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Ni-B-Co COATING ON MEDIUM-CARBON STEELS BY 

ELECTRODEPOSITION 

ABSTRACT 

The nickel-boron alloy coating has been improved in several engineering fields in 

recent years due to their high hardness, good corrosion resistance, long durability and 

suitable solderability as an alternative to hard chrome plating. 

Due to its superior properties nickel-cobalt based coatings have wide application areas 

in industrial and technological fields. Coating layers which are used in Micro Electro 

Mechanical Systems (MEMS) and Nano Electro Magnetic Systems (NEMS) and 

whose thickness starts from nm level and reaches to mm level according to usage area 

is needed. The coatings to be produced for these applications require superior 

mechanical, high abrasion and corrosion resistance, low internal stress and high 

thermal stability. nickel-cobalt based coatings are good candidates for such 

applications. 

In this study, nickel-boron coatings containing trimethylamine borane in different 

amounts were produced by direct current by using a watt bath on medium-carbon 

steels, nickel-boron-cobalt alloy coatings containing in fixed amounts of 

trimethylamine borane and in different amounts of cobalt sulphate were produced by 

direct current by using a watt bath  on medium-carbon steels and also, nickel-boron-

cobalt alloy coatings containing in fixed amounts trimethylamine borane and cobalt 

sulphate were produced by direct current, pulse current and pulse reverse current by 

using a watts on medium-carbon steels. The resulting coatings are characterized using 

scanning electron microscope and X-ray diffraction methods. The effect of amount of 

the trimethylamine borane and cobalt sulphate and current type on the mechanical, 

tribological and corrosion properties was investigated. The best results for Ni-B alloys 

as a result of the investigations were obtained with addition of 1.5 g/L trimethylamine 

borane and the best results for Ni-B-Co alloys were obtained with 1 g/L addition cobalt 

sulphate and direct current. 

Keywords: Electrodeposition, Nickel electrodeposition, Ni-B coating, Ni-B-Co alloys 
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ELEKTRODEPOZİSYON İLE ORTA KARBONLU 

ÇELİKLERDE Ni-B-Co KAPLAMA 

ÖZ 

Nikel-bor alaşım kaplama, yüksek sertlik, iyi korozyon direnci, uzun dayanıklılık ve 

uygun lehim kabiliyetlerinden dolayı son yıllarda sert krom kaplamaya alternatif 

olarak çeşitli mühendislik alanlarında geliştirilmiştir. 

Nikel-kobalt esaslı kaplamalar üstün özelliklerinden dolayı endüstriyel ve teknolojik 

alanlarda geniş uygulama alanlarına sahiptir. Mikro Elektro Mekanik Sistemlerde ve 

Nano Elektro Manyetik Sistemlerde kullanılan ve kullanım alanına göre kalınlığı nm 

seviyesinden başlayan ve mm seviyesine kadar kalınlığa ulaşan kaplama tabakalarına 

ihtiyaç duyulmaktadır. Bahsi geçen uygulamalar için üretilecek kaplamalardan üstün 

mekanik, yüksek aşınma ve korozyon direnci düşük iç gerilim, yüksek termal stabilite 

gibi özellikler istenmektedir. Nikel-kobalt alaşım kaplamaları bu tür uygulamalar için 

iyi bir adaydır. 

Bu çalışmada, orta karbonlu çelikler üzerine farklı miktarlarda trimethylamine borane 

içeren nikel-bor alaşım kaplamaları ile sabit miktarda trimethylamine borane ve farklı 

miktarlarda kobalt sülfat içeren nikel-bor-kobalt alaşım kaplamaları doğru akım 

yöntemi ile ve sabit miktarda trimethylamine borane ve kobalt sülfat  içeren nikel-bor-

kobalt alaşım kaplamaları ise doğru akım, pulse akım ve pulse reverse akım yöntemleri 

ile watts tipi banyo kullanılarak üretilmiştir. Üretilen kaplamalar taramalı elektron 

mikroskobu ve X-ışınları difraksiyonu metodu kullanılarak karakterize edilmiştir. 

Trimethylamine borane ile kobalt sülfat miktarının ve akım türünün mekanik, 

tribolojik ve korozyon özelliklerine etkisi incelenmiştir. Yapılan incelemeler 

sonucunda nikel-bor alaşımları için en iyi sonuçlar 1.5 g/L trimethylamine borane 

ilavesinde, nikel-bor-kobalt alaşımları için en iyi sonuçlar 1 g/L kobalt sülfat ilavesi 

ve  doğru akım türünde elde edilmiştir. 

Anahtar Kelimeler: Elektrodepozisyon, Nikel elektrodepozisyon, Ni-B kaplama, Ni-

B-Co alaşımları 
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µA   Microampere 
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F   Faraday constant  
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K   Kelvin 
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mΩ   Milliohm 
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ml   Milliliter  

Mo   Molybdenum 
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Ni   Nickel 

NiCl2.6H2O  Nickel Chloride 

NiSO4    Nickel sulphate 

NiSO4.6H2O  Nickel sulphate hexahydrate  
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W   Tungsten  
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CNT   Carbon nanotube 

DMAB  Dimethylamine borane 

DC   Direct current 

EDS   Energy dispersive spectroscope 
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FWHM  Full widths at half maximum 

HCP   Hexagonal close-packed 

JCPDS   Joint committee on powder diffraction standards 

MEMS   Microelectromechanical system 

NEMS   Nanoelectromechanical systems 

PC   Pulse current 

pH   Power of Hydrogen 
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CHAPTER 1 

INTRODUCTION 

The coating technology has for the last few years been largely carried out in several 

engineering fields, comprising automobiles, electronics, aviation, defense industry, 

daily necessities, etc. Especially, in these areas, hard chrome platings is widely used.  

They have various advantages, such as its great corrosion resistance, high stiffness and 

surface smoothness, but they are dangerous against the environment and human body 

because of containing hexavalent chromium(Cr+6) [1–3]. So, alternative coatings for 

hexavalent chrome platings should be available. Ni platings provide a proper 

alternative and have been largely used in engineering applications for the last five 

decades due to their unique properties that enhance wear, abrasion and corrosion 

resistance [4]. But, when compared to hard chrome plating, Ni coatings are inferior in 

durability and stiffness. In order to obtain better mechanical characteristics, some Ni-

based alloy coatings, such as Ni-B, Ni-Co, Ni-W, Ni-P, have been improved [5,6].  

Ni-B alloy coatings have been improved in various industrial applications, because of  

good corrosion resistance, long durability, high hardness and proper solderability, with 

electro- and electroless nickel coating methods [7]. In particular, for hard chrome 

replacement, Ni electroless platings have been regarded as a potential candidate, but 

some mechanical properties of these platings such as wear resistance so far has not 

quite equaled that of hard chrome [4]. Electroless coating of Ni–B from boron hydride 

coating bath is carried out at high pH conditions, at 80–90 °C. The nickel coating is 

occurred via the reduction of nickel ions by the boron hydride. In these circumstances, 

metallic nickel which is not tightly connected to the film can precipitate owing to 

spontaneous decomposition of the reducing agent [8]. Electroplating is well-known as 

a typical plating method of alloy thin films or metal. For this method, it is easy to check 

growth rate and also it is low cost and simple method [9,10]. In order to produce Ni–

B alloy coatings, electroplating is alternative method and it is typically come true at 

lower temperatures, around 50 °C, and is conventionally used boron hydrides, boric 

acid [11,12]. The Ni-B alloy coatings are prepared with the electrodeposition method 



2 

 
 

from Ni bath solution in the presence of a reducing agent, such as triethylamine borane 

(TMAB) [11,13], dimethylamine borane (DMAB) [14].  

Nickel-cobalt alloys are important engineering materials that are widely used in the 

industry due to their properties such as high strength, good wear resistance, high 

thermal and conductivity and electrocatalytic activity [15]. In recent years, Nickel-

Cobalt magnetic films have begun to be used in different thicknesses ranging from 

nanometer level to millimeter levels due to their application in Micro Electro 

Mechanical Systems (MEMS) due to their good adhesion, high corrosion resistance, 

low internal stresses and high thermal stability [16]. Among the various production 

methods for producing Ni-Co films, electrolytic coating has proven to be a simple and 

economical method since it does not require high temperature and pressure. 

Electrolytic coating has attracted considerable interest in recent years due to the control 

of the change of coating parameters. Many metallic coatings such as Zn-Mn, Zn-Co, 

Zn-Ni and Fe-Cr-P have been produced in the electrolytic coating in recent years. 

There are many studies on Ni-Co alloy film production by electrolytic coating [15]. 

From this point of view, it is aimed to produce Ni-B-Co alloy coatings by 

electrodeposition method which can be easily coated on complex geometries, low cost, 

easy to apply and can be successfully applied at room temperature and atmospheric 

conditions. The production of Ni-B-Co alloy coatings by the electrodeposition coating 

method is not currently available in the literature. Microstructural analysis was 

performed by X-ray diffractometer (XRD) and scanning electron microscopy (SEM). 

In addition to micro-structural analysis, it is aimed to investigate optimum parameters 

by examining mechanical properties such as hardness, abrasion and corrosion 

resistance. The main objective of this master thesis work is to produce coatings with 

mechanical properties such as high hardness, good wear resistance for micro 

electromechanical systems (MEMS) and nano electromechanical systems (NEMS) 

which have increased in importance in recent years. Although there are literature 

reports on the production of such coatings under DC, PC and PRC currents, there is 

no study to optimize tribological properties and corrosion properties by using three 

different methods. It is aimed to contribute to the universal literature from this point 

of view. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 The Elements 

2.1.1 Nickel 

Nickel is one of the most abundant elements on Earth. Nickel is not chemically active.  

Elemental characteristic for nickel are given in Table 2.1. Nickel is a metal which has  

corrosion resistance, particularly it has alkali corrosion resistance. It has ferromagnetic 

property at room temperature. Also, it is a soft metal and weldable. It can be tailored 

at low and high temperatures. Cold working increases its stiffness. Nickel is one of the 

most valuable and important metals for industrial applications. Nowadays, nickel has 

nearly become the most used element after iron.  As shown in Figure 2.1, it is used in 

many industrial areas such as stainless steels, special-purpose, low-alloy steels, cast 

irons materials like magnetic alloys and controlled-expansion alloys and also, it can 

be used as the basic element for many corrosion and heat resistance alloys [17]. 

Table 2.1 Elemental properties of nickel [18]. 

Atomic number 28 

Atomic weight 58.6934 g/mol 

Crystal structure FCC 

Lattice constant 0.35167 nm 

Density 8.902 g/cm3 

Melting point 

Boiling points 

1453 °C (2647 °F)  

2730 °C (4946 °C) Linear thermal expansion coefficient 0.0000134 K-1 

Electrical conductivity  1.4×107 S/m 

Young modulus 200 GPa 

Hardness 195 HV  

http://tureng.com/tr/turkce-ingilizce/characteristic
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Figure 2.1 Application areas of nickel [18]. 

2.1.2 Cobalt 

Cobalt has ferromagnetic properties at room temperature. Therefore, it is usually used 

for magnetic alloy applications. It is generally used together with nickel and 

aluminium as powerful magnetic materials. Furthermore, it has high heat resistance, 

so it can be used safely where high temperature strength is needed. It has high 

corrosion resistance but it is influenced by precipitation and alloying elements. As 

shown in Figure 2.2 shows, cobalt is used in various areas like portable electronic 

devices, rechargeable batteries, mobile phones and computers. Some cobalt alloys can 

be used as orthopedic implants. Also, cobalt has non-etallurgical applications such as 

drying agents for paints, inks, varnishes, porcelain enamels and batteries enamels [18] 

Elemental properties of cobalt is shown in the Table 2.2. 

Table 2.2 Elemental properties of cobalt [19]. 

Atomic number  27 

Atomic weight  58,93 g/mol 

Crystal structure  HCP (Below 417 ºC) 

Lattice constant of the fcc 

form 

 0.25071, 0.25071, 0.40695 nm 

Density  8.85 g/cm3 (similar to nickel) 
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Table 2.2 Elemental properties of cobalt [19] (continue). 

The electrical resistivity  6×10-8 mΩ 

Electrical conductivity  1.7×107 S/m 

Curie temperature 1131º C (1394 ºK) 

Young modulus 209 GPa 

Hardness 320-330 HV 

 

 

 

Figure 2.2 Application areas of cobalt [20]. 

2.1.3 Boron  

Boron is a highly rigid element and heat-resistant semi-metal that can be found in 

different types and is widely used in compounds to produce everything from glass and 

bleaches to agricultural fertilizers and semiconductors. Boron has  low electric 

conductivity at low temperatures, however this situation modifies as temperatures 

increase. Whereas crystalline boron is very constant and not reactive with acids, the 

amorphous form slowly oxidizes in air and it may react heavily in acid [21]. Elemental 

properties of boron is shown in Table 2.3 and application areas of boron  is shown in 

Figure 2.3 
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Table 2.3 Elemental properties of boron [22]. 

Atomic number 5 

Atomic weight 10.81 

Crystal structure Simple Trigonal 

Lattice constant  506, 506, 506 pm 

Density 2.46 g/cm3 

Melting Point 2075 º C 

Boiling Point 4000 º C 

Linear thermal expansion 

coefficient 

6×10-6 K-1 

The electrical resistivity  10000 mΩ 

Electrical conductivity  0.0001 S/m 

Hardness (Vickers) 49000 MPa 

 

 

 

Figure 2.3 Application areas of boron [23]. 
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2.2 Nickel Coatings 

The nickel coating method is utilized comprehensively for decorative, engineering, 

and electroforming applications since the appearance and other characteristics of 

electrodeposited nickel may be modified over wide ranges by arranging the operating 

parameters and the composition of the coating bath. Decorative area of usage  involve 

about 80% of the nickel used up in coating; 20% is employed for electroforming and 

engineering applications. Also, electroless nickel coating method is commercially 

substantial. The annual worldwide consumption of nickel in electrocoating process is 

approximately 180 million pounds (81,700 metric tons) and it involves 11 to 12% of 

world nickel consumption [24]. 

2.2.1 Decorative Nickel Coating 

Modern decorative nickel platings include organic additives that modify the electro 

crystallization method in order that highly-leveled, mirror-bright nickel platings are 

coated directly from bath. Before the introduction of "organic" baths, decorative nickel 

platings were generated by polishing parts coated nickel mechanically [24].  

Nickel coating is comprehensively utilized in a variety of ornamental areas of usage. 

These contain parts for the automotive, bicycle and marine industries, household 

devices, jewelry, door furnishing, hardware items and a large variety of consumer 

items. The basic aim of decorative coating is to increase the decorative appeal and 

appearance of the articles, but the platings can also be needed to meet strict 

performance criteria. The criteria can involve ductility, corrosion resistance, adhesion 

etc. depending upon the application and service conditions [25] 

2.2.2 Engineering Nickel Coating 

The area of engineering use of nickel coating involve those where a fully bright aspect 

is not needed. Nickel coatings for engineering applications  are generally sulfur-free 

and matte in appearance. These deposits can be indicated to develop corrosion and 

wear resistance, to salvage or strengthen worn or undersized components, to develop 

magnetic properties, to arrange surfaces for organic coating or for enameling, to 
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operate as diffusion barriers in electronic area of use and for alternative objectives 

[24,26]. 

2.2.3 Nickel Electroforming Process 

Electroforming is the process by which components are produced through generating 

metal by electroplating onto a suitable mandrel, which is afterwards removed.  

Electroforming process has some properties, which make it a applicable manufacturing 

method for exclusive applications. These involve:  

• accurate reproduction of fine surface detail  

(e.g. the electroforming of stampers for the manufacturing of compact discs)  

• duplicate of surface features  

(e.g. moulds to remanufacture leather patterns or wood grain)  

• high degree of dimensional accuracy (e.g. accurate components)  

• capability to electroform shapes that are hard and expensive to manufacture by 

another process of production (e.g. rotary printing screens) 

Owing to its great mechanics characteristics, good corrosion resistance and fine grain 

structure, nickel is the most  metal used for electroforming. These features make it 

especially practical for the electroforming of moulds and dies for casting and moulding 

[27]. Figure 2.4 shows electroformed nickel mould for reinforced plastic automotive 

body component. 
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Figure 2.4 Electroformed nickel mould for reinforced plastic automotive body component [25]. 

2.2.4 Production Methods of Nickel Based Coatings 

2.2.4.1 Electrolytic Coating 

The electrodeposition method is a popular method for obtaining alloy coatings and 

nanocrystalline metal matrix composite materials. The method has the advantages of 

producing dense material, low size and shape limitation, high production speed. The 

properties of the material to be produced during the process (grain size etc.) can be 

controlled by coating parameters such as bath composition, pH, temperature and 

current density. An important advantage of the method is that it is easy to transfer to 

technology [28]. 

Since the surface properties of bulk materials can be easily changed by using the 

electrodeposition method, it has a very common technological usage area. Designers 

and researchers are able to satisfy a variety of needs using this method. Especially it is 

possible to economically improve the surface properties of materials with irregular 

surface geometries. It is not always possible to produce bulk material in desired 

properties such as economy and combination of various properties. Using the 

electrodeposition method, desired surface properties can be met economically. For 

this, the basic process parameters must be carefully should be selected. Most scientific 

disciplines such as surface science, solid state physics, metallurgy and materials 

science, electronics, electrochemistry and electrochemical engineering deal with 
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electrolytic coating. Electrolytic coated materials are used in applications involving 

both physical and mechanical properties. Physical properties; electrical and thermal 

conductivity, magnetic behavior, thermoelectric effects, density, melting point and 

lattice structure. The mechanical properties are; elastic modulus, hardness, ductility 

and strength [28,29].  

In recent years, the electrodeposition method has found wide use in the microelectronic 

industry. Examples include electronic bridges, connectors, magnetic recording heads, 

optics, optoelectronic systems, sensors and many other applications. It is possible to 

produce many micro-devices with three-dimensional structure with electrolytic 

coating, including corrosion protection, high abrasion resistance, thermal and 

magnetic properties. The use of iron group alloys produced by electrolytic plating in 

computer data storage and sensing is based on the interest of researchers  [30–33]. 

In particular, the coating of nickel and iron binary alloys provides suitable properties 

for recording, memory and storage devices. Nickel, cobalt and iron triple alloys are 

used in high density recordings because they have a higher magnetic flux density and 

lower coercivity properties than Permalloy (Ni80Fe20). Multilayer alloys, which are 

nanometer-sized, containing nickel, iron and cobalt together with copper are 

noteworthy because of their high degree of magnetic resistance. For other application 

areas; microwave guides and micro-electro-mechanical system technologies [30]. The 

electrons required for the reduction process can be obtained from different sources. 

There are two basic methods for this: electroplating and  electroless plating [34,35]. 

2.2.4.1.1 Electroless Plating 

There is no need for an external electron source in electroless coatings. The electrons 

required to reduce metal ions are released as a result of the chemical reaction that 

occurs in the solution. The coating system with the electroless plating method is 

schematically shown in Figure 2.5. The electroless coating is usually are divided into 

two groups. 

1- Deposition by ion or charge exchange 

2 - Metal deposits containing reducible materials [33] 
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The deposition by ion or charge exchange occurs when the second metal is submerged 

in the metal salt bath and spontaneously deposits the second metal by partial ion attack 

on the surface of the first metal. Since the reaction contains the atoms of the sample 

and the ions of the solution, the process stops when the surface of the sample metal is 

coated with the solution metal. Due to these reasons, the coating thickness is low [35]. 

This kind of deposit can be used in limited applications due to the accumulation quality 

and limited thickness. In recent years, especially copper and processes containing 

nickel have gained great importance and can also be used in situations where current 

coating cannot be applied. Coatings with excellent chemical and physical properties 

suitable for practical applications are possible [36–38].  

Coatings with a more homogeneous and less porous surface can be produced by means 

of the electroless coating. The concentration difference due to current density in the 

electroplating makes it difficult to obtain the coating surface in these properties. 

Furthermore, the surface of nonconductive materials such as ceramics and plastics can 

also be coated with electroless plating. However, this method has some disadvantages. 

It has a more complex solution bath than the electroplating bath and new materials 

should be added as this bath is used  [39,40]. Figure 2.5 shows Schematic view of the 

electroless plating bath and comparison of deposit uniformity for electroless plating 

and electroplating is shown in Figure 2.6.  

 

Figure 2.5 Schematic view of the electroless plating bath [40]. 
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Some advantages of electroless plating: 

• Does not use electric power. 

• Even plating on parts surface could also be obtained. 

• There isn’t any refined jigs or racks are required. 

• There is flexibility in coating volume and thickness. 

• The method will sheet recesses and blind holes with constant thickness. 

• Chemical renewal are monitored automatically. 

• Complex filtration technique isn't required. 

Some disadvantages of electroless plating: 

• Lifetime of chemicals is limited. 

• Waste treatment cost is high owing to the rapid chemical renewal. 

• Porous microstructure of electroless coating results in poor material structure 

as compared to electrolytic methods [29]. 

 

Figure 2.6 Comparison of deposit uniformity for electroless plating(left) and Electroplating 

(right) [41]. 

2.2.4.1.2 Electroplating 

Electroplating is an electrolytic process for depositing a layer of metal upon a  

conductive substrate to increase the properties or appearance of the component. 

Electroplating is a method which is a form of electrodeposition. 
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Electrodeposition is based on cathodically releasing metal ions. During the electrolysis 

of the metal salt solution, ions are reduced to the metal used as the base in the cathode. 

As a cathode electron source, the anode acts as a receiver for electrons. The required 

electrons are derived from the external current source. In the event of cathodic metal 

deposition from an aqueous solution, the metal is preferably present as an anionic 

complex, not as simple hydrate (an aqueous solution, composition that crystallizes 

with one or more water molecules) ions. The hydrate metal ion follows many steps 

while being neutral. As the metal ion passes through the diffusion layer, the water 

molecules surrounding the ion are redirected. When metal ions pass into the Helmholtz 

layer, the potential change required to separate water molecules from the metal ion is 

quite high. For this, when the actual neutralization process occurs on the cathode 

surface, it contains only a simple dehydration ion. The metal ion is first attracted to the 

cathode surface (absorbed). It then moves toward the point where it will develop along 

the surface and is incorporated into the metal lattice [36] . Schematic view of 

electrodeposition method is shown in Figure 2.7. 

 

Figure 2.7 Schematic view of electrodeposition method [25]. 

General reaction for electroplating process is given by Eq. 2.1. 
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(A x B y) z + mxe → xA0 + yB                                                                       (2.1) 

B can be ion or molecule, such as Cu+2 or H2CrO4. B is tightly attached to the metal 

ion and together with the metal ion, they occur complex species. These complex 

species take a task in the transfer process of charge.  

“n” is the net quantity of electrons transferred during the electroplating process. It 

should be positive. “z” is the electric charge of the electroactive species in electron. It 

can be zero, negative or positive.  

Electrodeposition method takes place according to Faraday’s law. In his work on 

electrodeposition, Michael Faraday proved that the  metal amount coated on the 

cathode and the amount solved on the anode are directly proportional to the quantity 

of electricity passed – in other words to the time and current of electroplating [24]. 

Faraday’s Law equation is shown in Eq. 2.2 

m = QA/nF                                                                                                         (2.2) 

For this equation;  

“F” is the Faraday constant (F = 96485 C/mol). “A” is the atomic weight of the metal. 

“m” is the deposited metal mass in gram. “n” is the valance electron of metal. “Q” is 

the net charge passes through the system, current multiply with time. 

2.2.4.2 Parameters Affecting Quality of Coating 

The parameters affecting the coating quality are given below. 

• Additives 

• Current density 

• Concentration and mixing 

• Temperature 

• Impurity 

• Nature of basic metal and electrolytic  

• pH 
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a) Additives: Additives are often added to the solutions so that the coating can have 

the desired properties. In spite of the dissolution of some of the inorganic compounds, 

the additives are generally organic and colloidal. Additives reduce surface roughness 

and internal stresses [42]. 

b) Current density: The current density is the current intensity that corresponds to the 

unit surface. The increase in current density has two opposite effects on the structure 

of the coating. As the current density increases, the rate of formation of the crystals 

increases and the grain structure is examined. However, if the current density is too 

high, the metal ions that are discharged around the cathode cannot be sufficiently 

absorbed by the solution, so that a depletion occurs in the cathode, which results in 

inhomogeneity in the resultant coating and degrades the coating quality and leads to 

black and spongy coverings. Excess hydrogen output at the cathode indicates that the 

current density has increased excessively [43]. 

c) Concentration and mixing: The effect of concentration on the structure of the 

coating is great. Since the rate of formation of crystals is great, a thin coating with 

good adhesion to the base metal is obtained. It is useful to move the material to be 

covered in the bath with the aim of meeting the partial impoverishment of the cathode. 

It is also very useful to filter the coating solution at periodic intervals. Electrolyte can 

be supplied in air (low pressure) mixture, but there is a possibility that the sediments 

will stick to the parts to be coated because it will circulate continuously in the 

electrolyte [34]. In some cases, ultrasonic mixers are used to mix the electrolyte. Some 

advantages of using ultrasonic mixer in electrolytic coatings are as follows: 

i. It allows to work at high current density which allows the coating to be fast. 

ii. Adhesion develops. 

iii. Reduce the porosity. 

iv. Increases brightness. 

vi. Increase hardness [43]. 
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d) Temperature: There are two opposite effects of temperature. As it increases 

diffusion from one side, it increases the rate of formation of crystals and thus small 

crystalline structures are obtained. On the other hand, it reduces the polarization of the 

cathode and thus causes the formation of large crystals and their growth. In addition, 

since the hydrogen overvoltage is reduced, hydrogen will be released easily and the 

coating will be spongy [42]. 

e) Impurity: Organic impurities are usually caused by poor adhesion, a more fragile 

tensile structure and darker coatings. Metallic impurities, however, may result in poor 

shot power, poor adhesion, low cathode yield, brittle structure, burnt and pale patchy 

coatings. Poor impurities in the electrolyte lead to the formation of deposits in 

undesirable properties. Ions outside the metal to be coated may either accumulate in 

the cathode or remain in the solution depending on the charge release potential. Even 

the cathodic accumulators are influential in the quality of my accumulation. Insoluble 

impurities such as dust and metal particles physically act on the catheter and cause pits 

and holes to form in the coating. This is especially the case when the electrolyte is 

mixed and the insoluble materials are not allowed to collapse at the bottom. 

f) Nature of basic metal and electrolytic: The effect of base metal on the quality of the 

coating is great. Particularly the coating of the casting parts of the zamak requires 

much attention. The quality and composition of the raw material is very important, and 

when the structure is "porous" spongy in a cold and careless cast, bubbles form after a 

while as a result of the coating. This is not the worst of the coating, but the basic metal 

is broken. As to the nature of electrolytes, it has long been known that the coatings 

obtained by electrolysis of complex salts are superior to those obtained with normal 

salts. Especially in cadmium, zinc, copper, gold and silver coatings, "electrolytes" are 

prepared by dissolving the double salts of these metals. Coatings made with such 

complex salts contain smaller grain-size crystal structures than simple salts. 

g) pH: If the electrolytes are above or below the specified pH values, the coating 

quality is immediately affected. If the pH is high, precipitates (hydrates, etc.) are 

formed which go into the cathode and form defective areas (low hardness, abrasion 

resistance, etc.) in the coating layer. In continuous coatings, when passing through 

acidic coatings from alkaline baths during intermittent washing, care must be taken 
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that the factors that affect the pH value, such as neutralization. Soda caustic and 

hydrochloric acid should not be used when adjusting the pH [33]. 

2.2.4.3 Influence of Bath Types on Electroplating 

There are 2 different nickel baths which are used the most. These baths have different 

compounds in different ways. They have different pH, temperature and cathode current 

densities. And also, the mechanical properties such as internal stress, hardness, etc. 

obtained at the end of the coating are different. 

2.2.4.3.1 Nickel Watts Bath 

The nickel watts bath, which known as the sulphate bath, is the one of most common 

nickel plating baths. Nickel watts plating baths are largely used for functional  

industrial applications. Watts solutions contain nickel sulphate, nickel chloride and 

boric acid. As the composition of the compounds varies depending on the application 

area, the typical chemical composition of the nickel watt bath is shown in Table 2.4 

[25]. 

Table 2.4 Compound and operating conditions for nickel watts electroplating baths. 

Nickel Sulphate (NiSO4.6H2O) 240 - 300 g/L 

Nickel Chloride (NiCl2.6H20) 30 - 90 g/L 

Boric Acid (H3BO3) 30 - 45 g/L 

Temperature 40 - 60 °C 

pH 3.5 - 5 

Cathode Current Density 2 - 7 A/dm2 

Deposition Rate 25 - 85 µm/h 

 

In the nickel watts bath, nickel sulfate supplies nickel ions to the bath and is the source 

of most of the nickel ions. It is the not expensive nickel salt and  can also be applied 

at the end of process for very bright industrial areas where uniform thickness is not a 

major consideration. Nickel chloride is basic for good anode corrosion and incrases 

the conductivity of the coating bath solution. The typical operating range is 30–90 g/L.  

Generally, minimum for anode corrosion is necessary 30 g/L nickel chloride in the 



18 

 
 

coating bath , unless special forms of anode material that involve nickel sulfide or 

nickel oxide are used as depolarizers. In some cases, however, the addition of nickel 

chloride may result in pitting on the coating surface. Boric acid pH buffer of the bath 

solution and it arranges the hydrogen ion concentration in the cathode film. If this 

buffering action had not taken place, the pH of cathode film in the higher-current-

density regions would very quickly exceed 6.0, and nickel hydroxide would be 

precipitated and codeposited along with hydrogen, ending up with burned deposit and 

green nodulation [44]. 

Watts baths have four major advantages: 

1. High speed plating is possible  

2. Plating bath composition is simple, so control is easy.  

3. Solubility to water is large. Use by high concentration and high current is 

possible.  

4. Influence of impurities is slight [25].  

2.2.4.3.2 Nickel Sulphamate Bath 

Nickel sulphamate solutions are primarily used for the deposition of practical coatings 

or for electroforming. For such applications the low stress which might be achieved 

without the utilization of addition agents, the high deposition rates and desirable 

deposit properties offset their higher price. Chloride contains a significant impact on 

stress and additionally influences anode behavior. A low chloride concentration is 

fascinating to attain a low stress level. It is potential to control with zero chloride if 

Sulphur activated nickel anodes are used under appropriate operational conditions. 

But, a low concentration of nickel chloride (about 5 g/L) is usually suggested to supply 

some insurance of satisfactory anode performance. As an alternative, nickel bromide 

could also be substituted and doesn’t increase stress as much as chloride. One of the 

benefits of sulphamate solutions is the higher solubility of nickel sulphamate 

compared with nickel sulfate. it's thus attainable to use higher nickel concentrations 

and to control at very high current densities [25]. Table 2.5 shows compound and 

operating conditions for nickel sulphamate electroplating baths. 
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Table 2.5 Compound and operating conditions for nickel sulphamate electroplating baths [25]. 

Nickel Sulphamate 

(Ni(NH2SO3)2.4H2O) 

300 - 450 g/L 

Nickel Chloride (NiCl2.6 H20) 0 - 30 g/L 

Boric Acid (H3BO3) 30 g/L 

Temperature 40 - 60 °C 

pH 3.5 - 5 

Cathode Current Density 2 - 15 A/dm2 

Deposition Rate 25 - 180 µm/h 

 

2.2.4.3.3 Other Nickel Plating Baths 

Fluoborate Bath: This bath may be operated at very high current densities. Mechanical 

characteristics are almost like the nickel watts deposits. This bath is high expensive 

and it extremely has corrosive electrolytes.  

All-Chloride Bath: This bath type  is an alternative method where high current 

densities are needed.  Furthermore, these bath types are much more corrosive than 

watts baths and thus equipment for plating must be carefully chosen. Coating has fine-

grained structure and usually harder than nickel watts coatings.  

All-Sulphate Bath: The main use for this bath type is in area of usage including the use 

of insolvable anodes. The absence of chlorides removes the problem of harmful 

chlorine gas being releasing at the anode. Graphite or lead anodes are widely used. It 

is necessary to refill the nickel ions and to manage the hydrogen ion concentration 

through regular additions of nickel carbonate.  

High Sulphate Bath: The essential property of these solutions is their good throwing 

power. They have found restricted use as a strike solution over zincate pre-treated 

aluminum. 

Hard Nickel Bath: This solution supplies harder deposits and outstanding wear 

resistance without using of organic ingredients. The higher stiffness is obtained 

through the addition of ammonium ions. Close control of pH, current density and 

temperature are critical for consistent performance.  
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Black Nickel Bath: Except for some restricted use on optical equipment or for solar 

collectors, this bath type has primarily been practiced for decorative aims. The coating 

has thin structure. Thus, black nickel is generally carried out over textile application 

or bright nickel and plated with a lacquer or other organic finish [25]. Table 2.6 shows 

compound and operating conditions for other nickel electroplating baths. 

Table 2.6 Compound and operating conditions for other nickel electroplating baths [25]. 

Type Composition (g/L) pH Temp. ( oC) Current Density A/dm2 

Fluoborate Nickel Fluoborate, 225-

300 

Nickel Chloride, 0-15 

Boric acid, 15-30 

2.5- 4.0 38-70 3-30 

All-chloride Nickel Chloride, 225-300 

Boric acid, 30-35 

1.0-4.0 50-70 2.5-10 

All-sulphate Nickel Sulphate, 225-410 

Boric acid, 30-45 

1.5-4.0 38-70 1-10 

High 

sulphate 

Nickel Sulfate, 75-100 

Boric acid, 15 

Sodium Sulphate, 75-100 

Ammonium chloride, 15-

35 

5.3-5.8 20-32 0.5-2.5 

Hard nickel Nickel Sulfate, 180 

Boric acid, 30 

Ammonium chloride, 25 

5.6-5.9 43-60 2-10 

Black nickel Nickel Sulfate, 100 

Ammonium chloride, 15 
Zinc Sulphate, 22 

Sodium thiocyanate, 15 

 

5.5-6.0 26-32 0.2 

 

2.2.4.3.4 Comparison of Nickel Watts and Nickel Sulphamate baths 

Watts bath is relatively inexpensive and easier to control than Sulphamate bath. 

Sulphamate solution has distinct advantages. Nickel sulphamate solutions are 

commonly used for electroforming due to low internal stress, high deposition rates, 

and superior throwing power of the precipitates. The throwing power is the 

relationship between geometric factors and the uniformity of current distribution and 

coating thickness, which are influenced by the electrochemical characteristics of the 

solution. The throwing power is a measure of how much the uniformity of the cathode 

polarization and cathode efficiency can be produced than in the absence of the effects 

produced. Due to the very high solubility of the nickel sulphamate, there is a higher 

nickel metal concentration and allows for lower operating temperatures and higher 
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coating speeds. A small amount of nickel chloride is added to the nickel sulphamate 

solutions to minimize the anode passivity at high current densities. Nickel sulphamate 

solubles are soluble so that they cannot easily be recrystallized from the solution. 

Commercially, it is present as a concentrated solution prepared by reacting high purity 

nickel with sulfur sulphamic acid under controlled conditions. Nickel sulphamate 

coating solutions are more expensive than commercial nickel sulphate and nickel 

chloride grades. Long term use of sulfamate solutions at temperatures above 700 ° C 

(1400 ° F) or below a pH of 3 may result in nickel hydrolysis. Ammonium and sulphate 

ions produced by hydrolysis increase the internal stress and hardness of the deposits. 

Sulphamate nickel plating baths are particularly useful for applications requiring low 

residual stress in electrolytic nickel, such as electroforming, and coating of objects 

susceptible to fatigue cracking [44]. Table 2.7 shows comparison of nickel watts and 

nickel sulphamate solutions. 

Table 2.7 Comparison of nickel watts and nickel sulphamate solutions [44]. 

 

Electrolyte Composition (g/L) 

 Nickel Watts Nickel Sulphamate 

Nickel Sulfate (NiSO4.6H2O) 240-300 - 

Nickel Sulphamate 

Ni(SO3NH2)2.4H2O 

- 30-45 

Nickel Chloride NiCl2.6H2O 30-90 300-450 

Boric Acid (H3BO3) 30-45 0-30 

  

Operating Conditions 

Temperature (oC) 40-60 40-60 

Agitation Air or Mechanical Air or Mechanical 

Cathode Current Density 

(A/dm2) 

2-7 2-15 

Anodes Nickel Nickel 

pH 3.5-5 3,5-5 

  

Mechanical Properties 

Tensile Strength (MPa) 345-435 415-610 

Elongation (%) 10-30 5-30 

Vickers Hardness ( 100 g load) 130-200 170-230 

Internal Stress (MPa) 125-185 (tensile) 0-55 (tensile) 
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2.2.4.4 Influence of Current Types on Electroplating 

Electrodeposition is an economical and simple method for producing metallic coatings 

of alloy coatings and dense nano-crystals. Electrodeposition methods are used under 

direct current (DC), pulse current (PC) and pulse reverse current (PRC) in metallic 

coating production. Qu et al. found that the hardness of the PC-made coatings on the 

nickel coatings under DC and PC currents was significantly higher than the nickel 

plating on the DC coatings. Karslıoğlu et al. produced Ni-Co/CNT nanocomposite 

coatings by direct current, pulse current and pulse revert current on copper substrate. 

PC and PRC coatings showed considerable improvement in microhardness and 

abrasion resistance. Tao et al. Produced nanocrystalline copper coatings with the aim 

of investigating mechanical and tribological properties. Copper coatings produced via 

PC current have been found to exhibit higher hardness and better wear resistance than 

coatings produced via DC. It is stated in the literature that pure nickel coatings 

produced using by PC and PRC technique show better mechanical properties than pure 

nickel coatings produced by DC. In the conventional DC electrodeposition system, 

current density can  only be changed. The cycle in the DC electrodeposition system 

(ratio of current to total accumulated time) is 100%. Therefore, the average current 

density and the peak current density are equal to each other.  

A new period has begun with the electrodeposition method of metals, alloys and metal 

matrix composites in electrodeposition. Compared to conventional direct current (DC), 

the Pulse Electrodeposition technique is much more sensitive in controlling basic 

electrodeposition parameters. The combination of the microstructure, components and 

combination of the coating layer can be better controlled by the unique combination 

of pulse current on-time (current time, Ton) and off (off-time, current cutoff, Toff) time. 

The average current density (Iaverage) is obtained from the combination of different 

current densities in the open and closed pulse currents [45]. DC and PC types were 

found to be inadequate for some applications, and studies on pulse reverse (PRC) 

current type were concentrated in recent years by adding reverse current to the PC 

method. Table 2.8 shows possible effects of current type on deposit structures. 
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Table 2.8 Possible effects of current type on deposit structures [46]. 

Time 
Interval Conditions that differ from DC plating Phenomena affected 

O
n

-t
im

e Double layer charging 

Overvoltage 

Concentration profile near the electrode 

Adsorption (ions, additives, hydrogen) 

Nucleation rate 

Growth mechanism 

Electrode reaction mechanism 

Codeposition rate 

Additive reaction 

O
ff

-t
im

e
 

Double layer discharge 

Potential relaxation 

Desorption (ions, additives, hydrogen) 

Surface diffusion 

Surface recrystallization 
Corrosion, displacement 

reactions 

Passivation 

Hydrogen diffusion 

P
u

ls
e-

re
v
er

se
 

ti
m

e 

Anodic potential 

Sign change of double layer charge 

Concentration profile near electrode 

Desorption / adsorption (additives, ions) 

(selective) Metal dissolution 

Hydrogen reoxidation 

Additive oxidation 

Passivation   

 

Chang et al. used a Pulse Reverse electrodeposition process to produce a composite 

coating layer. When reverse current is applied in the PRC process, the reverse transport 

(transformation) against the current direction take place. As a result of reverse 

transport increasing the electrochemical polarization of the cathode, it has been shown 

that the nucleation energy of the particles decreases on the electrode surface and that 

as a result of this decrease the nucleation rate is increased, so that a more compact 

structure and a smoother surface property can be obtained [46]. Chokkakula et al. 

published in Nature magazine in 2014 covered copper graphene on copper foil by 

using DC and PRC electrodeposition method. As a result of the study, they reported 

that the graphene coating added to the structure in the PRC type increased the hardness 

by about 90% and the elastic modulus by about 30% [47]. 
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Figure 2.8 Topographic image of the Ni coating layer produced by using a) DC, b) PC, c) PRC 

electrodeposition method [48]. 

                                                       

 

Figure 2.9 Types of current: a) DC, b) PC, c) PRC [49,50]. 
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2.3 Review of Related Works 

Ni-B coatings are noted for their high hardness, high abrasion resistance and good 

corrosion resistance. Furthermore, Ni-B coatings are also known for their price 

effectiveness, antibacterial properties, lubricity, thickness uniformity, excellent 

solderability, good electrical properties, extraordinary electro-magnetic properties, 

low porosity and high adhesion. Ni-B coatings have applications in a variety of 

industries, such as petrochemical, automotive, textile, food, aerospace, plastics, 

electronics, nuclear, computer and printing [51]. 

Krishnaveni et al.[52] reported that dimethylamine borane (DMAB) can also be used 

as a boron source in electrodeposited Ni–B alloy coatings and they results showed that 

the amount of boron, hardness and microstructure of Ni-B alloy coatings were 

considerably influenced from the sort of boron sources and other electrodeposited 

circumstances. 

Chang et al. [1] examined that trimethylamine borane (TMAB) can also be used as a 

boron source in Ni-B alloy coating produced by DC and they results demonstrated that 

amount of boron and current density significantly influenced deposition rate, 

microhardness, microstructure and corrosion resistance. 

Ogihara et al.[11] produced electrodeposited Ni–B coatings by using a traditional 

nickel coating bath including TMAB or DMAB which are boron sources and reported 

that in TMAB solution, the microstructure of Ni–B alloy coatings were controlled by 

the amount of co-deposited boron atoms; but in DMAB solution, explicit relationship 

between coating boron content  and  hardness was not verified. 

Liang et al. [53]produced Ni-B alloy coatings with different amount of boron by DC 

by using DMAB as boron source from a sulphamate solution including DMAB and 

their results proved that increased microhardness of Ni-B alloy coatings is mainly 

caused by a decrease in grain size rather than boron content. So, they produced Ni-B 

alloy coatings with high hardness with a comparatively low boron content. 
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Figure 2.10 Surface morphology of Ni–B coatings electrodeposited at different current densities: (a) 

1, (b) 3, (c) 5, and (d) 10 A/dm2 [1]. 

Nickel-based alloys find a wide range of applications in space, aerospace, power 

generation, corrosion protection, high temperature applications, and high temperature 

oxidation. The Ni-Co alloy has a great popularity among these alloys due to its 

excellent functional properties, corrosion resistance and other properties. Examples of 

such properties include the combination of hardness and high corrosion resistance, 

magnetic materials, electrocatalysts used in hydrometallurgy [54]. Nickel-cobalt 

alloys and combinations can be produced very simply using the electrodeposition 

process from aqueous solutions. By adding 30 to 70% of cobalt in Ni, the highest 

hardness values of Ni-Co alloy are obtained [55]. By producing the same composites 

in pulse or pulse reverse current types, higher hardnesses are obtained compared to the 

coatings produced in direct current type [56]. Many studies indicate that Ni-Co alloy 

deposition is abnormal during electrodeposition [57-60]. The reason of this, the 

absorption of Co (OH) of Ni-Co alloy is higher than Ni (OH). For these reasons, the 

cobalt-rich coating is abnormally obtained after electrodeposition. This abnormal 

situation has only one logical explanation; hydrogen generated during electrolysis 

increases the formation of metal hydroxyl during coating [59]. Modern 
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electrochemical systems improve the properties of deposited metal layer using pulse 

reverse technique. Theoretically, when an anodic pulse is applied, it is necessary to 

redissolve the deposited layer. However, the deposited layer is passive depending on 

the canyon type and its electrochemical properties [61-63]. In addition, pulse reverse 

current is used to produce a more uniform and homogeneous coating layer, but it has 

been written by some researchers to reduce the internal tension of the pulse current. 

Especially in technological applications, homogeneous and high coating thickness is 

required, and in such cases, internal stress has a vital preventive effect [54]. 

 

Figure 2.11 SEM surface micrographs of Co-Ni coatings at different current densities: a) A/dm2 , b) 2 

A/dm2 , c) 3 A/dm2 , d) 4 A/dm2  [62]. 

 

Bouzit et al. [62] examined Ni-Co thin films were produced by electrodeposition on 

Cu substrate from chloride-sulfate bath containing thiourea as additive. The effects of 

applied current density (1, 2, 3 and 4 A/dm2) on the composition, morphology, 
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microstructure and formation mechanism of deposited films were investigated by 

EDX, SEM and XRD techniques, respectively. The SEM images demonstrate that the 

deposits are well adherent and show a compact surface with a cauliflower-like 

appearance (see Figure 2.11) and changes from rough to smooth surface with the 

increase of current density. The structural investigation was occurred through the 

Rietveld refinement of XRD patterns by using MAUD program. The results reveal the 

formation of both HCP Co phase, FCC Co(Ni), HCP Co(Ni) and HCP Co(S) solid 

solutions (SS). The HCP SS formation mechanism is described by the diffusion of Ni 

and S atoms along c axis of HCP Co crystal lattice. The increase of current density 

causes a lattice distortion revealed by an increase of the lattice parameters of different 

SS. 

Srivastava et al. [63] studied microhardness and corrosion resistance of Ni-Co alloys 

coating. They clarified that when cobalt content increases up to 50 wt.%, hardness 

increases, however as the content of cobalt continues to increase, microhardness 

decreases since the crystallographic morphology changes from spherical crystal to 

polyhedral crystal. When cobalt content reaches up to 80 wt.%, crystallographic 

morphology changes to acicular shape. Their study shows that 80% Ni – 20% Co alloy 

shows better corrosion resistance than plain nickel or cobalt coating and then other 

mixing percentages. This is correlated with FCC structure of alloy. Their results show 

that corrosion currents of mild steel, cobalt coating, nickel coating, Ni-20% Co and 

Ni-50% Co are 2.994, 2.602, 0.527, 0.455 and 0.894 µA/cm2, respectively. 

Karslioglu et al. [64] examined the effects of current type on Ni-Co alloys. Nickel–

cobalt (Ni–Co) alloys were produced via direct current (DC), pulse current (PC) and 

pulse reverse current (PRC) methods. The influence of different deposition currents 

on the surface microstructure, crystallographic structure, microhardness and 

reciprocating sliding wear behavior were investigated. When compared according to 

current types, the highest microhardness was obtained with PRC and the lowest was 

obtained with DC. The crystallographic grain growth orientation changed and it 

effected microhardness. The results show that DC type cause bigger grain size (see 

Figure 2.12). They also examined the effect of NiCl2.6H2O, which is thought to be 

primarily used in the coating bath during coating, for the optimization of bath 
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parameters in addition to the added and selected coating conditions [33]. The effect of 

NiCl2.6H2O on the microstructure is given in Figure 2.13. It is understood from this 

that, under the conditions selected in the production of coatings, pores and 

inhomogeneities are found on the NiCl2.6H2O coating surface. As can be understood 

from Figures 2.13 (a-c), it has been found that the pore and stains on the surface are 

reduced as the amount of NiCl2.6H2O decreases. Also, better results were obtained in 

coatings produced from non-NiCl2.6H2O-added baths. On the other hand, when 

NiCl2.6H2O was not added, it was observed that the structure was quite homogeneous 

(Figure 2.13 d). 

 

Figure 2.12 Ni–Co alloy coatings at 50ºC for 30 min at 5 A/dm2 current density; a) DC, b) PC and c) 

PRC methods [64]. 

Furthermore, they examined that the effects of NiSO4.6H2O and CoSO4.7H2O ratios 

on the coating layer in the bath composition were investigated. The effects on the 

coating layer of 4 different compositions were investigated such that the ratio of 

NiSO4.6H2O/CoSO4.7H2O was 250/50 g/L, 200/100 g/L, 100/200 g/L and 50/250 g/L 

respectively. The results are given in Figure 2.14 a-d. Figure 2.14 (a) shows that the 

granules are in the form of polyhedron near the spherical form. However, there is a 
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distinct size difference between grain sizes, but the structure seems to be 

homogeneous. The increase of the ratio of CoSO4.7H2O in the bath changed the 

surface morphology of the coating in the structure. With the increase of the amount of 

CoSO4.7H2O, the polyhedron-shaped grains in the structure first appeared to be rough 

and the appearance of some flakes in addition to the polyhedron-like grains was 

apparent from Figure 2.14 (b).  With the increase in the amount of CoSO4.7H2O, it is 

understood that the ratio of the particles in the shape of the flake increases but there is 

not a large change in their dimensions, the particles of the polyhedron particles are 

reduced and the number of grains decreases per unit area (Figure 2.14 c). When 250 

g/L of CoSO4.7H2O was added to the bath, the proportion of the flakes in the structure 

increased and the polyhedron granules appeared to be located in the gaps among the 

particles in the shape of flake. However, while there is no significant change in the 

size of the particles in the shape of the flake, it is clear that the size of the particles in 

the form of polyhedrons is smaller (Figure 2.14 d). 
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Figure 2.13 The micrographs of samples produced from coating bath with addition of  a) 30 g/L, b) 

20 g/L, c) 10 g/L, d) 0 g/L Ni2Cl.6H2O for 30 min. at 50 oC by DC during optimization of bath 

parameters [33]. 
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Figure 2.14 The SEM images of effect of NiSO4.6H2O / CoSO4.7H2O (g/L) ratios on the coating 

layer 250/50, b) 200/100, c) 100/200 and d) 5/25 [33]. 

Mukhopadhyay et. al [65] examined that effect of heat treatment on the properties of 

electroless Ni-B, Ni-B-W and Ni-B-Mo Coatings. Ni-B and Ni-B-W coatings present 

a dense nodular surface morphology while Ni-B-Mo coatings show a cauliflower like 

morphology with aggregated clusters of nickel nodules and apparent surface cracks. 

At the end of heat treatment, grain growth and visible grain boundaries occurred in 

event of all the three electroless coatings. Also, the highest  microhardness was 

occurred in Ni-B-W coatings among the all coatings in as-deposited condition and up 

to heat treatment temperature of 400°C. The nodular surface morphology similar that 

of broccoli and  occurred in electroless Ni-B coating and flawless and without 

porosities surface occurred in electroless Ni-B coating (Figure 2.15). The nodular 

surface morphology similar that of broccoli and  occurred in electroless Ni-B coating 

and flawless and without porosities surface occurred in electroless Ni-B coating 

(Figure 2.15 (a)). The coatings structure heat treated at 350oC for 1h is shown in Figure 

2.15 (b) and in this situation, surface structure resembling cauliflower performed. This 
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can indicate a phase transformation from amorphous to crystalline structure. When the 

deposits are farther heat treated at 400°C for 1 hour, the deposites turn blueish which 

can be owing to generation of nickel oxides and further grain growth in shown in 

Figure 2.17 (c). As seen from Figure 2.17 (d), as these deposits are heat treated at 

450°C for 1 h, coarse grain structure was obtained. 

 

Figure 2.15 Electroless Ni-B coatings (a) as-deposited; and heat treated at (b) 350°C; (c) 400°C; (d) 

450°C [65]. 

SEM micrograph of Ni-B-W coatings in its as-deposited and heat-treated condition is 

demonstrated in Fig. 2.16. Dense nodular surface is shown for Ni-B-W coatings in 

Figure 2.18a. From this image, it can observe that the size of nodules is partially higher 

than Ni-B plating (fig. 2.16a). Also, according to their results, higher corrosion 

resistance was obtained in this coating type. In fig.2.16b, it can be shown that there are 
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nodules which are inflated on heat treating deposits at 350oC although grain boundaries 

are not exclusive compared to Ni-B coating heat treated at the same condition (fig. 

2.15b). The morphology  which is like typical cauliflower appears seem as Ni-B-W 

coating if farther heat treated at 400°C for 1 h in fig. 2.16c. The alloy coatings turn 

blueish at a heat treatment of  450°C for 1hour (Fig. 2.16d). So this is an indication of 

phase transformation occured similar to Ni-B coatings.  

 

  

Figure 2.16 Electroless Ni-B-W coatings (a) as-deposited; and heat treated at (b) 350°C; (c) 400°C; 

(d) 450°C [65]. 

Lee et al. [66] investigated that effect of the amount of boron on the different properties 

of nanocrystalline Ni–B alloys produced by electrodeposition method. They found that 

significant decrease in grain size with the increasing amount of boron. Furthermore, 

they observed tensile stress which increased linearly with rising boron content. In 
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addition, the microhardness of Ni–B alloy coatings increased significantly owing to 

the intermetallic Ni3B precipitation by the heat treatment and maximum microhardness 

of each coating rises with boron amount. Since the coatings which have high friction 

coefficient and brittle fracture, wear resistance decreased with increasing the boron 

amount. 

 

  

Figure 2.17 The change of surface morphology of Ni–B coatings with boron content. Scanning 

electron micrographs of (a) Pure Ni, (b) Ni-2 at.% B, (c) Ni-6 at.% B, (d) Ni-9 at.% B [66]. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

All the experimental processes were conducted at Ankara Yıldırım Beyazıt University. 

Conventional watt type bath was used for electrodeposition process. Temperature for 

electrodeposition process was usually kept about 55ºC for watt type bath. Current 

density and pH are 5 A/dm2 and 4-5, respectively. Electroplating device, BARAKUDA 

current source located at laboratories of Ankara Yıldırım Beyazıt University, was used 

as power supply. It can provide direct current, pulse current and pulse-reverse current. 

Coatings were carried out in 100 ml beaker with speed controlled magnetic stirrer 

(ISOTEX-SH 4C) in fume hood. Medium carbon steels  were used with the dimensions 

of 20x40x1.5 mm as width, length and thickness, respectively. As anode material, pure 

nickel sheet was used with the dimensions of 30x40x3 mm as width, length and 

thickness, respectively. Coating baths contained high purity nickel sulphate 

(NiSO4.6H2O), trimethylamine borane (TMAB), cobalt sulphate (CoSO4.7H2O), boric 

acid (H3BO3) and distilled water.  

In this study, influence of the addition of trimethylamine borane (TMAB) on nickel-

boron coating and influence of cobalt sulphate and different current types on nickel-

borane-cobalt coating containing fixed amount of TMAB were investigated on 

microstructure, hardness, wear resistance  and corrosion behaviors.  

3.1 Preparation of Experimental Setup and Testing 

3.1.1 Preparation of Substrates 

In this study, medium carbon steel plates were used as cathode with the dimensions of 

20x40x1.5 mm as width, length and thickness, respectively. The substrates must be 

clean because the ions need to adhere well onto the substrate and thus homogeneous 

coatings are obtained. Medium carbon steels (40× 20× 1.5 mm) were grinded with 

grinding paper by using metal grinding device, respectively. After grinding, they were 

cleaned with acetone. And then, the medium carbon steels were degreased with pure 
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ethanol solution for 1 minute and cleaned with pure water before production of alloy 

coatings. 

3.1.2 Preparation of Coating Bath 

Three types of bath which are for pure nickel coating, Ni-B alloys coatings and Ni-B-

Co alloys coatings were prepared. Electroplating processes were performed in nickel 

bath with the addition of trimethylamine borane and cobalt sulphate. The coating bath 

was poured into a 100 ml beaker and then it was mixed by a magnetic stirrer with 

mixing speed of 250 rpm to provide solution uniformly in the cathode-solution 

interface and heated to 55℃ with a heat source. The pH of solution was between 4 and 

5. During the coating, the pH and temperature of coating bath were maintained at ±0.5 

units and ±3 ◦C, respectively. The medium carbon steel which is cathode and the pure 

nickel anode were vertically submersed in a 100 ml beaker separated by 2 cm from 

each other. Then coating systems were prepared in the fume hood. Pure nickel coating 

was prepared with direct current in the conventional nickel plating bath under constant 

current density (5 A/dm2) for 30 minutes. Ni-B alloy coatings were produced with 

direct current in the different amount of trimethylamine borane and under constant 

current density (5 A/dm2) for 30 minutes. Ni-B-Co alloy coatings were produced with 

both different amount of cobalt sulphate and different current types with constant 

TMAB amount. (DC, PC, PRC) and under constant current density (5 A/dm2) for 30 

minutes. After coating, pure nickel coating, Ni-B and Ni-B-Co alloy coatings were 

cleaned with pure water and dried in air at room temperature. Totally, fourteen 

specimens were coated. Test parameters are shown in Table 3.1, Table 3.2 and Table 

3.3. 

3.1.3 Electrodeposition Processes of Pure Ni coating and All Alloy Coatings 

According to results of literature researches, it was decided to use conventional nickel 

watt type bath that contains nickel sulphate (NiSO4.6H2O), trimethylamine borane, 

cobalt sulphate (CoSO4.7H2O) and boric acid (H3BO3). The nickel sulfate 

(NiSO4.6H2O) was used as the essential salt of the bath solution, which supplies Ni 

ions to the bath and the content of nickel metal detects the limiting current density for 

producing good deposits, TMAB was used as the essential source of boron ions in the 
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plating bath, cobalt sulphate was used as the basic source of cobalt ions in the plating 

bath and also boric acid was used to stabilize the pH value of coating bath. pH is a 

substantial parameter for electrodeposition and it was between 4 and 5. Magnetic 

stirrer also functions as heat supply and has thermocouple. So, coating bath 

temperature could be kept constant at 55±3ºC.  

According to results of literature researches, current density was used as 5 A/dm2 in 

coatings. Also, DC, PC and PRC types were used at this current density. The effects 

of different amounts of boron and cobalt as well as different current types were 

investigated. One specimen were produced as pure nickel coating and this specimen 

was produced by DC method. Six specimens were produced as Ni-B alloy coatings by 

using DC. Five specimens were produced as Ni-B-Co alloy coatings by using DC and 

then two specimens were produced as Ni-B-Co alloy coatings by using PC and PRC 

methods. Current types are shown schematically in Figure 2.9. 

Table 3.1 Bath composition and electrodeposition conditions of the coating bath. 

 Pure Ni coating Ni-B alloy coatings Ni-B-Co alloy 

coatings 

NiSO4.6H2O 
(Nickel source) 

250 g/L 
 

250 g/L 250 g/L 

TMAB 

(Boron source) 

- 5, 2.5, 1.5, 1.0, 0.5, 0.25 

g/L 

1.5 g/L 

CoSO4.7H2O 

(Cobalt 

source) 

- - 50, 5, 2.5, 1.0, 0.5 g/L  

H3BO3 

(pH regulator) 

40 g/L 40 g/L 40 g/L 

Current density Average 5 A/dm2 Average 5 A/dm2 Average 5 A/dm2 

Current type DC DC  DC,  

PC, PRC ( for addition 

of 1g/L CoSO4) 

pH 4-5 4-5 4-5 

Temperature 

 

  

55±3ºC 55±3ºC 50±3ºC 

Magnetic 

stirring 

During deposition: 

30 Minutes 

During deposition: 

30 Minutes 

During deposition: 

30 Minutes 

Cathode Medium Carbon Steel Medium Carbon Steel Medium Carbon Steel 
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Table 3.2 Bath parameters are given for pure nickel coating, Ni-B and Ni-B-Co alloy coatings. 

Type of 

Coating 

Specimen 

No: 

Current 

NiSO4.6H2O/ 

TMAB 

CoSO4.7H2O/ 

H3BO3  (g/L) 

Ton / Toff /  

-Ton (ms) 

Pure Ni 

coating 

1 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

 

250/-/-/40 ∞/0/0 

Ni-B 

alloy 

coating 

2 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

 

 

 

250/5/-/40 ∞/0/0 

Ni-B 

alloy 

coating 

3 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/2.5/-/40 ∞/0/0 

Ni-B 

alloy 

coating 

4 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/1.5/-/40 ∞/0/0 

Ni-B 

alloy 

coating 

5 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/1/-/40 ∞/0/0 

Ni-B 

alloy 

coating 

6 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

 

250/0.5/-/40 ∞/0/0 

Ni-B 

alloy 

coating 

7 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/0.25/-/40 ∞/0/0 

Ni-B-Co 

alloy 

coating 

8 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/1.5/50/40 ∞/0/0 

Table 3.3 Bath parameters are given for pure nickel coating, Ni-B and Ni-B-Co alloy coatings 

(continue). 
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Ni-B-Co 

alloy 

coating 

9 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/1.5/5/40 ∞/0/0 

Ni-B-Co 

alloy 

coating 

10 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/1.5/2.5/40 ∞/0/0 

Ni-B-Co 

alloy 

coating 

11 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/1.5/1/40 ∞/0/0 

Ni-B-Co 

alloy 

coating 

12 5 A/dm2           Current 

densitymax: 400 mA  

Cathode surface: 4 cm2 

Iaverage= 200 m/A  

250/1.5/1/40 10/10/0 

Ni-B-Co 

alloy 

coating 

13 5 A/dm2           Current 

densitymax: 450 mA 

Cathode surface: 4 cm2 

Iaverage= 200 m/A 

250/1.5/1/40 10/0/10 

Ni-B-Co 

alloy 

coating 

14 5 A/dm2           Current 

densitymax: 200 mA 

Cathode surface: 4 cm2 

250/1.5/0.5/40 ∞/0/0 
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3.2 Characterization of Deposited Layers 

3.2.1 Scanning Electron Microscope Analysis 

Images of scanning electron microscope were examined with HITACHI-TM4000Plus 

Tabletop Microscope (see Figure 3.1) for characterization process and results were 

compared with literature researches. How the grain structure changed under different 

conditions was examined. With the same device, EDS (energy dispersive 

spectroscopy) analysis was conducted and the elemental ratio was investigated. 

 

Figure 3.1 HITACHI TM4000Plus Tabletop Microscope. 

3.2.2 XRD Analysis 

In this study, the structural and phase analyses of the electrodeposited pure nickel 

coating, Ni-B and Ni-B-Co alloy coatings were determined via using a X-ray 

diffractometer (Rigaku-Miniflex 600) with a CuKα radiation 40 kV and 15 mA. The 

CuKα radiation value of wavelength is 1.54059 Å. The X-ray analysis was 

occured at 2°/min scan rate between 20° to 110° 2θ angles via using X-ray 

diffractometer (Rigaku MiniFlex 600, see Figure 3.2).  The phase identification of the 

selected alloys was occurred by using a diffraction analysis program (PDXL). The full 

widths at half maximum (FWHM) values of X-ray diffractions were utilized to 

calculate grain sizes by using the Debye–Scherrer formula (Eq. 3.1) [67].    
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                    𝐷 =
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
                                    (3.1) 

In this equation, K is a Scherrer constant (K~0.9 in this case); λ is the wavelength of 

X-ray (λCuKα~1.54059 Å); θ is the diffraction angle, β is full width at half 

maximum (FWHM). 

 

Figure 3.2 Rigaku-MiniFlex 600 X-ray diffractometer. 

3.2.3 Microhardness Measurements  

The microhardness of the pure Ni, Ni-B and Ni-B-Co electrodeposited films was 

calculated by using Vickers microhardness test device (Shimadzu-HMV-G 21S) 

carrying out load of 50 g for 10 seconds by diamond pyramid indenter. At least, ten 

measurements were applied and average values were taken as references. Figure 3.3 

shows Shimadzu-HMV-G  21S Vickers microhardness tester. 
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Figure 3.3 Shimadzu-HMV-G 21S Vickers microhardness test device. 

3.2.4 Coating Thickness Measurements 

Thicknesses of all alloy coatings are calculated by means of coating thickness gauge. 

The probe which is special produced for coating thickness measurement on ferrous 

substrate was used. Figure 3.4 shows coating thickness gauge and measurement probe.  

 

Figure 3.4 Coating thickness gauge. 
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3.2.5 Wear Tests 

The wear resistance of pure nickel coating, Ni–B and Ni-B-Co alloy coatings was 

evaluated by using high-frequency reciprocating wear test machine. The reciprocating 

wear behaviours of the coatings sliding against an Al2O3 ball (Ø 10 mm) were 

investigated on a tribometer designed according to DIN 50324 and ASTM G 99-95a 

in a ball-on-disk configuration. The wear tests were operated at an ambient 

temperature and under non-lubricated conditions in air with relative humidity of 

35±5%. The wear tests were carried out at sliding speeds of 75 mm/s with fixed applied 

load of 1.0 N. For each specimen, chosen total sliding distance is 250 meters, the 

reciprocating sliding motion was adjusted as 12 mm with a +6 mm and −6 mm. After 

wear tests finished, the average friction and wear results were taken from software. A 

complete microstructural characterization of worn surfaces was performed by 

scanning electron microscope (Hitachi-TM4000 Plus).   

3.2.6 Corrosion Measurements 

The corrosion resistance of pure nickel coating, Ni-B and Ni-B-Co alloy coatings were 

measured with potentiodynamic polarization test device (CH Instruments) with 

computer control at room temperature in 3 w.t % NaCl aqueous solution via a three-

electrode cell system, in which pure nickel coating, Ni-B and Ni-B-Co alloy coatings 

were set as the working electrode, Ag/AgCl, graphite rod electrode were used as the 

reference and counter electrodes, respectively. Polarization curves of pure Ni, Ni-B 

and Ni-B-Co alloy coatings that attained with scan rate of 0.5 mV/s between -1.0 and 

1.0 potential (V) in 3% aqueous NaCl solution. CH Instruments potentiodynamic 

polarization test device is shown in Figure 3.5.  
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Figure 3.5 CH Instruments potentiodynamic polarization test device. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Structural Analysis 

4.1.1 Microstructural Analysis 

By using the literature studies made on similar topics, a number of coating baths have 

been tried and the bath composition in which the most suitable surface properties are 

obtained has been used [1,16,70]. As a study of the structural, mechanical and 

tribological properties of Ni-B and Ni-B-Co coating layers, steel substrates were 

selected as cathode materials. In addition, preliminary studies and literature review 

showed that increasing the amount of B in the structure affects the mechanical and 

tribological properties well, while increasing the amount of Co affects the corrosion 

properties well. In accordance with the aims and information stated above, suitable 

parameters were selected to produce Ni-B-Co structure with maximum B and Co 

content. The literature and experimental results in this subject are given in detail in the 

following sections. Bath temperature during the coating is kept constant at about 55 

oC. When the literature studies are taken into consideration, a current density of 5 

A/dm2 is generally used [69]. During the coating, high purity nickel was used as the 

anode material. Literature studies have shown that NiCl2 compounds are added to the 

coating layer in some studies [46] and NiCl2 compounds are not added in some studies 

[70]. Karslioglu [33] examined the effect of NiCl2.6H2O, which is thought to be 

primarily used in the coating bath during coating, for the optimization of bath 

parameters in addition to the added and selected coating conditions. The effect of 

NiCl2.6H2O on the microstructure is given in Figure 2.13. It is understood from this 

Figure, under the conditions selected in the production of coatings, pores and 

inhomogeneities are found on the NiCl2.6H2O coating surface. Figure 2.13 (d) shows 

that the structure was quite homogeneous when NiCl2.6H2O was not added into the 

structure. As a result of this evaluation, it was decided that the bath composition 

consisted of NiSO4.6H2O, TMAB, CoSO4.7H2O, H3BO3 and pure water. So, it has 
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been decided to keep the bath parameters (pH, temperature, duration) and other 

additives, such as H3BO3, in the bath .  

  
 

  
 

  
 

 

Figure 4.1 SEM surface images of pure nickel coating and Ni-B alloy coatings produced by DC 

according to amount of TMAB added to electrolytic bath (g/L) : a) pure nickel, b) 0.25, c) 0.5, d)  1, 

e) 1.5, f) 2.5, g) 5. 
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SEM surface images of pure nickel coating and Ni-B alloy coatings according to 

amount of TMAB (g/L) added to electrolytic bath are shown in Figure 4.1. It is 

understood that amount of TMAB is an important parameter on alloy coatings. When 

the microstructures of the coatings are compared according to the amount of TMAB, 

the coating prepared with 1.5 g/L TMAB has the lowest grain size whereas the pure 

nickel coating has the highest grain size. Grain size has an effect on the hardness value 

of specimen. Smaller grain size has higher hardness value than the bigger grain size 

[64]. This statement is consistent with the results we obtained. Furthermore, the 

microhardness and the XRD results in my thesis confirm the SEM images. 

Chang et al. [1] investigate the influence of different amounts of TMAB on the Ni-B 

alloy coatings produced at different current densities and their results demonstrate their 

results showed that the best surface morphology coating was produced at 5 A/dm2 and 

also, this value had the highest hardness value. 

Liang et al. [53]produced Ni-B alloy coatings with different amount of boron by DC 

by using DMAB as boron source from a sulphamate solution including DMAB and 

their results proved that increased microhardness of Ni-B alloy coatings is mainly 

caused by a decrease in grain size rather than boron content. So, they produced Ni-B 

alloy coatings with high hardness with a comparatively low boron content. 

Lee et al. [66] investigated that effect of the amount of boron on the different properties 

of nanocrystalline Ni–B alloys produced by electrodeposition method. They found that 

significant decrease in grain size with the increasing amount of boron. 

The highest microhardness and the smallest grain size value was obtained by adding 

1.5 g/L TMAB to the nickel sulphate bath and the SEM images of the coatings 

produced by DC by adding different amounts of CoSO4 to this nickel bath which has 

constant 1.5 g/L TMAB are shown in Figure 4.2. 
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Figure 4.2 SEM surface images of Ni-B-Co alloy coatings containing fixed amount of TMAB (g/L) 

and different amount of CoSO4 (g/L) in electrolytic bath produced by DC: a) 0.5, b) 1, c) 2.5, d) 5, e) 

50. 

It is understood that amount of CoSO4 is an important parameter on Ni-B-Co alloy 

coatings. When the microstructures of the alloy coatings are compared according to 

the amount of CoSO4, the coating prepared with 1 g/L CoSO4 has the lowest grain size 

whereas the 50 g/L CoSO4 produced with alloy coating has the highest grain size. The 

hardness of the Ni-B-Co alloy coatings decreases as the grain size decreases, as can be 

obtained from the relationship between microstructure and hardness of Ni-B alloy 
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coatings (Figure 4.1). In addition, the microhardness and the XRD results verify the 

SEM images of Ni-B-Co alloy coatings. 

Srivastava et al. [63] studied microhardness and corrosion resistance of Ni-Co alloys 

coating. They clarified that when cobalt content increases up to 50 wt.%, hardness 

increases, however as the content of cobalt continues to increase, microhardness 

decreases since the crystallographic morphology changes from spherical crystal to 

polyhedral crystal. When cobalt content reaches up to 80 wt.%, crystallographic 

morphology changes to acicular shape. Our results are similar to the work they have 

done. Because the amount of CoSO4 added to the coating bath was increased from 0.5 

g/L to 1 g/L, the grain size decreased and the hardness value increased. When the 

amount of CoSO4 was increased from 1 g/L to 50 g/L in the coating bath, a serious 

decrease in hardness occurred. 

  

 

Figure 4.3 SEM surface images of Ni-B-Co alloy coatings produced by different current : a) DC, b) 

PC, c) PRC. 
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Ni-B-Co alloy coatings with the highest hardness in addition of 1.5 g/L TMAB and 1 

g/L CoSO4 achieved with DC were also produced with PC and PRC types to examine 

the relationship of the current types to coating quality. The SEM images of the alloy 

coatings produced by adding amounts of 1.5 g/L TMAB and 1 g/L CoSO4 to nickel 

sulfate bath which has produced by DC, PC, PRC are shown in Figure 4.3. 

It is understood that current type is an important electrodeposition parameter and it can 

change deposition properties as noticed in SEM images given in Figure 4.3. By 

comparison with the Ni-B-Co alloy coatings according to current type, DC type 

electrodeposition has smaller grain size than PC type and PC has smaller grain size 

than PRC. According to the hardness measurements, the highest hardness was 

measured in the DC coating and the lowest hardness was measured in the PRC coating. 

According to the results obtained from the EDS analysis, the amount of CoSO4 

entering the microstructure in the PRC coating is higher. The resulting as follows: the 

more cobalt sulphate has penetrated into the structure in PRC coating and the CoSO4 

has caused the decreasing of coating hardness.  

Karslioglu et al. [64] examined the effects of current type on Ni-Co alloys. Nickel–

cobalt (Ni–Co) alloys were produced via direct current (DC), pulse current (PC) and 

pulse reverse current (PRC) methods. When compared according to current types, the 

highest microhardness was obtained with PRC and the lowest was obtained with DC. 

Their results showed that Ni-Co alloy coatings produced by DC has relatively large 

grains size and exhibited irregular polyhedral crystals. There has been decrease in the 

grain size of Ni-Co alloy coating when applying PC. Also, by PRC method, alloy 

coatings have spherical cluster surface piled with a large number of equally sized 

grains with spherical-shape. The crystallographic grain growth orientation changed 

and it effected microhardness.  

Landolt et al. [50]  declares that pulse current type positively affects the 

microstructure, composition, mass transport and improves current distribution.  
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4.1.2 Energy Dispersive Spectrometer (EDS) analysis 

The elements and their ratios in the alloys and composites were investigated by Energy 

Dispersive Spectrometer. Similarly, this technique is used in some studies [71]. EDS 

Map Sum Spectrum of pure Ni coating produced by DC is shown in fig. 4.4. 

 
Figure 4.4 EDS Map Sum spectrum of pure nickel coating produced by DC. 

The EDS results from the surface of the Ni-B coating layer containing different 

amounts of TMAB in electrolytic bath produced by DC type are graphically shown in 

Figure 4.5. It is seen that amounts of TMAB affects the elemental ratio of  boron 

deposits. Boron ratio is the highest in the amount of 5 g/L TMAB produced by DC 

type electrodeposition. However, boron ratio is the smallest in the amount of 0.25 g/L 

TMAB produced via DC. The result is as follows: the amount of boron elemental 

content in the alloy coating increased as the amount of TMAB added to the coating 

was increased. 

Also, the EDS results from the surface of Ni-B-Co coating layer containing constant 

amount of TMAB and different amount of CoSO4 in electrolytic bath produced by DC 

type are graphically show in Figure 4.6. Cobalt ratio is the highest in the amount of 50 

g/L CoSO4 produced by DC type electrodeposition. But, boron ratio is the smallest in 

the amount of 50 g/L CoSO4 produced via DC. Furthermore, boron ratio is the highest 

in the amount of 1 g/L CoSO4 and cobalt ratio is the smallest in the amount of 1 g/L 

CoSO4. The result is as follows: In the amount of 1g/L CoSO4 added to the coating 
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bath, the lowest amount of cobalt in the coating structure and the highest amount of 

boron caused the highest hardness of the coating.  

 

Figure 4.5 Atomic percentage of boron element in Ni-B alloy coatings containing different amount 

TMAB in electrolytic bath produced by DC according to result of EDS analysis. 

The elements and their percentages in Ni-B-Co alloy coatings produced with different 

current type are given in Figure in 4.7. It is seen that current type affects the elemental 

ratio of deposits. Co ratio is the highest in alloy coating produced by PRC type 

electrodeposition. However, B ratio is the smallest in alloy coating produced via PRC. 

Furthermore, B ratio is highest in alloy coating produced via DC and Co ratio is the 

smallest in alloy coating produced DC. The result is as follows: while the DC type 

causes less cobalt to penetrate into the structure, the PRC type causes more cobalt to 

penetrate into the structure. This affected the mechanical properties of the coating and 

the lowest hardness was obtained in the PRC type. 

Karslioglu et al. [64] examined the effects of current type on Ni-Co alloys. Nickel–

cobalt (Ni–Co) alloys were produced via direct current (DC), pulse current (PC) and 

pulse reverse current (PRC) methods. Their results show that cobalt ratio penetrating 
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into the structure of coating produced by PRC type is more than that of the DC type 

and this result is similar to the result of my work. 

 

Figure 4.6 Atomic percentage of boron and cobalt element in Ni-B-Co coating layer containing 

constant amount of TMAB and different amount of CoSO4 in electrolytic bath produced by DC 

according to result of EDS analysis. 

 

Figure 4.7 Atomic percentage of boron and cobalt element in Ni-B-Co alloy coatings produced by 

DC, PC and PRC type according to result of EDS analysis. 
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4.1.3 X-Ray Diffraction Analysis 

Wavelength of X-ray beam is selected as 1.54059 Å in XRD analysis. Card number of 

JPDS used in the analysis is 00-004-0850 [33]. The structural analyses of pure nickel 

coating, Ni-B and Ni-B-Co alloy coatings were analyzed by X-ray diffraction (XRD) 

in this study. The patterns of XRD for electrodeposited pure nickel produced 

via DC method are shown in Figure 4.8. Five diffraction peaks located at 

44.4597o, 51.8592o, 76.397o, 82.22o, 98.004o were determined for pure nickel coating 

which were detected the (1 1 1), (2 0 0), (2 2 0), (3 1 1), (2 2 2) reflection planes of 

nickel. For pure nickel coating, the highest intensity of peak was detected (2 0 0) plane. 

Also, I could detect some growing planes.  

 

Figure 4.8 XRD patterns of pure nickel coating. 

 

Influence of amount of TMAB added to electrolytic bath on phase structure in 

electrodeposited Ni-B coatings prepared by DC is shown Figure 4.9 (a). It can be 

clearly demonstrated that the microstructure of Ni-B alloy coatings is based on the 

amount of TMAB. Five diffraction peaks located at 44.589o, 52.32o, 76.981o, 82.24o, 

98.95o for Ni-B alloy coating produced with addition of 0.25 g/L TMAB and five 

diffraction peaks located at 44.556o, 52.12o, 76.2o, 82.23o, 98.95o for Ni-B alloy 

coating produced with addition of 0.5 g/L TMAB and these peaks were determined for 
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Ni-B alloy coatings which were detected the  (1 1 1), (2 0 0),  (2 2 0), (3 1 1) and (2 2 

2) reflection planes of nickel. For these Ni-B alloy coatings, the highest intensity of 

peak was detected (1 1 1) plane. When amount of TMAB was increased from 0.5 g/L 

to 5 g/L, the peaks in the (2 0 0), (2 2 0) and (3 1 1) planes have disappeared.  Two 

diffraction peaks located at about 44o and 99o for Ni-B alloy coating produced with 

addition of 1, 1.5, 2.5, 5 g/L TMAB. Also, for these alloy coatings, the highest intensity 

of peak was detected (1 1 1) plane.  Also, I could detect some (2 2 2) growing planes. 

The highest and the sharpest peak was obtained with addition of 5 g/L TMAB. When 

amount of TMAB was decreased from 5 g/L to 1.5 g/L, it was observed decrease in 

the (1 1 1) plane which is the dominant growth direction.  

 

 

Figure 4.9 (a) Influence of amount of TMAB added to electrolytic bath on phase structure in 

electrodeposited Ni-B coatings prepared by DC, (b) detailed analysis of XRD patterns of the Ni-B 

alloy coatings deposited at different amount of TMAB added to electrolytic bath. 

By addition of 1.5 g/L TMAB to electrolytic bath, the largest peak range were 

obtained. This is the indication to me that I have the smallest grain size in the addition 

of 1.5 g/L TMAB. Also, the highest grain size was obtained with addition of 5 g/L 

TMAB. The similar results were reported in Ni-Co alloy coatings by Karslioglu et al. 
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[64]. Also, there is no peak associated with B or Ni-B, it refers that boron atoms were 

finely deposited in crystalline lattice of Ni. The similar results were presented by 

Chang et al. [1] , Ogihara et al. [11] and Lopez[72] et al., respectively. 

The crystallite sizes of the electrodeposited Ni-B films were measured from the width 

of the Ni (1 1 1) peak observed in the X-ray diffractograms using Debye-Scherrer 

method. According to results obtained from Debye-Scherrer method, the crystallite 

size of Ni decrease from 5 to 1.5 g/L in the Ni-B coatings. Grain sizes of the alloy 

coatings produced with addition of 5,2.5,1.5,1 g/L TMAB are 10.29, 9.36, 5.16 and 

6.27 nm., respectively. The highest grain size of Ni-B alloy coatings was achieved 

with addition of 0.25 g/L TMAB type. The Ni-B alloy coating prepared with addition 

of 1.5 g/L TMAB revealed the finest grain size at almost 5,16 nm. 

Detailed analysis of XRD patterns of the Ni-B alloy coatings deposited at different 

amount of TMAB added to electrolytic bath are shown in Figure 4.9 (b). According to 

JPDS card no : 00-004-0850 for pure nickel, the highest peak value is 44.51o. In the 

coatings prepared with addition of 5,2.5,1.5,1,0.5,0.25 g/L TMAB, the value of (2θ) 

angle shifted from 44.51 to 44.609, 44.674, 44.577, 44.633, 44.583, 44.589 which 

resulted in distortion during electroplating. With the addition of 1.5 g/L TMAB, the 

2θ angle corresponding to the (1 1 1) direction is closer than the other Ni-B alloy 

coatings in the original JPDS card, as a result of re-decomposing the high energetic 

directions with the applied current. This shows that internal stresses and lattice 

distortion for Ni-B coating which has 1.5 g/L TMAB method are less than others. 

Influence of amount of CoSO4 added to electrolytic bath on phase structure in 

electrodeposited Ni-B-Co coatings prepared by DC are shown in Figure 4.10 (a). 

It can be clearly demonstrated that the microstructure of Ni-B-Co alloy coatings is 

based on the amount of CoSO4. Two diffraction peaks were occurred at (1 1 1) and (2 

2 2) planes for all Ni-B-Co coatings. As in the case of nickel-boron alloy coatings, 

there is no peak associated with B or Ni-B, it refers that boron atoms were finely 

deposited in crystalline lattice of Ni. For these Ni-B-Co alloy coatings, the highest 

intensity of peak was detected (1 1 1) plane. When amount of CoSO4 was increased 

from 0.5 g/L to 50 g/L, it was observed increase in the (1 1 1) plane which is the 

dominant growth direction. The highest and the sharpest peak was obtained with 
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addition of 50 g/L CoSO4. According to the EDS results given above for Ni-B-Co alloy 

coatings, the addition of 50 g/L of CoSO4 resulted in the highest amount of cobalt and 

at least boron in the composition. The EDS and XRD results verify each other. 

 

Figure 4.10 (a) Influence of amount of CoSO4 added to electrolytic bath on phase structure in 

electrodeposited Ni-B-Co coatings prepared by DC, (b) detailed analysis of XRD patterns of the Ni-B-

Co alloy coatings deposited at different amount of TMAB added to electrolytic bath. 

The crystallite sizes of the electrodeposited Ni-B-Co films were measured from the 

width of the Ni (1 1 1) peak observed in the X-ray diffractograms using Debye-

Scherrer method. According to results obtained from Debye-Scherrer method, the 

crystallite size of Ni decrease from 50 to 1 g/L in the Ni-B-Co coatings. Grain sizes of 

the alloy coatings produced with addition of 50,5,2.5,1,0.5 g/L TMAB are 12.91, 9.28, 

7.33, 7.01 and 7.66 nm., respectively. The highest grain size of Ni-B-Co alloy coatings 

was achieved with addition of 50 g/L TMAB. 

Detailed analysis of XRD patterns of the Ni-B-Co alloy coatings deposited at different 

amount of CoSO4 are shown in Figure 4.10 (b). In the coatings prepared with addition 

of 0.5, 1, 2.5, 5, 50 g/L CoSO4, the value of (2θ) angle shifted from 44.51 to 44.533, 
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44.665, 44.600, 44.606, 44.662. When the graph is examined in detail, the addition of 

CoSO4 increases the peak intensities.  

Cobalt is in hexagonal close packed structure. When the cobalt ratio in the structure 

exceeds a certain amount, it forms the hexagonal close packed which is own structure. 

At values lower than certain amount, the cobalt is placed in the nickel lattice which 

has face-centered cubic structure. With the addition of CoSO4 to the bath composition 

above 5 g/L, the shift of the peak in the (1 1 1) plane is reduced. The reason for this is 

that high amounts of CoSO4 form hexagonal structures in the coating structure. Phases 

below 3% can not be detected by XRD analysis. Therefore, cobalt peaks in hexagonal 

structure are not seen in XRD results [33].  

Yang et al. [73] found two sharp peaks at 2θ 44.46 ° and 51.8 ° when they studied Ni-

Co structure containing 37% and 35.6% cobalt, respectively, by XRD, in order to study 

Ni-Co alloys by electrodeposition method. They reported that the detected peaks show 

the (1 1 1) and (2 0 0) planes, respectively. In the same study, they stated that the 

formation of (111) direction increases with the rise of Co ratio from 35.6% to 37%, 

and the grain size decreases. Furthermore, it is stated that cobalt atoms are face-

centered cubic because they form solid solution by entering into Nickel structure. 

Wang et al. [74] studied the tribological and microstructural properties of the Ni-Co 

alloys produced by electrodeposition method. In the study, they added cobalt sulphate 

(between 0 and 80 gr) into the bath at various ratios and analyzed by using XRD. They 

studied XRD peaks between 35o and 75o at 2θ in their work. They indicated that the 

100% Ni face-centered cubic (FCC) and (2 0 0) growth direction is  dominant and the 

Co additions were dependent on the Co content and that the Ni-rich structures had  

face-centered cubic structure of the crystal system. In the same study, the peak of the 

Co lattice in a hexagonal close packed (HCP) structure was detected in the direction 

of (1 0 0), with the Co content in the structure exceeding 66% by weight. However, it 

has been reported that the main phase in the structure is Ni in the FCC structure, the 

secondary phase of the Co phase in the HCP structure. 

The patterns of XRD of Ni-B-Co alloy coatings produced by different current types 

are shown in Figure 4.11 (a). It can be clearly demonstrated that the microstructure 
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of Ni-B-Co alloy coatings is based on the effect of current type. Two diffraction peaks 

were occurred at (1 1 1) and (2 2 2) planes for all Ni-B-Co coatings. As in the case of 

nickel-boron alloy coatings, there is no peak associated with B or Ni-B. For these Ni-

B-Co alloy coatings, the highest intensity of peak was detected (1 1 1) plane. When 

the current type was changed from DC to PRC, it was observed increase in the (1 1 1) 

plane which is the dominant growth direction.  The highest and the sharpest peak was 

obtained with PRC. According to the EDS results given above for Ni-B-Co alloy 

coatings produced via different current types, coating by DC resulted in the at least 

amount of cobalt and at highest amount of boron in the composition. The EDS and 

XRD results verify each other. 

 

Figure 4.11 (a) Effect of current type on phase structure in Ni-B-Co alloy coatings, (b)detailed 

analysis of XRD patterns of the Ni-B-Co alloy coatings deposited by different current types. 

The crystallite sizes of the electrodeposited Ni-B-Co films produced by different 

current types were measured from the width of the Ni (1 1 1) peak observed in the X-

ray diffractograms using Debye-Scherrer method. According to results obtained from 

Debye-Scherrer method, the crystallite size of Ni decrease, when current type changes 
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from PRC to DC in the Ni-B-Co coatings. Grain sizes of the alloy coatings produced 

by DC, PC, PRC are 7.01, 8.38 and 8.89 nm., respectively. The highest grain size of 

Ni-B-Co alloy coatings was obtained by PRC method. 

Detailed analysis of XRD patterns of the Ni-B-Co alloy coatings deposited at different 

current types are shown in Figure 4.11 (b). In the coatings produced by DC, PC, PRC, 

the value of (2θ) angle shifted from 44.51 to 44.606, 44.637 and 44.634, respectively.  

When current type changed from DC to PRC, the peak intensities in (1 1 1) plane 

increased and this results in distortion during coating to shift the peaks to the right. 

4.2 Hardness of Coatings 

The hardness values of the alloy coatings were measured  by using the Vickers 

microhardness method. The hardness values of Ni-B and Ni-B-Co alloy coatings 

produced by DC and Ni-B-Co alloy coatings produced by different current types are 

shown in Figure 4.12,4.13 and 4.14, respectively. The hardness of the pure nickel 

coating is 313 HV and the addition of TMAB to the coating bath has greatly increased 

the hardness values. When Figure 4.12 is examined, TMAB was added in different 

amounts to the coatings under the same conditions and the highest hardness was 

obtained by the addition of 1.5 g/L TMAB. When XRD results are examined, it can be 

said that the reason of this situation is reached with the addition of 1.5 g/ L TMAB to 

the smallest grain size value. An increase in hardness was obtained until addition of 

1.5 g/L TMAB to the coating bath and a TMAB amount more than 1.5 g/L resulted in 

a decrease in hardness.  
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Figure 4.12 The microhardness of Ni-B alloy coatings produced by DC according to amount of 

TMAB added to electrolytic bath. 

Chang et al. [1] also produced Ni-B alloy coatings with different amounts of TMAB 

addition. A significant increase in microhardness occurred when the TMAB amount 

increased from 1.85% to 4.38%. When the TMAB amount was increased from 4.38% 

to 18.63%, there was a sharp decrease in microhardness. 

The highest microhardness value for Ni-B alloys was obtained with the addition of 1.5 

g/L TMAB. Ni-B-Co alloy coatings were obtained by adding cobalt sulfate in different 

amounts to the coating bath containing 1.5 g/L TMAB. Microhardness values of Ni-

B-Co alloy coatings are shown in Figure 4.13. When Figure 4.13 is examined, the 

highest microhardness value was achieved with the addition of 1 g/L cobalt sulphate, 

and when the amount of cobalt sulphate is increased from 1 g/L to 50 g/L, a significant 

decrease in microhardness value occurred. According to the EDS analysis results, it is 

understood that when the amount of cobalt sulphate is more than 1 g/L, the amount of 

cobalt penetrating into the structure increases. In addition, compared to Ni-B alloy 

coatings, less hardness values were obtained with the addition of cobalt sulphate. As a 

result, the penetration of cobalt into the microstructure resulted in a decrease in 

microhardness compared to Ni-B alloys. 
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Figure 4.13 The microhardness of Ni-B-Co alloy coatings containing fixed amount of TMAB (g/L) 

and different amount of CoSO4 (g/L) in electrolytic bath produced by DC. 

The highest hardness value for Ni-B-Co alloy coatings produced by DC was obtained 

by the addition of 1 g/L cobalt sulphate. Furthermore, Ni-B-Co alloy coatings was 

produced by PC and PRC type and the microhardness values of Ni-B-Co alloys 

produced by DC, PC and PRC are shown in Figure 4.14. Figure 4.14 shows that the 

microhardness values for coatings decrease from DC to PRC. It can be seen that the 

cobalt penetrating into the structure is the most in the coating produced by PRC from 

the results of EDS analysis. The result of this is that the increase in the amount of 

cobalt in the structure led to a decrease in microhardness. Also, according to XRD 

results, the largest grain structure was obtained in PRC type. The results of XRD and 

EDS analysis verify each other. 
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Figure 4.14 The microhardness of Ni-B-Co alloy coatings produced by DC. 

4.3 Coating Thicknesses 

Thicknesses of all alloy coatings are calculated by means of coating thickness gauge. 

According to the measurement results, the thicknesses of all alloy coatings are similar 

and this value is between 6.5 and 10.2 micrometers. 

4.4 Tribological Properties 

4.4.1 Wear Behavior 

Wear tests were conducted by handmade wear machine and the results were obtained 

by computer program that belongs to this machine. The wear tests were carried out at 

sliding speeds of 75 mm/s with fixed applied load of 1.0 N. For each specimen, chosen 

total sliding distance is 250 meters, the reciprocating sliding motion was adjusted as 

12 mm with a +6 mm and −6 mm. As an abrasive material, an Al2O3 ball (Ø 10 mm) 

was used. As a result of abrasion, wear trace occurred on the coating surface and 

tribological properties were examined by using this trace. Wear trace widths were 

taken by NIKON Eclipse MA100 inverted optical microscope with 100X 
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magnification. Trace widths of pure nickel coating, some Ni-B and Ni-B-Co alloy 

coatings produced by DC and Ni-B-Co alloy coating produced by DC, PC and PRC 

types are given in Figure 4.15. 

  

 

Figure 4.15 Wear trace width of pure nickel coating (a), Ni-B alloy coating which contains 1.5 g/L 

TMAB (b) and Ni-B-Co alloy coating which contains 1 g/L CoSO4 in the electrolytic bath. 

After wear tracks of all samples were measured, wear volume was calculated for all 

samples. Wear volume values of Ni-B and Ni-B-Co alloy coating produced by DC and 

Ni-B-Co alloy coating produced by different current types are shown in figure 4.16, 

4.17 and 4.18, respectively.  

Figure 4.15 shows that the largest trace of wear was found in pure nickel and the 

smallest trace of wear in Ni-B alloy containing 1.5 g/L TMAB. 
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Figure 4.16 Specific wear rate of pure nickel coating and Ni-B alloy coatings coatings produced by 

DC according to amount of TMAB added to electrolytic bath. 

It can be understood from Figure 4.16 that the increase in the width of the wear trace 

leads to an increase in specific wear rate. That is, the lowest specific wear rate was 

obtained with the addition of 1.5 g/L TMAB, which has the highest hardness. As a 

result, the increase in hardness reduces the wear rate and wear loss. The specific wear 

rate of pure nickel is about 2,6 times much than that of coating by addition of 1.5 g/L 

TMAB. These results are in accordance with Archard’s equation that the wear of a 

material is inversely proportional to its hardness. Chang et al. [1] studied the influence 

of different density of  deposition current on the different amounts of boron in Ni-B 

films prepared from bath including TMAB and informed that the specific wear rate 

was significantly decreased as microhardness of coating increased and this is 

compatible with my present results. 

Figure 4.17 shows the specific wear rate of Ni-B-Co alloy coatings containing fixed 

amount of 1.5 g/L TMAB and 1 g/L CoSO4 in the electrolytic bath. Figure 4.15 shows 

that the wear width of a Ni-B alloy containing 1.5 g/L of TMAB is narrower than that 

of a Ni-B-Co alloy containing 1 g/L of cobalt sulphate. So, CoSO4 added to the coating 

bath reduces the hardness, which leads to increased specific wear rate. Since the lowest 
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hardness value is obtained by the addition of 50 g/L cobalt sulphate, the specific wear 

rate in this coating is the largest.  

 

Figure 4.17 Specific wear rate of Ni-B-Co alloy coatings containing fixed amount of TMAB (g/L) 

and different amount of CoSO4 (g/L) in electrolytic bath produced by DC. 

Figure 4.18 shows specific wear rate of Ni-B-Co alloy coatings produced by different 

current types. Fig. 4.18 shows that the specific wear rate is the most for the coating 

obtained with PRC. Because the current type has affected grain growth and the lowest 

hardness was achieved in the coating produced by PRC. This caused the specific wear 

rate to be mostly in the coating produced by PRC. Therefore, it can be deduced that 

controlling the electroplating current type lets for accurate control of microhardness. 

The results obtained for all alloy coatings are consistent with the XRD results. 
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Figure 4.18 Specific wear rate of  Ni-B-Co alloy coatings produced by DC,PC and PRC. 

4.4.2 Wear Mechanisms 

Figure 4.19 shows wear traces of pure nickel coating and Ni-B alloy coatings. When 

examined in detail in Figure 4.19, very severe wear deformation is observed in the 

pure nickel coating. But, the dominant wear mechanism is the type of adhesive wear. 

In some adhesive wear zones, traces of abrasive wear was observed. In addition, 

delamination cracks are observed between the adhesive deformation zones. With the 

addition of 0.25 g / L TMAB, it is seen in Figure 4.19 (b) that although partial adhesive 

zones are observed, the delamination cracks are quite large. It is seen that there is a 

very critical decrease in the deformation caused by the wear when compared with the 

wear trace on pure nickel. It can be seen from Figure 4.19 (c) that the size of 

delamination cracks became smaller than wear traces of pure nickel coating and alloy 

coating with addition of 0.25 g/L TMAB. It can also be seen that the traces of adhesive 

wear removed and partial abrasive wear traces occurred. When compared with the 

alloy coating produced with 0.5 g/L TMAB addition, it is seen that delamination cracks 

are significantly reduced in Ni-B alloy coating prepared with 1 g/L TMAB (Fig. 4.19 

(d)). When 1.5 g/L TMAB is added, it is seen that the cracks of the delamination occur 

only in certain places. In addition, better wear trace is obtained than the others and the 
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wear deformation is less than that of other alloy coatings (Fig. 4.19 (e)). Figure 4.19f 

shows that delamination cracks begun to grow again with the addition of 2.5 g/L 

TMAB and traces of adhesive wear began to appear. The addition of 5 g/L TMAB has 

resulted in a mixed type of wear, which involves very intensive adhesive wear and 

delamination. The distance between the delamination cracks is considerably higher 

than in other alloy coatings. 

Figure 4.20 shows SEM images of wear traces of Ni-B-Co alloy coatings produced 

with CoSO4 added in different amounts to Ni-B alloys containing 0.15 g/L TMAB. 

Delamination wear in the structure is clearly visible with the addition of 0.5 g/L cobalt 

sulphate. Some of torn patches as a result of the delamination penetrated into the 

interface and it was understood that these patches transformed the wear trace from 

two-body to three-body. It was determined that this wear trace causes excessive 

damage on the surface. With the addition of 1 g/L CoSO4, it is observed from Figure 

4.20 (b) that there is a significant reduction in deformation and the size of wear cracks 

are slightly lower than the 0.5 g/L CoSO4 additive. The areas that are peeled from the 

surface due to delamination as well as delamination cracks are clearly visible with the 

addition of 2.5 g/L CoSO4 in Fig. 4.20 (c). When the amount of cobalt sulphate is 

greater than 2.5 g/L, the wear type changed completely and the wear mechanism turned 

into a form that abrasive and adhesive wear is together (see Fig. 4.20 (d)). It is clear 

that there is more wear compared to those containing less than 5 g/L of CoSO4. When 

50 g/L CoSO4 is added, very severe deformation is observed (see Fig.4.20 (e)). 

Adhesive damage as well as abrasive traces occurred with the addition of 50 g/L 

CoSO4. 
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Figure 4.19 SEM images of wear traces of Ni-B alloy coatings produced by DC ; (a) pure Ni coating, 

addition of (b) 0.25, (c) 0.5, (d) 1, (e) 1.5, (f) 2.5, (g) 5 g/L TMAB to electrolytic bath. 
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Figure 4.20 SEM images of wear traces of Ni-B-Co alloy coatings produced by DC; addition of (a) 

0.5 (b) 1, (c) 2.5, (d) 5, (e) 50 g/L CoSO4 to electrolytic bath. 

Figure 4.21 shows SEM images of wear traces of Ni-B-Co alloy coatings produced by 

DC, PC and PRC. The mechanism of the wear trace of the coating produced by DC 

has been mentioned above. A very significant increase in abrasive traces was observed 

in the coatings produced by PC. As a result of the delamination, a large amount of 

detachment of coating occurred on the surface coating and this caused torn patches. In 

the PRC type, it was seen that the detachment of coating and deformation increased. 

The type of wear of the torn patches, has been turned into from two bodies to three 
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bodies. It is also seen that there is a serious increase in wear deformation. Torn patches 

at different locations as a result of wear are clearly visible in wear images. 

  

 

Figure 4.21 SEM images of wear traces of Ni-B-Co alloy coatings produced by (a) DC, (b) PC, (c) 

PRC. 

4.5 Evaluation of Corrosion Resistance 

The polarization curves of attained for Ni-B alloy coatings produced with different 

amount of TMAB, Ni-B-Co alloy coatings produced with different amount of CoSO4 

and Ni-B-Co alloy coatings produced with different current types are shown in Fig. 

4.22,Fig. 4.23 and Fig. 4.24, respectively. At the beginning of corrosion test, in the 

polarization curves of all alloy coatings, passive film formation was observed on the 

surface of samples.  
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Figure 4.22 Polarization curves of Ni-B alloy coatings produced by different amount of TMAB that 

obtained with scan rate of 0.5 mV/s in 3% aqueous solution. 

 

 

 

Figure 4.23 Polarization curves of Ni-B-Co alloy coatings produced by different amount of CoSO4 

that obtained with scan rate of 0.5 mV/s in 3% aqueous solution. 
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Figure 4.24 Polarization curves of Ni-B-Co alloy coatings produced by different current types that 

obtained with scan rate of 0.5 mV/s in 3% aqueous solution. 

The corrosion rate formula is shown in Eq. 4.1 [75].  

CR = Icorr K EW / d A                                        (4.1) 

In this equation, CR is the corrosion rate; Icorr is the corrosion current in amperes; K is 

a constant that defines the units for the corrosion rate; EW is the equivalent weight in 

grams/equivalent; d is the density in grams/cm3 and A is area of the sample in cm².  

As can be understood from Eq. 4.1, as the corrosion current (Icorr) increases, the 

corrosion rate increases. The increase in the corrosion rate also means the decrease in 

the corrosion resistance. Because, the average of anodic reaction increases. 

Figure 4.25 shows corrosion current and grain size of Ni-B alloy coatings prepared 

with different amount of TMAB added to electrolytic bath. Figure 4.26 Corrosion 

current and grain size of Ni-B-Co alloy coatings prepared with different amount of 

CoSO4 added to electrolytic bath. Figure 4.27 Corrosion current and grain size of Ni-

B-Co alloy coatings prepared with different current type. 
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It was clearly shown from Fig. 4.25, Fig. 4.26 and Fig. 4.27 that the corrosion current 

(Icorr) of all alloy coatings decreased with increasing in grain size. The rise of the  

corrosion resistance  with rising grain size can be clarified by the fact that there are 

more grain boundaries in small grains when compared to large grains. The grain 

boundaries are more easily affected by corrosion because of their low stability and 

high energies. Also, the corrosion solution can penetrate into all alloy coatings through 

grain boundaries and reach substrate, ending up with diminishing resistance of 

corrosion. Therefore, the decrease of  grain size reduces the corrosion resistance. 

According to the results obtained from XRD, the highest grain size was obtained in 

amount of 0.25 g/L TMAB for Ni-B alloy coatings and obtained in the amount of 50 

g/L CoSO4 for Ni-B-Co coatings produced by different amount of CoSO4  and obtained 

in PRC type for Ni-B-Co coatings produced by different current type method and the 

lowest grain size was obtained in amount of 1.5 g/L TMAB, 1 g/L CoSO4 and DC type, 

respectively. According to these data, the XRD and the corrosion test results are 

consistent. 

 

Figure 4.25 Corrosion current and grain size of Ni-B alloy coatings prepared with different amount of 

TMAB added to electrolytic bath. 



76 

 
 

 

Figure 4.26 Corrosion current and grain size of Ni-B-Co alloy coatings prepared with different 

amount of CoSO4 added to electrolytic bath. 

 

Figure 4.27 Corrosion current and grain size of Ni-B-Co alloy coatings prepared with different 

current type. 
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The results found by Chang et al. [1] are similar. They study electrodeposited Ni-B 

alloy coatings with different amounts of the boron prepared via direct current in a bath 

including trimethylamine borane at 0.06 M. They found that as the grain size increases, 

resistance of corrosion rises. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE WORK 

5.1 Conclusions 

In this work, the influence of mechanical properties, wear and corrosion resistance on 

electrodeposited Ni-B alloy coatings produced by different amount of TMAB, Ni-B-

Co alloy coatings produced by different amount of CoSO4 and Ni-B-Co alloy coatings 

produced by different current types were investigated. The our results we obtained are 

as follows: 

1. Hardness and microstructure of the Ni-B, Ni-B-Co alloy coatings were considerably 

influenced by  addition of TMAB and CoSO4, respectively. The hardness of pure 

nickel produced with DC, which is 313 HV, reached up to 1021.2 HV with the addition 

of 1.5 g/L and also, the lowest grain size was obtained with the addition of 1.5 g/L 

TMAB.  

While the hardness of Ni-B-Co alloy coating produced with addition of 50 g/L CoSO4 

is 875 HV, the hardness of Ni-B-Co alloy coating produced with addition of 1 g/L 

CoSO4 is 922.1 and also the lowest grain size was obtained with addition of 1 g/L  

CoSO4.  

Furthermore, hardness and microstructure of Ni-B-Co alloy coatings produced with 

different current types were considerably influenced by current type. The hardness of 

Ni-B-Co coating produced with DC is 922.1 while the hardness of Ni-B-Co coating 

produced with PRC is 894.7 and the highest grain size produced with PRC type. 

2. EDS analysis gives the values of elemental ratio. According to EDS analysis results 

for Ni-B coatings, it is understood that amounts of TMAB affects the elemental ratio 

of  boron deposits. Boron ratio is the highest in the amount of 5 g/L TMAB produced 

by DC type electrodeposition. However, boron ratio is the smallest in the amount of 

0.25 g/L TMAB produced via DC. The result is as follows: the amount of boron 
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elemental content in the alloy coating increased as the amount of TMAB added to the 

coating was increased.  

According to EDS analysis results for Ni-B-Co alloy coating produced with DC, 

Cobalt ratio is the highest in the amount of 50 g/L CoSO4  produced by DC type 

electrodeposition. But, boron ratio is the smallest in the amount of 50 g/L CoSO4 

produced via DC. Furthermore, boron ratio is the highest in the amount of 1 g/L CoSO4 

and cobalt ratio is the smallest in the amount of 1 g/L CoSO4. The result is as follows: 

In the amount of 1g/L CoSO4 added to the coating bath , the lowest amount of cobalt 

in the coating structure and the highest amount of boron caused the highest hardness 

of the coating.  

According to EDS analysis results for Ni-B-Co alloy coating produced by different 

current types, Co ratio is the highest in alloy coating produced by PRC type  

electrodeposition. However, B ratio is the smallest in alloy coating produced via PRC. 

Furthermore, B ratio is highest in alloy coating produced via DC and Co ratio is the 

smallest in alloy coating produced DC. The result is as follows: while the DC type 

causes less cobalt to penetrate into the structure, the PRC type causes more cobalt to 

penetrate into the structure. This affected the mechanical properties of the coating and 

the lowest hardness was obtained in the PRC type.  

3. All the Ni-B alloy coatings prepared with different amount of TMAB exhibited 

predominant growth in the (1 1 1) planes. The grain sizes were attained between 5.16 

and 9.39 nm. With the addition of 1.5 g/L TMAB, the 2θ angle corresponding to the 

(1 1 1) direction is closer than the other Ni-B alloy coatings in the original JPDS card, 

as a result of re-decomposing the high energetic directions with the applied current. 

This shows that internal stresses and lattice distortion for Ni-B coating which has 1.5 

g/L TMAB method are less than others. 

All the Ni-B-Co alloy coatings prepared with different amount of CoSO4 exhibited 

predominant growth in the (1 1 1) planes. The grain sizes were attained between 7.01 

and 12.91 nm. The highest and the sharpest peak was obtained with addition of 50 g/L 

CoSO4. The increase of addition of CoSO4 increases the peak intensities and results in 

distortion during coating to shift the peaks to the right. 
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All the Ni-B-Co alloy coatings prepared with different current types exhibited 

predominant growth in the (1 1 1) planes. The grain sizes were obtained between 7.01 

and 8.89 nm. When the current type was changed from DC to PRC, it was observed 

increase in the (1 1 1) plane which is the dominant growth direction and this results in 

distortion during coating to shift the peaks to the right. 

4. Ni-B alloy coatings produced with different amount of TMAB demonstrated better 

wear resistance as compared to pure Ni coating. The highest wear resistance was 

achieved with 1.5 g/L TMAB addition. When 1.5 g/L TMAB was added, it was seen 

that the cracks of the delamination occur only in certain places. In addition, better wear 

trace is obtained than the others and the wear deformation is less than that of other 

alloy coatings. 

With the addition of 1 g/L CoSO4 for Ni-B-Co alloy coatings, there is a significant 

reduction in deformation and the size of wear cracks are slightly lower than that of 

other alloy coatings. When 50 g/L CoSO4 was added, very severe deformation was 

observed. Adhesive damage as well as abrasive traces occurred with the addition of 50 

g/L CoSO4. 

For Ni-B-Co alloy coatings produced by different current types, alloy coating 

produced by DC exhibited better resistance as compared to PC and PRC. A very 

significant increase in abrasive marks was observed in the coatings produced by PC 

when compared to DC. As a result of the delamination, a large amount of detachment 

of coating occurred on the surface coating and this caused torn patches. In the PRC 

type, it was seen that the detachment of coating and deformation increased. The wear 

type of the torn patches has been turned into from two bodies to three bodies. It was 

also seen that there is a serious increase in wear deformation. Torn patches at different 

locations as a result of wear are clearly visible in wear images. 

5. According to the corrosion test results obtained from 3 w.t % NaCl solution for Ni-

B alloy coatings produced by different amount of TMAB, the highest corrosion 

resistance was achieved with the addition of 0.25 g/L TMAB, the lowest corrosion 

resistance was achieved with the addition of 1.5 g/L TMAB. 
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According to the corrosion test results obtained from 3 w.t % NaCl solution for Ni-B-

Co alloy coatings produced by different amount of CoSO4, the highest corrosion 

resistance was obtained with addition of 50 g/L CoSO4 and the lowest corrosion 

resistance was obtained with 1 g/L CoSO4. 

According to the corrosion test results obtained from 3 w.t % NaCl solution for Ni-B-

Co alloy coatings produced by different current type, the highest corrosion resistance 

was obtained by PRC and the lowest corrosion resistance was obtained by DC. The 

following conclusion can be drawn for all alloy coatings:  

Grain size is the main factor in the resistance of corrosion of alloy coatings. The  

resistance of corrosion increased with increasing in grain size of all alloy coatings. 

Hard chrome platings have a hardness value of 850-1050 vickers [76]. In this study, 

1021.2 vickers hardness values were obtained with addition of 1.5 g/L TMAB to the 

nickel watt bath. Addition of 1 g/L CoSO4 to nickel watt bath containing 1.5 g/L 

TMAB resulted in a hardness value of 922.1 vickers hardness. Addition of 1 g/L 

CoSO4 to the nickel watt bath containing 1.5 g/L TMAB also increased the corrosion 

resistance of the coating.  

As compared with the hardness of hard chrome plating, the desired hardness values 

were obtained with the produced Ni-B and Ni-B-Co coatings.  

The cracked microstructures  forming during the hard chrome plating were removed 

with Ni-B and Ni-B-Co alloy coatings. Thus, it is aimed to avoid the decrease of the 

fatigue resistance which is seen in hard chrome plating over time.  

Nickel-based coatings also poses no threat to human health and the environment, as it 

avoids the formation of hexavalent chromium, which is very harmful to human health 

and the environment, which occurs during hard chromium plating production. 

5.2 Future Work 

• For all coatings, wear resistance can be examined at different sliding speeds. 

• The magnetic properties of the produced alloy coatings can be examined. 
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• The electrical properties of the produced coatings can be examined and their 

electrical properties can be optimized. 

• The strength of the coating structure should be measured by the scratch test. 

• The surface roughness of the coatings should be measured. 

• To analyze the growth morphology of the alloy coatings, TEM analysis should 

be applied from the cross sections of the alloy coatings. 
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