally, line EDS analysis 

conducted on the scratch track confirms the consistent composition of the composite 

coating along the scratch as shown in figure 20 and table 7. 

  

a b 

Figure 19. Scratch images of heat treated 8g/L coatings with Ni-P pre coating by a) CLSM b) SEM 

 

Table 7. Line EDS analysis of weight percentage of composite coating elements on scratch track 

 Weight % 

Element Line Point 1 Line Point 2 Line Point 3 Line Point 4 Line Point 5 

B 2.5 2.4 3.5 3.9 3.3 

C 10.5 11.5 11.0 12.4 10.7 

N 0.3 0.3 0.0 0.5 0.8 

P 3.5 3.7 3.5 3.7 3.6 

Ni 83.2 82.1 82.0 79.5 81.6 

 

Scratch Scratch 
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Figure 20. EDS line analysis on scratch track of as deposited 8 g/L single layer composite coating 

 

4.5 Coefficient of Friction 

To investigate the tribological behavior of materials, an assessment of the friction 

coefficient is crucial as it reflects the resistance to abrasion during the scratching process. 

The coefficient of friction measured from the scratch test using universal micro-tribometer 

at a constant load of 6 N. Figure 21 shows a significant decrease in the coefficient of friction 

when samples were heat treated., This decrease can be attributed to the reduction in surface 

roughness. The microstructural enhancements induced by heat treatment, including the 

elimination of pores and the refinement of surface features, contributed to a smoother 

surface. Consequently, this smoother surface experiences less friction during abrasive 

interactions. The results indicate a potential reduction of approximately 45% in the 

coefficient of friction after heat treatment as seen from the coefficient of friction values 

listed in table 8.  
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Table 8. Coefficient of friction 

 

Multi 

AD 

Multi 

HT 

Single 

AD 

Single 

HT 

Multi 

AD 

Multi 

HT 

Single 

AD 

Single 

HT 

8 g/L 16 g/L 

CO

F 
0.32 0.13 0.28 0.15 0.23 0.13 0.26 0.14 

 

 

Figure 21. Coefficient of friction plot for multi-layer Ni-P-BN(h) coating 

Additionally, the incorporation of a higher percentage of BN(h) particles in the plating bath 

led to an improvement in the coefficient of friction, as can be seen in Figure 22. This 

improvement is attributed to the properties of BN(h) particles acting as solid lubricants. 

The presence of these particles reduces direct contact between surfaces, providing 

lubrication and resulting in enhanced tribological performance.  

In summary, the highest coefficient of friction is observed in the as-deposited multi-layer 

8 g/L sample at 0.321, while the lowest coefficients are found in the heat-treated multi-

layer samples, measuring approximately 0.13. The observed reduction in friction 

coefficients after heat treatment and the positive impact of higher BN(h) concentrations 

highlight the influence of microstructural changes and the lubricating properties of BN(h) 
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particles in enhancing the tribological behavior of Ni–P-BN(h) composite coatings. The 

coefficient of friction (COF) for the heat-treated coatings appears to be consistent across 

different samples, which could be correlated with the similar boron concentrations 

observed in Table 5. The boron concentrations are relatively uniform across all four heat-

treated coatings, with values of 2.25 wt% for the 8 g/L concentration and 2.55 wt% for the 

16 g/L concentration. 

 

Figure 22. Coefficient of friction plot for as-deposited Ni-P-BN(h) composite coating  

4.6 Electrochemical Testing (Corrosion Resistance) 

4.6.1 Potentiodynamic Polarization  

Potentiodynamic polarization testing was done to investigate the corrosion resistance of all 

coatings. During these tests, a potential scan of ±30 mV vs OCP was applied to the sample 

and the resulting current was measured. The data was then plotted on a current vs potential 

graph and Icorr and Ecorr were determined using Tafel Extrapolation. Figure 23-26 shows 

the Tafel plots from potentiodynamic polarization tests for different configurations namely 

multi-layer, single-layer, as-deposited and heat-treated coatings, highlighting the impact of 

heat treatment and BN(h) concentration. Furthermore, the electrochemical corrosion 

parameters for all samples are listed in Table 9. The corrosion potential represents the 

tendency of the metal to corrode or passivate in the given environment. A more noble 

(positive) corrosion potential typically corresponds to better corrosion resistance. 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 5 10 15 20 25 30

C
O

F

Time(s)

As-deposited

Multi 8 g/L AD Single 8 g/L AD Multi 16 g/L AD Single 16 g/L AD



58 

 

According to figure 23, incorporating higher BN(h) into the coating by using Ni-P pre-

layer or bath with higher BN(h) concentration, resulted in lower corrosion potential in as-

deposited coating. The multi-layer coating, plated in a solution containing 16 g/L BN(h) 

with -0.415 V for Ecorr stands as the most noble one, while the single-layer coating, plated 

in a solution containing 8 g/L BN(h) had an Ecorr= -0.452 V, hence, the lowest corrosion 

resistance. According to table 9, the corrosion rates for the as-deposited coatings plated in 

the 8 and 16 g/L, would also confirm the effect of BN(h) as it varied from 0.092 to 0.013 

mm/year respectively. This behavior can be attributed to the barrier effect resulting from 

higher BN(h) deposition within the Ni-P matrix. This behaviour is also observed in figure 

25 and 26 while multi-layer and single-layer coatings are being compared. 

Table 9. Electrochemical corrosion parameters from potentiodynamic polarization curves of Ni-P-BN(h) composite 

coatings 

Butler-

Volmer 

Multi 

AD 

Multi 

HT 

Single 

AD 

Single 

HT 

Multi 

AD 

Multi 

HT 

Single 

AD 

single 

HT 

8 g/L 16 g/L 

Ecorr, V -0.434 -0.232 -0.452 -0.291 -0.415 -0.289 -0.426 -0.324 

Icorr, μA 7.432 0.404 7.783 0.751 1.065 1.41 3.734 4.964 

Rp, Ω 692.7 2380 933.8 1270 3834 9827 1805 5138 

CR, mm/ 

year 
0.088 0.005 0.092 0.009 0.013 0.017 0.044 0.058 

 

According to figure 24, heat treatment has also increased the overall corrosion resistance 

of the composite coating with 30-40% shift toward less negative potential. The presence of 

BN(h) has been found to slow down the precipitation of the Ni3P phase in the coatings 

according to the available literature. Consequently, the crystallization degree of the Ni-

P/BN(h) composite coating is lower compared to that of a Ni-P coating subjected to the 

same heat treatment conditions. This explains why the Ni-P/BN(h) composite coating, even 

after being heat-treated at 400°C, exhibits superior anti-corrosion performance (Peng et al., 

2011). However, the higher concentration of the BN(h) seems to have negative impact on 

corrosion resistance most likely due to the introduction of defects in the passive layer that 

forms on the surface of the Ni-P to protect it from corrosive environments that it might be 

exposed to. This behavior is not observed for the as-deposited coatings as the corrosion 
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resistance in such a case is a function of both the quality of the passive layer as well as the 

numbers of open pores, which BN(h) tend to fill. This observation is also confirmed by 

plots belong to multi-layer and single-layer coatings in figure 25 and 26. 

 

 

Figure 23. Tafel plots of Ni-P-BN(h) as-deposited composite coatings 

 

Figure 24. Tafel plots of Ni-P-BN(h) heat-treated composite coatings 
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Figure 25. Tafel plots of multi-layer Ni-P-BN(h) composite coatings 

 

 

Figure 26. Tafel plots of Ni-P-BN(h) single-layer composite coatings  

4.6.2 Electrochemical Impedance Spectroscopy 
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side of the plot) corresponds to the behavior of the system at frequencies where the 

capacitive effects dominate. In many cases, the Nyquist plot exhibits a semicircular shape 

in the high-to-medium frequency range. This semicircle is associated with the charge 

transfer resistance (Rct) of the coating-electrolyte interface. The diameter of the semicircle 

corresponds to the magnitude of the charge transfer resistance. increase in the diameter of 

the semicircle may indicate an improvement in corrosion resistance, while deviations from 

the expected shapes may signal the presence of corrosion or other electrochemical 

phenomena. 

Data obtained from the electrochemical impedance spectroscopy (EIS) tests, conducted on 

as-deposited and heat-treated coatings for all coating configurations, were plotted on 

Nyquist plots, shown in Figures 27-30.  

Therefore, the Nyquist plot in figure 27 is comparing the as-deposited samples. Coatings 

with higher BN(h) concentration and employing Ni-P pre-layer show a larger diameter 

semicircle as 16 g/L multi-layer coating shows the largest diameter semicircle, which is 

associated with better corrosion resistance, while the 8 g/L single layer coating shows the 

smallest diameter one, and that is associated with lower corrosion resistance. This 

observation can be based on BN(h) role in filling the pores in the Ni-P matrix and secondly, 

the reduction in the active sites of the Ni-P matrix due to the presence of inert BN(h) 

particles.  
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Figure 27. Nyquist plots of as-deposited Ni-P-BN(h) composite coatings 

On the other hand, comparing the heat-treated samples in figure 28, the 8 g/L single layer 

coating shows the largest diameter semicircle, corresponding to the best corrosion 

resistance, while 16 g/L multi-layer has the smallest diameter one. The negative effect of 

BN(h) concentration is likely attributed to the introduction of defects in the passive layer 

formed on the surface of Ni-P, which serves to protect it from corrosive environments. 

However, this effect is not observed in the as-deposited coatings, where corrosion 

resistance depends on both the quality of the passive layer and the number of open pores, 

which are typically filled by BN(h). This inference is further supported by figures 29 and 

30, where a comparison between multi-layer coatings and single layers is presented. 
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Figure 28. Nyquist plots of heat-treated Ni-P-BN(h) composite coatings  
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Figure 29. Nyquist plots of Ni-P-BN(h) multi-layer composite coatings 
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Figure 30. Nyquist plots of Ni-P-BN(h) single-layer composite coatings 

In the bode plot, we have the impedance response as a function of frequency, and we can 

see at low frequency, the impedance is high due to charge transfer resistance and double 

layer capacitance, while at higher frequencies, the impedance magnitude tends to decrease, 
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approaching the solution resistance. Higher impedance values typically indicate better 

corrosion resistance, as the coating acts as a barrier that impedes the movement of ions and 

electrons between the coatings substrate and the surrounding environment. 

The Bode plots shown in figures 31-34 provides valuable information on the overall 

impedance of the systems. Comparing as-deposited coatings in figure 31, the impedance 

magnitude at low frequency shows the higher impedance by having higher BN(h) 

concentration and employing Ni-P base layer as multi-layer 16 g/L has the highest 

impedance while single-layer 8 g/L shows the lowest impedance among as deposited 

coatings. This behavior is attributed to the better charge transfer resistance of Ni-P-BN(h) 

coating by incorporating higher concentration of BN(h) into the plating bath leads to more 

deposition of these inert particles in the pores and voids on the coating surface and results 

in increasing the overall impedance, thus the corrosion resistance of the system increases. 

This resistance impedes the transfer of electrons from the medium to the substrate and 

effectively covers active sites, further boosting the coating's resistance to corrosion. 

(Fatima et al., 2022). However, in Figure 32, the effect of heat treatment is evident, 

showing a considerable shift towards higher resistance, consistent with the previous 

corrosion test results. Notably, the single-layer 8 g/L coating demonstrates the highest 

resistance among all eight distinct composite coatings. These findings apply to both multi-

layer and single-layer configurations in figure 33 and 34. It is believed that this occurrence 

is caused by the introduction of flaws in the protective passive layer that forms on the 

surface of Ni-P, aiming to shield it from corrosive elements. Nonetheless, this behavior is 

not evident in the as-deposited coatings, where corrosion resistance is influenced by the 

quality of the passive layer and the presence of open pores, typically occupied by BN(h). 
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Figure 31. Bode plots of as-deposited Ni-P-BN(h) composite coatings 

 

Figure 32. Bode plots of Ni-P-BN(h) heat treated composite coatings 
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Figure 33. Bode plots of multi-layer Ni-P-BN(h) composite coatings 

 
Figure 34. Bode plots of single-layer Ni-P-BN(h) composite coatings  
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5 Chapter 5: Conclusions and Future Recommendations 

Hexagonal boron nitride (BN(h)), renowned for its solid lubricant properties, has been 

integrated as a secondary phase particle in electroless Ni-P plating. This study delves into 

the mechanical, tribological and electrochemical characteristics of Ni-P-BN(h) composite 

coatings, examining the influence of BN(h) concentration in the bath, heat treatment, and 

the use of a Ni-P pre-layer. The findings from these experiments yield insightful results: 

• X-ray diffraction (XRD) analysis validates the successful integration of BN(h) into 

the Ni-P matrix, as evidenced by the matching of the BN(h) powder phase structure 

peak. Upon heat treatment, the transition to a crystalline state is evident from the 

presence of phases associated with Ni and Ni3P, characterized by high intensity but 

narrow peaks. 

• Scanning electron microscopy (SEM) coupled with energy-dispersive X-ray 

spectroscopy (EDS) illustrates the uniform dispersion of BN(h) particles 

throughout the Ni-P matrix. Distinct compositions of B, N, Ni, and P elements are 

observed on both the surface and cross-section of the coatings, confirming the even 

distribution of BN(h) within the matrix. Also, the positive effect of Ni-P base layer 

on better BN(h) deposition is presented in EDS results. 

• Microhardness evaluation reveals the influence of heat treatment on coating 

hardness, attributed to the phase transformation of the amorphous structure within 

the coating during the annealing process. Additionally, multi-layer coatings exhibit 

increased hardness, correlating with higher BN(h) concentrations as indicated by 

EDS results. Coatings subjected to heat treatment and featuring a Ni-P pre-coat 

demonstrate the highest hardness, reaching approximately 544 HV, while as-

deposited coatings lacking a pre-coat exhibit lower hardness values, around 316 

HV. 

• The introduction of BN(h) into the composite coatings leads to a significant 

improvement in the coefficient of friction (COF), particularly notable in samples 

subjected to heat treatment. By reducing direct surface contact, BN(h) particles act 

as effective lubricants, thereby enhancing the tribological performance of the 

coatings. Heat-treated coatings featuring a Ni-P pre-coat exhibit the lowest COF, 
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measured at 0.13, indicating superior lubricating properties. The observed 

reduction in friction coefficients following heat treatment, coupled with the positive 

influence of higher BN(h) concentrations, underscores the role of microstructural 

alterations and the lubricating attributes of BN(h) particles in enhancing the 

tribological behavior of Ni–P-BN(h) composite coatings. 

• Results from scratch hardness tests reveal an increase in scratch hardness values, 

ranging from 5.8 to 10.2 GPa, attributed to the higher concentration of BN(h) in the 

plating bath and the utilization of a Ni-P pre-coat. 

• Electrochemical impedance spectroscopy (EIS) and linear polarization resistance 

(LPR) tests validate the enhancement in corrosion resistance with higher BN(h) 

concentration. The incorporation of BN(h) particles reinforces the barrier effect 

within the Ni-P matrix, thereby improving the coatings' resistance to corrosion. 

Moving forward, it is recommended to further investigate: 

• Optimizing heat treatment parameters, including variations in heating rate and 

duration, to enhance coating performance. 

• Conducting long-term corrosion resistance studies under diverse environmental 

conditions to assess the durability of Ni-P-BN(h) composite coatings. 

• Performing wear tests to gain insights into the tribological properties and the impact 

of BN(h) incorporation at various concentrations.  
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7 Appendix 

7.1 Appendix A 

 

a 

 

b 
Figure 35. 3D topographic scanning of single layer as-deposited composite coating at 1000% height magnification a) 

8 g/L b) 16 g/L 

Table 10. Average surface roughness in um at 20X using confocal laser microscopy 

Multi-layer 8g/L Single layer 8g/L Multi-layer 16g/L Single layer 16g/L 

AD HT AD HT AD HT AD HT 

0.031 0.02 0.047 0.026 0.054 0.027 0.033 0.027 
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Figure 36. XRD pattern for AISI 1018 

 

Figure 37. Vickers indent under confocal laser microscopy 
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Table 11. Tafel constant from potentiodynamic polarization curves of Ni-P-BN(h) composite coatings 

Butler-

Volmer 

Multi 

AD 

Multi 

HT 

Single 

AD 

Single 

HT 

Multi 

AD 

Multi 

HT 

Single 

AD 

single 

HT 

8 g/L 16 g/L 

βA, 

V/decad

e 

0.044 0.051 0.072 0.053 0.037 0.086 0.071 0.674 

βC, 

V/decad

e 

0.016 0.039 0.022 0.037 0.013 0.051 0.02 0.064 

 

 

 

 

 

Figure 38. Scratch track for heat treated Ni-P-BN(h) coatings using confocal laser microscopy 

Multi-layer 8 g/L 

Single-layer 8 g/L 

Multi-layer 16 g/L 

Single-layer 16 g/L 
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Single-layer 8 g/L 
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Figure 39. 3D topographic scanning of scratch track of heat treated Ni-P-BN(h) composite coating at 500% height 

magnification 

  

Multi-layer 16 g/L 

Single-layer 16 g/L 
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7.2 Appendix B 

 

Figure 40. Roughness measurement parameters 
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7.3 Appendix C 

What is ‘Nickel Credit’?  

The level of nickel metal in the solution must never be let to drop below 80% of its initial 

level. If it does, the bath will crash and will be rendered useless. Therefore, we must 

monitor and replenish the amount of nickel in the tank as you plate your parts. Nickel 

credits are a term we use to keep track of the nickel level in the tank. Depending on the 

volume of plating solution, you start out with a number of credits. In our mini kit (5 pint), 

you have 1800 credits to start.) 

Credits are used when you plate a part. To calculate credits used, you multiply the surface 

area in inches by the time you are plating. The time you are plating, determines the plating 

thickness. 30 minutes of plating time give a coating that is 1/2 mil thick (0.0005”) 

Example 1 

You have a part that is 5”x5” square, and flat, that you need to plate. That’s 25 square 

inches per side, or 50 square inches total. 

You want 0.0005” of nickel plating on the part, requiring a 30-minute plating time. 

You will use 50 x 30 = 1500 nickel credits 

Example 2 

You have a cube shaped part that is 3”x3”x3”. That’s 54 square inches in area. 

You want 1 mil of thickness, requiring 60 minutes plating time. 

You will use 54 x 60 = 3240 nickel credits 

Ok, so we understand how credits are used, but how are they replenished in the plating 

system? 

Replenishment 

In our Standard Electroless Nickel Kit (10-pint bath), we start out with 3600 nickel credits. 

This is based on the volume of chemicals in the tank. A kit twice the size would have twice 

the credits to start. 
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Using Example 1 above, we would use 1500 nickel credits during plating, so 3600-1500 = 

2100 nickel credits left after plating. Easy, right? 

BUT - we MUST remember that at no time can the amount of nickel credits in the bath get 

below 80% of their initial level, or the bath will crash. 80% of the original 3600 = 2880 

credits. 

So, if we plated this part for the entire 30 minutes, the bath would have crashed and would 

be useless. We must add replenisher during the plating. 

Using Example 1 above, we know that we will use 2100 nickel credits during the 30-minute 

plating time. We know that we must replenish after we use up 80% of the original credits 

(80% of 3600 = 720) 

We know that credits are calculated as time x area. We can work out that if the part is 50 

square inches, we will lose 720 credits after 14 minutes. (720/50=14.4) 

Therefore, we must add replenisher every 14 minutes to bring the bath back up to its 

original level. (To replenish 720 credits, we add 1floz of part A and 2floz of part C) We 

will need to do this every 14 minute, so during a 30-minute plating cycle, you will replenish 

twice. 


