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ABSTRACT 

 

 

ELECTROCODEPOSITION OF MOLYBDENUM DISULFIDE PARTICLES IN 

NICKEL MATRIX 

 

 

 

Saraloğlu Güler, Ebru 

Ph.D., Department of Metallurgical and Materials Engineering 

Supervisor       : Prof. Dr. İshak Karakaya 

Co-Supervisor: Assist. Prof. Dr. Erkan Konca 

 

July 2013, 94 pages 

 

The influence of the electroplating parameters and their interactions on hydrogen evolution 

reaction (HER) and the internal stress were studied during the electrodeposition of Ni and 

Ni-MoS2 composite coatings by fractional factorial design (FFD) and analyzed by Minitab 

software package. The parameters and their ranges were; MoS2 particle concentration (0 and 

30 g/L), temperature (30 and 50 ºC), pH (2 and 4) and three surfactants, 

sodiumlignosulfonate (SLS), ammoniumlignosulfonate (ALS) and depramin-C (DC) (0 and 

1 g/L), for voltammetric measurements of HER. The internal stress during electrodeposition 

was measured by deposit stress analyzer. The MoS2 particle concentration (0 and 10 g/L), 

temperature (30 and 50ºC), pH (2 and 4), current density (1.2 and 4.8 A/dm
2
) and coating 

thickness (25 and 50µm) were the parameters. The best combination of parameters 

(temperature: 50ºC, pH: 2, current density: 4.8 A/dm
2
, thickness: 50 µm, in presence of 

MoS2) for the lowest internal stress was determined. Meanwhile, the effects of mineral 

processing surfactants (SLS, ALS and DC) on homogeneity of MoS2 particles and on 

internal stress were investigated. Since relatively more homogenous particle distribution was 

observed when SLS was added, it was used in the experiments. 

 

The tribological behavior of Ni-MoS2 composite coatings developed under above mentioned 

conditions were studied by using a pin–on-disc tribometer. The effects of MoS2 particle 

concentration (5, 10 and 30 g/L), MoS2 particle size (1.440 and 5.156 µm average) and the 

surfactant (SLS) amount (0.3 and 1 g/L) on the friction and wear behaviour were 

investigated. Small particle size, high MoS2 and surfactant amount decreased the friction 

coefficient. 

 

 

 

Keywords: Electrocodeposition, Composite Coating, Hydrogen Evolution, Internal Stress, 

Friction, Wear, MoS2 
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ÖZ 

 

 

NİKEL MATRİKSTE MOLİBDEN DİSÜLFÜR PARÇACIKLARININ ELEKTRO 

KAPLANMASI 

 

 

 

Saraloğlu Güler, Ebru 

Doktora, Metalurji ve Malzeme Mühendisliği Bölümü 

Tez  Yöneticisi          :Prof. Dr. İshak Karakaya 

Ortak Tez Yöneticisi: Assist. Prof. Dr. Erkan Konca 

 

Temmuz 2013, 94 sayfa 

 

Ni ve Ni-MoS2 kompozit kaplama sırasında, elektro kaplama değişkenlerinin ve bunların 

birbirleriyle ilişkilerinin hidrojen çıkışı reaksiyonunun zirve akım yoğunluğuna ve iç gerilim 

üzerindeki etkileri Minitab paket programındaki kesirli faktöriyel deney tasarımı kullanarak 

çalışılmıştır. Voltametrik metotla ölçülen hidrojen çıkışı reaksiyonunun zirve akım 

yoğunluğu için çalışılan değişkenler ve aralıkları: MoS2 parçacık konsantrasyonu  (0 ve 30 

g/L), sıcaklık (30 ve  50 ºC), pH (2 ve 4) ve üç yüzey aktifleyici maddesi, 

sodyumlignosülfonat (SLS), amonyumlignosülfonat (ALS) ve depramin-C (DC) (0 and 1 

g/L)’dir. Kaplama gerilim analiz cihazı ile ölçülen iç gerilim için, MoS2 parçacık 

konsantrasyonu  (0 ve 10 g/L), sıcaklık (30 ve 50ºC), pH (2 ve 4), akım yoğunluğu (1.2 ve 

4.8 A/dm
2
) ve kaplama kalınlığı (25 ve 50µm) parametreleri kullanılmıştır. Değişkenlerin en 

düşük iç gerilim için en iyi kombinasyonu, sıcaklık: 50ºC, pH: 2, akım yoğunluğu: 4.8 

A/dm
2
, kaplama kalınlığı: 50 µm, MoS2 eklenmesi, olarak belirlenmiştir. Bu sırada, MoS2 

parçacıklarını homojen bir şekilde dağıtmak için kullanılan yüzey aktifleyici maddelerin 

(SLS, ALS and DC) iç gerilim üzerindeki etkileri de araştırılmıştır. Homojen parçacık 

dağılımı SLS eklendiğinde gözlendiği için, takip eden deneylerde bu kullanılmıştır.  

Yukarıda belirtilen kombinasyonda oluşturulan Ni-MoS2 kompozit kaplamaların sürtünme 

ve aşınma davranışları pin-on-disk tribometre ile incelenmiştir. MoS2 parçacık 

konsantrasyonunun (5, 10 ve 30 g/L), MoS2 parçacık boyutunun (ortalama 1.440 ve 5.156 

µm) ve yüzey aktifleyici madde (SLS) miktarının (0.3 ve 1 g/L) etkileri araştırılmıştır. 

Küçük parçacık boyutu ve yüksek MoS2 miktarı, sürtünme katsayısının düşmesine sebep 

olmuştur. 

 

 

 

Anahtar Kelimeler: Elektro birlikte kaplama, Kompozit kaplama, Hidrojen Çıkışı, İç 

Gerilim, Sürtünme, Aşınma, MoS2 
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1 

 

CHAPTER 1  

 

 

INTRODUCTION 

 

 

 

In the electrodeposition process, electric current is transported across an electrolyte and the 

metallic materials are usually deposited at the cathode [1]. The advantages of 

electrodeposition over other deposition techniques can be listed as [2, 3]: 

 

 It is applicable in an industrial scale and it does not require high cost or post 

deposition treatment.  

 It can be applied to complex shapes and to different substrates.  

 It creates less waste which is an important problem in dipping or spraying 

techniques.  

 The required time for electrodeposition is short due to higher deposition rate and 

non-porous coatings can be achieved with high purity.   

 The coating thickness and the composition can easily be controlled that help to attain 

compositions which are impossible to obtain by other techniques. 

 

The electroplating method can be used to produce composite plating by using dispersed fine 

particles in the metal plating bath so that the particles are trapped in the deposit and the 

process is then called electrocodeposition or composite deposition [3, 4]. The composite 

deposition of insoluble solid particles embedded in a metal matrix has been offered for 

several industrial applications such as; fuel cells, super capacitors, piezoelectric devices, 

biomedical implants, solar cells and in other surface modifications and protections [5]. 

 

The particles are mainly chosen from the group of metal powders, metal alloy powders and 

metal oxide powders of Al, Co, Cu, In, Mg, Ni, Si, Sn, V, Zn and nitrides of Al, B, Si and C 

(graphite or diamond) and carbides of B, Bi, Si, W and MoS2 and organic materials such as 

polytetrafluoroethylene (PTFE) and polymer spheres [6]. Composite coatings based on 

nickel with build-in lubricant particles such as; boron nitride (BN) [7, 8], molybdenum 

disulphide (MoS2) [9-13], PTFE [14-16], polyethylene [17] and graphite [18-20] were 

produced to have improved tribological behavior. High pressure lubricating materials; MoS2, 

PTFE and graphite were added to plating baths especially to decrease the friction coefficients 

of coated surfaces [21]. The particles penetrate into the interface between the sliding surfaces 

and peel under an applied load so that these particles lead to easy sliding by covering the 

roughed surface [22].  

 



 

2 

 

A solid lubricant has to provide some important properties. For example, the friction 

between two sliding surfaces must be low, manageable and the lubricant must be chemically 

stable at operating temperature, wear resistant, non-toxic, economic and have strong 

adhesion to prevent catastrophic failure. Most substances are eliminated due to one or more 

of these restrictions leaving only the substances like graphite, MoS2 and PTFE to find place 

in tribological applications [23].  

 

MoS2 particles that are solid lubricants can be used in cases where the temperature is high or 

low or under high pressure or vacuum conditions where common lubricants are inadequate 

for reducing surface friction [9]. It was claimed that the weight percentage of MoS2 in the 

deposit increases up to a certain extent, with an increase in particle concentration in the bath 

[10, 13]. However, it was reported to decrease with temperature [9, 10, 12]. Besides the 

temperature; the current density, pH and agitation rate were also effective on the MoS2 

content in the deposit [9]. Kuo concluded that the content of MoS2  in the deposit increases 

with a decrease in the current density and pH [12]. On the other hand, Ni deposits more 

efficiently with increase in temperature and pH [10]. 

 

Internal stress is a common problem in plated deposits if it is not controlled and it may lead 

to adverse effects on the properties and the performance of the coatings and may result in 

adhesion problems or other undesirable morphology of the deposits [24, 25]. The reasons for 

internal stress development in coatings can be listed as follows: 

 

1. The differences in lattice parameters (lattice misfit) [21, 26-28] of coatings and substrates: 

The misfit amount depends on the substrate type and electroplating conditions [21]. The 

amount of lattice difference between the deposit and the substrate determines the 

magnitude of stress [27].   

2. The differences in thermal expansion coefficients between the deposits and the substrates 

[26].  

3. Hydrogen [21, 27, 29, 30] codeposition: Tensile stresses occur due to hydrogen 

dissolution and following delivery depending on current density [31] and electrolyte 

composition.  

4. The crystalline-joining [21, 27, 29, 30] that occurs by coalescence of crystallites: Coatings 

grow and contact one another during three dimensional nucleation [21, 29]. This 

coalescence results in tensile stress since different crystallites contacted may be pulled 

together by a surface tension to have a decreased total free surface energy [21, 29, 30].  

5. The presence of dislocations that lead to the tensile stress development [21, 27, 30].  

6. The excess energy theory stems from overpotential: A metal ion has to overcome an 

energy barrier to be adhered to the lattice and converted from hydrated level. When the 

ions overcome the barrier they have higher temperature than their surroundings and 

cooling creates tensile stress [21, 30].  

7. The bath composition [21, 27, 30, 32] and electroplating conditions [21, 26]:  
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Stress relievers and wetting agents that act as a stress reducer assisted to decrease internal 

stress [33]. Generally, increasing temperature decreased the internal stress [25, 30, 34, 35]. 

pH must be lower than 5 for Watts bath for tolerable stress levels [36]. In addition, 

increasing current density from 0.15 to 5 A/dm
2
 increases internal stress [37]. The deposit 

stress can either be tensile (+) or compressive (-) that will try to contract or expand the 

deposit relative to the substrate [32, 38].  The allowable stress in electrodeposits up to 100 

µm thickness was in the range of ± 30 MPa  for quality electroplating [39] whereas the range 

was stated as 125 to 185 MPa by Di Bari [40].  

 

Nickel is well known for its strong adhesion to substrates and MoS2 particles embedded in 

nickel matrix are used due to their self-lubrication property. Therefore, in this study Ni-MoS2 

composite pair was studied. The first objective of this work was to study the effects of 

electroplating parameters such as; MoS2 concentration, temperature, pH and surfactant 

(ammoniumlignosulfonate, sodiumlignosulfonate, depramin C) on hydrogen evolution 

reaction (HER) in order to determine the current density range where H2 is not 

simultaneously discharged with Ni plating. This way, contribution of hydrogen to the 

internal stress and crystal texture could be controlled. Following this study, the effects of 

above electroplating parameters and coating thickness on the internal stress during Ni 

electroplating and Ni-MoS2 electrocodeposition were investigated to determine the 

combination of parameters that produce minimum internal stress. Meanwhile from the 

microstructural investigation of the coatings produced by using combination of parameters 

that give low internal stress, the mineral processing surfactant; among 

ammoniumlignosulfonate, sodiumlignosulfonate and depramin C, that gives higher 

concentrations and homogeneous distributions of MoS2 particles was determined. 

Furthermore, the effects of MoS2 concentration, surfactant concentration and MoS2 particle 

size on the friction coefficient and wear rate of electrocodeposited Ni-MoS2 coatings were 

studied. During the experiments, fractional factorial design from Minitab program [41] was 

used to evaluate the influence of parameters and the complex variable interactions of 

parameters with a reasonable number of experiments. 
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CHAPTER 2  
 

 

LITERATURE REVIEW 

 

 

 

2 . 1 Electrodeposition  

The schematic drawing of a typical electrolytic cell used for electrodeposition is shown in 

Figure 2.1. The electric current “i” is transported by ions across the electrolyte which is the 

surrounding and this leads to the formation of electrolysis’ products at the electrodes. The 

positively charged cations (M
+
) are attracted by the negatively charged cathode and 

negatively charged anions go to the positively charged anode. The products of the 

electrolysis are developed by neutralization of the charges on the electrodes with the help of 

the charges on the electrodes. The cathode is the place where reaction takes place at a 

potential called deposition potential. The current admitted to the cathode is directly related to 

the plated area so current density is defined as the current per unit area [1]. The reactions 

occur at the anode do not depend on the cathode reactions [1]. Various reactions can occur at 

the cathode in the presence of more than one ions [1]. Each electrode reaction has its own 

voltage to occur and the reversible electrode reaction of the deposited metal ion will be the 

most positive one. The most commonly used solvent which is plentiful, has low cost, 

dissolves many commercially used salts and ionizes the substances that dissolve in it is 

water. Many commercial electrolytes use water as solvent and they are called aqueous 

electrolytes [1]. Fused salts are nonaqueous electrolytes and generally used in electrolytic 

production of metals like sodium, magnesium, aluminum and in electrolytic cleaning of 

metals [1].  
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Figure 2.1 Schematic drawing of a typical electrodeposition cell 

 

 

 

2 . 2 Polarization 

For the operation of an electrolytic deposition process, a potential that will perform electrode 

reactions and carry the current across the electrolyte and the external circuit is required. The 

parts of the applied potential other than that required for the reaction, are resistance 

polarization (Er) that includes voltage drop due to ohmic resistance in the electrolyte and 

voltage drop in the electrical connections and overpotentials (η) of the electrodes. In order to 

obtain a current flow, an external potential must be applied to an electrolytic cell if it has no 

net current flow [36, 40]. The applied potential during electrodeposition can be divided into 

several components as shown in equation 1.  

Eapp = Erxn + η + Er                            (1) 

Where Erxn is the potential required for cell reaction to take place reversibly, η is 

overpotential of electrodes and Er is potential due to resistance of the electrolyte and external 

connections. Therefore, application of Erxn alone will not be enough for a cell to operate. The 

effect of overpotential of electrodes on cell potential can be seen in Figure 2.2. 

The reaction rates at the anode and the cathode are equal in an unpolarized cell. The potential 

at the anode is increased and at the cathode is decreased by applying the polarization 

potential so the deposition reaction is provoked and dissolution reaction is repressed. As a 

result, the flow of net cathodic current and metal deposition take place [36]. The potential 

change in both electrodes is their polarization potential or overvoltage [36]. The sign of the 

overvoltage is negative for the reactions at the cathode and positive at the anode [36]. 
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Figure 2.2 The effect of the overpotential of electrodes on cell potential 

 

 

 

The ideal current – voltage curve that clarifies electrode reactions is shown in Figure 2.3 [1]. 

If the voltage is measured almost near the cathode, Figure 2.3 is obtained [1]. There is no 

current passing until applied potential reaches to point A, but the voltage will increase by 

applying a small current. Although there are ions in the solution ready to deposit, the metal 

deposition will not take place yet. Additional increase in the current increases the voltage up 

to a value where plating starts. The electrode reactions begin at this voltage which 

corresponds to point B in Figure 2.3. The potential difference between points A and B is the 

resistance polarization. Current is diffusion limited when it reaches to limiting current 

density (iL) which is the maximum current density to achieve a desired electrode reaction 

before hydrogen or other extraneous ions are discharged simultaneously. 
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Figure 2.3 Current density versus voltage curve 

 

 

 

2.2.1 Activation Polarization 

The reactants must exceed a minimum energy barrier in order to continue the reaction in any 

chemical or electrochemical reaction. The closer the mean energy of reactants to activation 

energy the more probable that individual reactants will collect enough energy to attain 

activation level [36]. Activation energy is the obstacle that the reactants must overcome [36]. 

If the activation energy for the reaction is high then required overvoltage is high, if the 

energy is low necessity for overvoltage is less [42]. Activation polarization is the part of total 

electrode polarization that is due to activation energy. Activation polarization is a 

logarithmic function of the current density [36]. 

 

                                                         (   )  
   

     
   

 

  
                                                       ( )  

 

where  

R: gas constant = 8.3143 J/(mol*K), 

T: temperature (K), 

 : electron transfer coefficient (0<   <1), 

z: number of electrons involved, 

F: Faraday constant =  96485 C/mol,  

i: current density, 

i0: current exchange density, 

 

Equation 2 can be reorganized in another form known as Tafel equation given below: 
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                                                                                                                                 ( ) 

 

where b is Tafel slope and 

a = [– (2.303 R T) / (      )] 

 

Tafel equation displays a linear relationship (Figure 2.4) provided that there is no 

concentration accumulation [42]. However deviation from the linearity is observed with 

additional increase in current density [42]. Insufficient amount of cations are transported 

through the double layer because of low diffusion rate since the production rate of cations 

increases at higher current densities. The ions are collected and apply repulsive force to the 

ions to be carried from the surface of the metal to the double layer. At this point anodic 

dissolution cannot be continued and current cannot be conducted by the cations regardless of 

the applied overvoltage. This point corresponds to limiting current density (iL) at which 

current loses its dependency to the potential.  

 

 

 

 
 

Figure 2.4 A typical Tafel plot for M ↔ M
z+

 + ze
-
 

 

 

 

2.2.2 Concentration Polarization 

The concentration of metal ions near the cathode decreases as the deposition continues 

because the mass transport is not enough to supply ions to be deposited The reversible 

potential is decreased due to this effect and the amount of decrease is given by concentration 

overpotential shown in equation 4. 
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                                                      ( ) 

 

where  

Ce: concentration of the ion being deposited next to the electrode surface, 

Co: concentration in the unchanged bulk of the electrolyte 

 

Concentration polarization can be measured with the interruption of current if it is reversible 

electrode since the activation polarization vanishes [36]. Mass transport is more important at 

the cathode [42]. Agitation, temperature, velocity, concentration of ionic species and 

geometry are the factors that affect concentration polarization [42]. Concentration 

polarization is decreased by agitation and increasing temperature since diffusion layer 

thickness gets smaller and ionic diffusion increases [42]. Increasing velocity also decreases 

concentration polarization since ionic flux becomes sufficient to keep concentrations of ions 

in electrode/electrolyte interface and in the bulk similar [42].  

 

2.2.3 Resistance Polarization 

In addition to activation and concentration polarizations, further voltage is required to 

proceed electrodeposition. This part of polarization is called resistance or ohmic polarization 

and expressed by Er and it is potential due to resistance of the electrolyte and external 

connections. If the anode cathode distance is remarkable, ohmic polarization comes into 

prominence [42]. 

 

2.2.4 Total Polarization 

The total polarization or applied polarization is necessary to keep current at steady state 

through the plating bath which equals to the sum of all individual polarizations. 

 

2 . 3 Nickel Electroplating 

Nickel electrodeposition is one of the surface finishing processes. The applications of nickel 

electroplating can be divided into three main categories: decorative, functional, and 

electroforming [40]. Generally, nickel is electrodeposited in combination with chromium in 

decorative applications. A thin layer of chromium is deposited on top of a relatively thick, 

single layer of nickel to prevent the nickel from corruption. In most cases, decorative nickel 

coatings are mirror bright as deposited and do not require polishing prior to chromium 

plating. Multilayered nickel coatings are superior as compared to single-layer ones of equal 

thickness and are widely used to protect materials against corrosion [40]. Nickel coatings 

with improved wear and corrosion resistance can be used in automotive industry (coatings on 

pistons, cylinder walls, rotary engine housing liners, gear shafts, drive shafts, pump rods, 

hydraulic pistons) [43], cylinder rolls, mining equipment (hydraulic pistons, shafts, pump 

rods, and cylinders) [44] and many household applications. Moreover, the low current 
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density application in nickel plating was also reported to assist bonding process in electronic 

packaging [45].   

 

Nickel plating process  includes the dissolution of one electrode (the anode) and the 

deposition of metallic nickel on the other electrode (the cathode) [46]. In other words, the 

nickel layer is deposited on a substrate by passing current between the anode (+) and the 

cathode (-). The conductivity is achieved by an aqueous solution of nickel salts between the 

electrodes. Nickel exists as positively charged ions Ni
2+

 upon dissolution of nickel salts in 

water. Nickel ions react with two electrons when current flows and metallic nickel is 

deposited at the cathode and the reverse reaction takes place at the anode where metallic 

nickel dissolves to form divalent ions. The corresponding electrode reactions are shown in 

the schematic representation of cell in Figure 2.5. Hydrogen evolution reaction may also take 

place at the cathode depending on electroplating conditions. 

 

 

 

 
 

Figure 2.5 Schematic representation of nickel electroplating cell 

 

 

 

Uniform thicknesses of nickel are desired on all surfaces to obtain foreseeable service life 

and to satisfy specifications that require minimum coating thicknesses at particular places on 

the surface. The current that reaches the surface determines the amount of metal that deposits 

on the surface. Embedded areas that are far from the anode on the surface gets less current 

and in these areas both the current density and the metal deposition rate are lower compared 
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to the projecting areas. So the thickness of the deposit at the areas near the anode is higher 

than the other parts as it can be seen in Figure 2.6. 

 

 

 

 
 

Figure 2.6 Areas far from the anode receive smaller share of the available current than 

areas near the anode 

 

 

 

2.3.1 Plating baths 

Nickel electroplating was first demonstrated in 1837 by Bird with the process of 

electrolyzing nickel chloride or sulphate solution for hours and ending up with metallic 

nickel on platinum electrode [21]. Afterwards, different prescriptions were patented. Nickel 

sulfamate plating bath was used with the concentration ranges of nickel sulfamate (329 to 

493 g/L), nickel chloride (0 to 33 g/L) and boric acid (33 to 49 g/L) but it was also prepared 

with the concentrations of 500 g/L nickel sulfamate, 8.5 g/L nickel chloride and 26 g/L boric 

acid [47]. The internal stress values of electrodeposits made from sulfamate bath is low [48]. 

However, the widely accepted rapid plating solution is Watts bath that contains nickel 

sulfate, nickel chloride, boric acid and distilled water and it was formulated by O. P. Watts in 

1916 [21]. Nowadays Watts bath with some adaptations are still used in most of the 

commercial nickel electroplating. The bath can be prepared at temperatures above room 

temperature and it can be used at high current densities [49]. The concentration ranges of the 

components are listed in Table 2.1 [21]. Each of the ingredients of the Watts bath has their 

own mission. Nickel sulphate is the basic source of uncomplexed nickel ions that dissolves 

quickly [21, 46, 49]. It has relatively low cost and it is commercially available [21]. The 

concentration of the nickel sulphate used in the solution is directly related to the current 

density [49]. The nickel activity is controlled by the concentrations of nickel salts in the 
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solution, their dissociation amount and the nature and amount of other ingredients in solution 

[21]. Burnt deposits will be obtained at low current density if available nickel ion 

concentration and the corresponding limiting current density are low [21]. Nickel sulphate 

amount in the solution is generally kept high to have sound plating [21]. Nickel chloride 

increases anode dissolution and the diffusion coefficient of nickel ions and increases the 

limiting current density [21, 46, 49]. It also leads to uniform coating thickness in the deposit 

[46, 49]. Boric acid helps to keep the solution pH at the desired value [21]. It improves the 

surface smoothness and increases the ductility of deposits [46]. Cracking is observed in the 

deposit as the boric acid concentration decreases whereas high boric acid concentrations do 

not affect the appearance of the deposit [49].  

 

 

 

Table 2.1 Concentration ranges of Watts bath components [21] 

 

Chemical Concentration range (g/L) 

Nickel sulphate (NiSO4.6H2O) 150 to 400 

Nickel chloride (NiCl2.6H2O) or 

Sodium chloride (NaCl) 

 

20 to 80 

10 to 40 

Boric acid (H3BO3) 15 to 50 

 

 

 

2.3.2 Additives 

Wetting agents and surfactants are added to inhibit pitting by decreasing the surface tension 

of the solution so that air and hydrogen bubbles do not adhere to the plating substance [36, 

49]. Wetting agents play an important role during brightening system since brightness cannot 

be achieved if the surface is not pit free. Levelers are added to obtain smoother surfaces than 

the substrate on which coating is applied with an increase in the coating thickness [49] and to 

hide surface defects [21]. The principal aim of the carriers which are the sources of sulfur 

codeposited with nickel is to obtain refined grains and shining deposits [49]. They have also 

stress reducing effects [49]. Carriers generally are added into the solution with the amounts 

of 1 to 25 g/L. The first class brighteners increase leveling [21, 49]. If it is used alone, 

complete brightening effect cannot be observed unless the specimen was previously polished 

[21]. The amounts are not very important, for example if the brightener is naphthalene 

polysulphonic acid type the 15 g/L concentration will be used or if it is one of aromatic 

sulphonimides especially sodium salt of saccharin, which is more commonly used then the 

concentrations will be in the range of 2 to 4 g/L [21]. The aim of the second class brighteners 

is to obtain fully bright surfaces however they cannot be added into the solution alone, they 

are added together with stress relievers, since they cause brittleness and internal stress in the 

deposits [21, 49]. Second class brighteners have more considerable effects on the physical 

properties of the deposits than the first class ones [21]. Therefore, concentrations of second 



 

14 

 

class brighteners are low and in the range of 0.005 to 0.2 g/L [21]. For instance, an 

acetylenic group is added at an amount of 0.01 g/L [21]. Synergetic effect is observed when 

they are used together [21]. 

 

2.3.3 Anode and Cathode Efficiencies 

Cathode efficiency of nickel deposition is less than 100 % since some portion of the current 

is consumed to discharge hydrogen ions from water [46, 49]. This is because the standard 

electrode potentials, e
0
(Ni

2+
/Ni) = -0.25 V and e

0
(H

+
/1/2H2)= 0 V,  show that hydrogen discharge is 

preferable than nickel ion discharge if both activities are unity [21]. But the cathode 

efficiency of nickel deposition from Watts bath is about 95 %, that stems from the higher 

activity of nickel ion that changes the reversible potentials and diffusion rates of two ions 

into the cathode [21]. In this respect, cathode efficiency can be increased by increasing the 

activity of nickel ions, pH, temperature and current density [21, 50]. On the other hand, 

dissolution efficiency at the anode is normally 100% since the anode efficiency surpasses the 

cathode efficiency by a small amount and hydrogen ions are not discharged [46, 49].  

 

The nickel amount electrodeposited at the cathode is directly related with the passage of 

electrical charge according to Faraday’s law. 

 

    
   

   
   

 

where I is current in Amperes, t is time in seconds, M is the molar mass, n is the number of 

electrons take part in the reaction, F is Faraday’s constant that is 96485 coulombs (amp-sec) 

and m is the mass of the substance liberated at an electrode in grams. The expression above 

gives the deposited nickel amount for a 100 % current efficiency. In order to determine the 

actual result the theoretical amount must be multiplied by the current efficiency [49]. 

 

2 . 4 Composite Electroplating  

Composite coatings with metal base have been produced by several methods, like hot 

isostatic pressing, a combination of physical and chemical vapor deposition and 

electrocodeposition [51]. Since electrocodeposition is carried out at a normal pressure and 

ambient temperature, it is accepted as one of the most advantageous techniques to produce 

composite coatings [51]. Moreover, electrodeposition has the advantages of low cost, 

homogeneous particle distribution and high deposition rate [51]. 

 

Although electrodeposited nickel satisfies most of the requirements like high tensile strength, 

good toughness and corrosion resistance, engineering applications sometimes require 

additional properties [21, 51]. So attempts were made to improve the properties of nickel 

coatings by introducing a second phase by dispersing soft and/or hard reinforcements to 

improve wear resistance and/or anti-friction behavior [21, 43, 51]. These deposits were then 
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called composite coatings composed of an electrodeposited metal matrix and non-metallic 

particles [52]. The method underlies the composite deposition to apply coating process using 

conventional plating baths including solid particles that stay in suspension by stirring [21]. 

Agitation prevented particle agglomeration and led to homogeneous distribution of fine 

dispersoids [53]. In addition, high stirring rate assisted ion transportation during 

electrodeposition procedure [35]. Generally mechanical stirring was applied but other 

methods were air agitation and prolonged circulation with pumps [21]. For most applications 

that required smooth composite coatings; particles with 1-12 µm size were used commonly 

[21]. The general composition range for the embedded particles were 2-200 g/L in plating 

baths was restricted if the particle amounts were below an optimum value due to the low 

particle supplement [3].  On the other hand, very high particle amounts led to tensile stress in 

the deposits [21] and settling were observed [3].  

 

In one of the applications, composite coatings are produced to obtain better lubricity in the 

form of metal, ceramic and polymer-matrix composites [54]. Solid lubricants were 

categorized in two groups that are soft and hard coatings [54]. The wear resistance was 

higher in hard coatings compared to soft ones so especially wear and lifetime were important 

for soft coatings [54]. Hard coatings contain oxides, nitrides, carbides, borides and diamond 

or low hydrogenated diamond-like carbon based compositions whereas soft coatings contain 

soft metals, polymers, halides, sulfates of alkaline earth metals, high hydrogenated diamond-

like carbon based compositions, well known lamellar solids like transition metal 

dichalcogenides and graphite [54]. 

 

2.4. 1 MoS2-Nickel Composite Electroplating 

The modern self-lubricating coatings were introduced to satisfy the increasing demand for 

decreased friction in severe applications [54].The metal dichalcogenides MX2 (where M is 

molybdenum or tungsten and X is sulphur or selenium) especially MoS2 particles that are 

very interesting due to enhanced frictional properties. It is used in applications involving 

ultra-high vacuum, automotive or space systems including satellites and launch vehicles 

where liquid lubricants fail [9, 55, 56]. Low friction is required especially in vacuum 

mechanics to decrease the power consumption and heat generation [57]. The main aim of the 

application of these coatings is improved dry-running due to reduction in friction [52].  

 

The lubricating property of MoS2 can be regarded due to its lamellar structure and inert basal 

planes existing in the individual crystallites that helps easy shearing [58]. Their crystal 

structures have multiple slip planes and do not work-harden significantly during sliding [54]. 

Dislocations and point defects produced during shear deformation are rapidly nullified by the 

frictional heat generated during sliding. However, MoS2 containing films are soft that lead to 

low wear resistance [58]. 
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There are several electrocodeposition studies including MoS2-nickel composite pair. The 

best plating parameters were determined as 50g/L MoS2 concentration in the electrolyte, 4 

A/dm
2
 current density, pH=4 and 45ºC plating temperature to have maximum MoS2 content 

in the deposit [9]. On the other hand, Kuo stated that optimized parameters were 30g/L 

MoS2, 4 A/dm
2
 current density, pH=3 and 50ºC [12]. It was also stated that the amount of 

surfactant was critical since it restricted the transfer of electrons during electrochemical 

processes that led to decrease MoS2  content of the deposit even though surfactants were 

beneficial to disperse MoS2  particles in the solution [12]. The optimum surfactant amount 

was determined as 20 mg/g MoS2 [12]. According to Chang and his coworkers, the 

temperature that exerted an adverse effect and the particle concentration in the bath which 

exhibited positive effect on MoS2 content in the deposit were the main parameters. This 

conclusion was arrived from the results of tests done by using statistical experimental design 

[10]. Moreover, increasing MoS2 concentration in the bath decreased the friction coefficient 

of the coating whereas increased the wear volume [13].  

 

2.4. 2 General Mechanisms  

General codeposition process mechanisms based on particle transportation due to 

electrophoresis, mechanical entrapment, adsorption and convective-diffusion have been 

studied [59]. The commonly accepted model involves combination of three steps in the 

movement of solid particles from solution to the cathode surface, as stated by Kurozaki [60, 

61]. The dispersed particles are carried to the Helmholtz's double layer by mechanical 

stirring in the first step. They are charged due to the high potential gradient and carried to the 

cathode by electrophoresis in the second step. In the third step, Coulombic forces present 

between particles and adsorbed anions led to adsorbtion and incorporation of particles at the 

cathode surface where adsorped ions are reduced. On the other hand, Martin and William 

claimed that electrophoresis is irrelevant but the process is completely mechanical 

entrapment [3]. The expansion of the three-step mechanism to five steps [62] is shown in 

Figure 2.7. The figure includes; double layer formation of adsorbed species around each 

particle transportation of particles to hydrodynamic layer limit by stirring, diffusion of only 

positively charged particles to the cathode due to the electric field affect, reduction of free or 

adsorbed electro active species at the cathode and incorporation of the particle in the deposit 

due to the reduction of adsorbed ion species on the particles.  
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Figure 2.7 The steps of dispersed particles in composite coating by electroplating 

 

 

 

A two-step mechanism suggested by Guglielmi covers only the part of the process involving 

the integration of particles to the coating [59]. The first one was the bonding of adsorbed 

particles by loose Van der Waals forces [60, 63] and the second step was electrochemical in 

nature and exhibited strong particle adsorption by Coulomb forces on to the substrate [60, 

63]. This model included the effects of particle concentration and current density on 

encapsulation rate of particles in the deposit whereas hydrodynamic effects and particle 

characteristics were not considered [59]. Studies were conducted to include a corrective 

factor to overcome these omissions [15] but the function was only valid for a limited range 

of experimental parameters [59]. A more extensive mechanism included particle 

transportation by agitation and encapsulation of particles in the metal matrix as a result of 

reduction of ions shown in Figure 2.8 [64, 65]. Particle concentration, agitation and growth 

mechanism were the most significant parts of the mechanism [64]. Nickel was coated both 

on the substrate and on the incorporated particle during MoS2-Ni electrocodeposition [13]. 

Nickel coating around the particle became larger, and dendritic growth was observed due to 

the preferred deposition at the sharp edges of MoS2 since those parts possess lower resistance 
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[13]. Because conducting particles like MoS2 are attracted by the cathode that they act as a 

depositing site later which resulted in cluster formation and increased roughness seen in 

(Figure 2.9) [66]. On the other hand, when the added particles were non-conductive, 

smoother deposits with low porosity were observed because deposition did not occur 

selectively on the conductive parts [9, 66].  

 

 

 

 
 

Figure 2.8 Encapsulation of particles in metal matrix 

 

 

 

 
 

Figure 2.9 Schematic view of composite coating containing a) conducting particles and 

b) nonconducting particles 

 

 

 

2.4. 3 Zeta Potential 

The zeta potential that is a quantitative measure for the particle surface charge indicates the 

degree of repulsion between similarly charged particles and stability  of the colloidal system 

[53]. Higher zeta potential decreases agglomeration of particles in the electrolyte. The 
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particles with near to zero zeta potentials form aggregates and lead to low suspension 

stability [34, 67]. It was claimed that positively charged particles codeposit more easily since 

the particles are electrostatically attracted to cathode [53, 64, 68]. However, according to the 

study of Shawki and Abdel Hamid, negatively charged particles were covered by positive 

ions and they all together move to the cathode [13, 69]. 

When the pH of the plating bath was 2, the highest zeta potential value was reached and this 

resulted in a huge repulsive force between particles and consequently particle agglomeration 

in the plating bath was the lowest [70]. In addition, it was found that cationic surfactant 

addition to the bath changed the zeta potential from negative to positive values and affected 

particle distribution [71].  

2 . 5 Hydrogen Evolution  

Hydrogen evolution is the secondary electrode reaction that takes place at the cathode during 

electrodeposition from aqueous solutions. It can be disregarded in many cases, but it could 

become very important especially when hydrogen evolution affects the structure and 

morphology of the deposits. Hydrogen is absorped in the substrate metal as H atoms, not H2 

molecules, but may come together to form molecule bubbles in voids or vacancies resulting 

in hydrogen embrittlement during hydrogen co-deposition [72]. Hydrogen bubbles that are 

adsorbed and stuck to the surface lead to the growth of pores during deposition before they 

are released whereas hydrogen bubble evolution can help important bubble raft at the free 

surface of the solution by providing a stirring effect [72]. The overall rection for hydrogen 

deposition at the cathode in acidic solutions is:  

 

2H
+
 +2e

- 
→ H2 

 

The steps can be listed as [73]: 

a) transportation of hydrogen ions to the cathodic double layer,  

b) hydrogen ion discharge at the metal by accepting an electron in other words, transition 

from solvation bond (solv) to adsorption bond (ad): H
+

solv + e
-
→ Had ,  

c) molecular hydrogen formation (H2) on the metal surface by holding the adsorption bond. 

The reaction can be carried out in two ways, Tafel reaction: Had+ Had→ H2,ad and Heyrovsky 

reaction: H
+

solv + Had + e
-
→  H2,ad ,  

d) desorption of H2,ad (adsorbed hydrogen) from the metal surface and its travel into the 

solution,  

e) gaseous hydrogen removal by diffusion.  

 

Normally gaseous hydrogen overwhelms. The hydrogen ion transportation to the double 

layer given in a) is not so important for cathodic hydrogen deposition since hydrogen ions 

are ready for use in aqueous solutions. Hydrogen discharge is controlled by the activation 

polarization (reactions b and c) and Tafel and Heyrovsky reactions to form adsorbed 

molecular hydrogen because the concentration polarization can be ignored [73]. Since the 
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desorption process and the removal as gas or dissolved hydrogen steps (d and e) carried out 

very quickly, they do not control the deposition process. The slower reaction between b and 

c will be the hydrogen deposition controlling step depending on the deposition conditions 

like the nature of cathode material surface and electrolyte composition [73]. The variation of 

hydrogen overvoltage (η) with current density  is given by Tafel equation. 

 

Preferred crystal orientation in electrodeposits was observed due to the inhibition of the 

growth of certain crystal directions and allowing others to grow according to recent studies 

[74]. Various textures can be developed by controlling the plating parameters like current 

density, pH, additive type and their concentrations and metal ion concentration [74]. Mainly, 

pH and current density were emphasized to promote one mode of growth and lead to deposit 

[75, 76]. The relationship between texture and current density together with the pH of Watts’ 

electrolyte was in general agreement [77], but there are some differences in the values of the 

current densities. At low current densities, the (110) texture was favored due to the inhibition 

of growth which was attributed to hydrogen adsorption, because the metallic surface was 

mostly Hads that inhibits the deposition. On the other hand, (100) texture was observed at the 

high current densities because of uninhibited growth (free growth mode) of nickel [76-80]. 

In accord with above observations, dominated orientation was stated as (110) at 0.15 A/dm
2
 

and (100) at 0.5 A/dm
2
 [37]. Similar to above results, Fritz et. al. claimed that increasing 

mean current density changes texture from (110) to (100) due to HER [78]. (111) is the 

strongest peak in the standard pattern of randomly oriented polycrystalline Ni when 

preferential orientation decreased in the coating [81]. The stronger Ni (111) peaks were 

dominant in the orientation of Ni-PTFE composite films [82]. In Ni-Al2O3 composite 

coatings, increasing randomness was attributed to alumina particles that impede grain growth 

of primary columnar grains which are oriented in fastest growing [100] direction and yield 

nucleation sites for the growth of new randomly oriented grains [81]. 

 

2 . 6 Electroplating Parameters 

2.6.1 Current Density 

The deposition of incorporated particles is directly related to the metal deposition rate and 

the flux of particles to the cathode that directly depends on the applied electric field profile 

[65]. The growth rate of metallic deposition is governed by the current density [65]. 

Therefore, particle concentration in the deposit increases with the increase in the current 

density [65, 83]. It was claimed that the concentration of titania particles during Ni-titania 

electrocodeposition increased by rising the current density [21]. Nickel ions were assumed to 

be adsorbed by titania particles and the particles were incorporated by discharging of 

adsorbed nickel ions Since transportation of nickel ions dissolved from the anode is slow and 

inssufficient to be adsorbed on particles, lower concentrations of Al2O3 particles were 

observed in the deposit at lower current densities [60]. 

 



 

21 

 

Contrary to above observations, the effect on the increase of metal deposition rate can 

overwhelm the increasing effect of current density on particle incorporation and could lead 

to decrease in particle concentration of the deposit at very high current densities [65]. For 

instance, in Al2O3-Ni system, the Al2O3 content of the deposit increased sharply up to the 

current density of 1.5 A/dm
2 

and then decreased dramatically upon further increase current 

density. This can be explained by rapid deposition of the metal and less incorporation of 

particles in the coating due to domination of metal deposition over codeposition process 

[84]. In addition, according to the study of Saha and Khan, at high current densities nickel 

ions dissolved from the anode transported faster than the Al2O3 particles carried by the 

mechanical agitation and led to low concentration of incorporated Al2O3 particles in the 

deposit during electrodeposition of Al2O3-Ni [60].  

 

Therefore, there is an optimum current density that allows the maximum concentration of the 

co-deposited particles in the composite coatings [60]. Another study reveals that current 

density is independent of BaCr2O4 particle content in nickel matrix [85]. 

 

2.6.2 pH 

The effect of pH on particle incorporation is dependent on the nature of the particles. The 

amount of embedded particles in the deposit was not affected too much by pH when it was 

greater than 2, whereas the incorporated particle concentrations decreased explicitly for 

Al2O3–Ni system when pH was dropped below 2 [3]. The particle content in SiC-Ni deposit 

increased with raising pH up to 5 [83]. In MoS2-Ni deposit, optimum pH was determined as 

3 [12] and 4 [9] for the maximum MoS2 content in the deposit. 

 

2.6.3 Temperature 

The increase in temperature increases nickel deposition rate [35], but increases energy 

consumption to operate at higher temperatures and supply heat for bath evaporation. 

Therefore, an optimum plating temperature is used to satisfy energy consumption and the 

coating quality. 

 

No effect of temperature on particle incorporation was observed in BaCr2O4-Ni [85] and 

Al2O3-Ni systems [3]. On the other hand, deposited amount of WC increased with raising 

temperature up to 50ºC and after that it decreased  in WC-Ni composite coatings [50]. In 

addition, WC was uniformly distributed in the deposit when the temperature was 50ºC. 

Optimum temperature was determined as 50 ºC for MoS2-Ni composite coating [12]. 

Therefore, 50 ºC is the best temperature for particle concentration and their distribution in 

composite coatings [50]. 

 

2.6.4 Particle Concentration in Composite Coating 

Energies that exist between the particles determine whether the particles will separate or 

agglomerate when two particles approach one another in an electrolyte solution. Usually, 
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larger attraction energy  results in agglomeration of particles. The agglomeration tendency of 

nanoparticles was higher than micron and submicron size particles due to their high activity 

[86]. The number of effective particles decrease due to agglomeration and larger 

agglomerated particles cause roughness in deposits and particle flake off from the matrix 

because of weak bonding [86].   

 

Incorporated particles in the deposit increase with an increase in the amount of particles 

added to the plating solution up to a limited value [3, 84, 87]. On the other hand, the increase 

in the particle concentration in the electrolyte increased agglomeration and made it difficult 

to maintain the suspension of uniformly mixed particles  in the bath in SiC embedded in Ni-

Co [88] and in bronze-PTFE composite coatings after 50g/L PTFE concentration in the bath 

[16]. In addition, the effect of current density decreased when the particle concentration was 

increased [21]. 

 

Particle agglomeration was inhibited by surfactant addition [88] and stirring [53] and formed 

uniform particle distribution in coatings. Furthermore, since surfactant addition decreased 

the particle agglomeration, the amount of effective particles increased significantly and led 

to higher amounts of SiC in the SiC-nickel deposit [86].  

 

2.6.5 Surfactant 

Surfactant addition to plating solution in codeposition affects the amount of particles and 

their dispersion in the deposit [89]. Especially, hydrophobic particles (fluorographite, MoS2) 

need surfactants in order to be dispersed in the aqueous electrolytic solution [18]. Suitable 

surfactant addition improved the suspension stability by diminishing the surface tension [88]. 

In addition, surfactants like sodium lauryl sulphate enhanced the electrostatic adsorption of 

suspended particles on  cathode surface by increasing their positive charges [88]. Similarly, 

azobenzene (AZTAB) promoted particle deposition into the nickel matrix by their more 

positive reduction potential than that of nickel [90]. The advantage of the surfactant cetyl 

trimethyl ammonium bromide (CTAB) was to increase the volume percentage of SiC in the 

deposit besides homogeneous and non-agglomerated distribution of particles in SiC-nickel 

composite coatings [51, 91]. It was also claimed that addition of cationic surfactant, CTAB 

increased the amount of carbon nanotubes and BaCr2O4 particles [85] in nickel matrix 

whereas anionic surfactant, sodium dodecyl sulphate (SDS) led to a slight decrease. 

However the detrimental effects of CTAB on mechanical property and corrosion resistance 

of the depsoit were also mentioned [92]. Moreover, according to Shrestha and coworkers 

cationic surfactants increased the particle incorporation in the coating [8, 93, 94], but anionic 

surfactant SDS did not effect the codepositon of particles [94].  

 

The surface charge of the particles determined the particle percentage in the deposit because 

if the particle had negative surface charge, cationic surfactants would be easily adsorbed on 

the particle [8]. Therefore, a net positive charge was formed by the adsorption of cationic 
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surfactants that inhibited the formation of particle clusters and led to more stable particle 

suspention in the bath [8, 53, 93]. Moreover, this positive charge improved the tendency of 

particles to move towards cathode and increased the amount of  particles in the deposit [8, 

93].  For instance, addition of cationic surfactant Benzyl Ammonium Salts (BAS), increased 

the amount of MoS2 codeposition [9]. In addition, BAS adsorbed on MoS2 particles 

decreased the conductivity of the particles and resulted in homogeneous deposition of nickel 

and MoS2 particles [9, 66]. Furthermore, the strongest adhesion between the deposit and the 

substrate was achieved by the addition of cationic surfactant BAS compared to anionic, 

nonanionic and amphoteric surfactants [9].  

 

On the contrary, it was stated that anionic surfactant in the electrolyte helps the particles to 

gain a negative charge and make them able to move towards the positively charged anode 

surface as a result of electrophoresis [95]. In addition, it was stated that anionic surfactants 

sodium dodecyl-glycol were necessary to inhibit agglomeration in SiC-nickel composite 

coating [96]. Furthermore, anionic surfactants dodecyl sodium sulfate and saccharine were 

used to disperse Si3N4 particles in nickel matrix [97]. However, it was claimed that non-ionic 

surfactants provoked solid particle incorporation in the study of Popov et. al. [64]. On the 

other hand,  anionic SDS or cationic CTAHS (cetyltrimethylammonium hidrogensulfate-

C19H43NO4S) surfactants were added to determine the charge effect and it was concluded that 

the presence of surfactant was more important than its charge since both SDS and CTAHS 

showed a decrease in the amount of incorporated particle concentrations in NiP-SiC 

composite coatings [89]. In addition, it was claimed that there was no relation between the 

amount of particle incorporation and surfactant charge since just the wetting of the particles 

increased as a result of adsorbed surfactants [68].  

 

Surfactants may even lead to flotation of smaller particles and  let just the larger ones to 

suspend [89]. The use of surfactants was more advantageous for the particles which are 

hydrophobic like MoS2 [8, 9]. Adding surfactant regardless of its charge, can alter the 

hydrophobic behavior of the particles [89]. Surfactants were adsorbed on the hydrophobic 

parts of the particles and the particles shifted to hydrophilic owing to surfactant cover [89]. 

In addition, it was stated that hydrophilic particles must rotate to stay away from the water 

molecules that adsorb on the surface in order to be incorporated in the deposit whereas 

hydrophobic particles do not encounter this problem [89]. 

 

The disadvantage of the surfactants may occur if there are unadsorbed free surfactants, 

because they could lead to stress development and brittleness in the deposit [53]. Since the 

amount of incorporated surfactant is generally very small, their undesirable effects may be 

ignored [53]. However, increasing surfactant (CTAB) amount caused an increase in the 

internal stress due to the high possibilty of embedded CTAB in the nickel matrix [98]. 
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2 . 7 Internal Stress 

Internal stresses can either be tensile or compressive and they affect the deposition 

coherency that can lead to blistering, cracking or distortion [99, 100]. The adhesion is 

decreased and even peeling of the deposit is observed due to the stress [100]. The liberation of 

the stored elastic strain energy may led to detachment of the deposit and the substrate [100]. 

When the average atomic distance in the lattice is larger than the equilibrium value, it causes a 

tensile stress by trying to attract atoms closer [99]. The compressive stress is developed when 

atoms are closer to each other than the average equilibrium distance [99]. 

 

2.7. 1 Suggested Theories for Internal Stress 

One of the theories of the internal stress in coatings was lattice misfit that takes place when a 

metal was electrodeposited on a different substrate [21]. Its highest value was attained at the 

initial stage of the deposition [28]. The misfit amount was based on the substrate type, 

surface characteristics and electroplating conditions [21]. Moreover, the quantity of the stress 

was directly related to the amount of difference between the lattice parameters of the coating 

and the substrate since the mismatch determines the associated strain energy [27].  If the 

lattice parameter of the deposit is smaller than that of the substrate, as in the case of nickel 

deposition on copper, the stress was tensile that stems from the nickel atoms that were taken 

apart to arrange themselves in order to adapt the copper substrate structure [28]. 

 

Another reason for the stress is the difference in the thermal expansion coefficients of the 

deposit and the substrate [26, 101]. Thermal stresses are inevitable when the processing 

temperatures are very high and can become significantly large since coating and substrate 

generally have different thermal expansion coefficients [102].  

 

One of the theories considers codeposited hydrogen as responsible for internal stress 

development during electroplating [21, 27, 30, 31]. According to the theory, hydrogen 

codeposition on the metal causes lattice expansion [21] that leads to tensile stress [31]. 

However, Lin et. al. claimed that the codeposition of hydrogen may lead to both tensile and 

compressive stresses [29]. The tensile and compressive stresses were considered to be 

formed when hydrogen departure or hydrogen diffusion takes place respectively [30].  

 

In crystalline joining theory, stress is considered to be caused by coalescence of crystallites 

that grow and contact each other during three dimensional nucleation [21, 29]. Consequently, 

the coalescence lead to tensile stress since crystallites will be pulled together by surface 

tension to decrease total free surface energy [21, 29, 30]. The pulling force affects the size 

and the shape of the grains and preferred orientations [29]. Larger column grains lead to 

increase the internal stress due to the higher boundary mismatch however less unfilled gaps 

associated with larger grains would decrease the internal stress [29]. Foreign substances 

decreases tensile stress by hindering crystallite coalescence or by settling to the gaps 
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between crystallites [21]. However, this theory does not explain the development of 

compressive stresses [30]. 

 

The dislocation theory assumes that vacancy formation or dislocations in the deposit was the 

cause of internal stress [21, 30]. The resultant surface tension took place at the top of the 

substrate within 0.2 nm depth of deposit [21]. The tensile stress decreased as the deposit 

thickness increased, due the low dislocation density [21, 27]. However in the case of rapid 

deposition, some tension would remain until the equilibrium was reached [21]. In addition, 

compressive stresses can be developed when proper amount of stress reducers added create 

edge dislocations of the opposite sign [21]. Furthermore, effect of organic additives on the 

internal stress during electrodeposition was claimed to be related to absorption of the 

additive on the deposits, and explained by the dislocation-sorption theory of internal stresses 

[103]. 

 

According to the excess energy theory the reason for the internal stress was the overpotential 

[30]. A metal ion in solution must overcome an energy barrier to be converted to a metal 

durably adhered to the lattice [30]. When the metal ions jump the barrier, they have excess 

energy and have a higher temperature than their surroundings [21, 30]. The contraction that 

takes place upon cooling results in tensile stress [21, 30]. This theory could not clarify the 

reasons for compressive stress [30]. 

 

2.7. 2 Factors Effecting Internal Stress 

The electroplating parameters affect the internal stress in coatings [26]. The most important 

electroplating parameters that affect the stress [38] were listed as; current density, additive 

and impurity concentration, temperature of the bath and agitation rate. In most cases, raising 

the temperature decreased the internal stress [25, 30, 34, 35] but its effect was also claimed 

to be insignificant [40] or inconsistent depending on current density [36]. Generally, tensile 

stress was directly related to the current density [36]. Increase in current density from 0.5 to 

1.5 A/dm
2
 increased stress but further increase in current density led to a decrease in the 

internal stress in Al2O3-Cu(Sn) composite coatings [84]. A complex reaction was observed in 

talc–Cu(Sn) and CaF2–Cu(Sn) coatings; the internal stress decreased initially; it then 

increased between 2.0 and 2.5 A/dm
2
 current density and then decreased again upon 

increasing the current density [84]. The effect of pH on the internal stress changed with the 

bath contents and it was recommended that pH must be lower than 5 for Watts bath [36]. 

Similarly, the minimum value of stress was observed at pH=4 and the stress increased below 

4 in sulfamate bath [33]. 

 

Internal stresses can be controlled by adjusting the bath composition [21, 26, 27, 32, 34]. For 

instance, high amount of nickel chloride in the Watts bath led to an increase in the internal 

stress [36, 49]. Stress relievers and wetting agents that act as a stress reducer assisted to 

decrease internal stress [33]. Carriers also reduce internal stress especially when they include 
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amido or imido nitrogen as in the case of saccharin [49]. Furthermore, stress was decreased 

with addition of compounds that contain sulfur even at small quantities (0.01 - 0.1 g/L) [30]. 

The contaminants that somehow entered to the solution accidentally or due to the 

uncontrolled plating conditions can also affect stress [30].  When these contaminants were 

involved in the deposit, they led to some changes that generates volume change [30]. On the 

other hand, the most important advantage of the nickel sulfamate [Ni(NH2SO3)2] solution is 

the low stressed deposits [21, 30]. The low tensile stress in the sulfamate bath can even be 

changed into compressive stress by adding stress reducers. 

 

2.7. 3 Measurement Techniques 

The first stress measurement that included metal electrodeposition on a thermometer bulb by 

silvering was done by Mills in 1877 [21]. Many measurement techniques used nowadays 

depend on flexible strip basis which was first employed by Stoney in 1909 [21]. Richardson 

and Stein stated that the widely used ones are spiral contractometer and bent strip methods 

that can be seen in Figure 2.10 and Figure 2.11[104]. The comparison of these two methods 

are listed in Table 2.2 [104].  

 

In spiral contractometer, helix that is formed by winding of a flat strip is used to measure the 

stress with one end fixed and the external side of the helix is allowed to be plated. The stress 

in the deposit causes the helix to wind more tightly or to unwind, depending on the stress 

type whether it is compressive or tensile [105]. Tightening of the helix is observed due to 

compressive stress during plating and unwinding is seen if the stress is tensile [21, 104]. The 

change in the radius of curvature measured by angular displacement of the free end of the 

helix is then used to calculate the internal stress [21]. However it was restricted with high 

stress value range having upper stress limit of 140 MPa and it is not applicable in the low 

stress value range [32]. The spiral contractometer is slow and expensive compared to the 

bent strip method [32, 104].  

 

The faster and sufficiently precise measurements can be done by the bent strip method. Two 

legged copper or steel strips of 0.0508 mm thickness are used directly in the plating tank. In 

this method, one side of the legs of the strips were previously insulated to allow plating only 

on the other side [38, 73]. The leg bending either toward (compressive) or away (tensile) 

from the plated surface was observed [21, 38, 104]. Stress calculation [32] is given as: 

 

                                                   
  

        
               

   

   
                                                ( ) 

 

Where; t: thickness of deposit (inch), ∆m: weight gain (gram), D: density of nickel (g/cm
3
), 

A: area (cm
2
), S: stress (psi), U: number of increments, K: strip constant (psi x inch) 
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Figure 2.10 Spiral Contractometer 

 

 

 

 
 

Figure 2.11 Photographs of Bent Strip and Deposit Stress Analyzer 
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Table 2.2 Summary of the most important characteristics of the three stress measurement 

techniques 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.7. 4  Particle Incorporation 

Addition of particles may lead to further increase or decrease in stress due to mismatch of 

lattice parameters. Adding MoO2 (4.2 g/L) and TiO2 (1 g/L) particles decreased the average 

internal stress of nickel deposit from 47.69 MPa to 27.98 and 35.17 MPa, respectively [106]. 

The introduction of higher concentrations of particles in nickel matrix such as; 40 g/L B4C 

and 150 g/L SiC could even change the stress behavior from tensile, 118 MPa, to 

compressive, 39 MPa and 42 MPa, respectively [107]. Compressive stresses were yielded by 

increasing particle content (TiC) of the matrix [26]. On the other hand, in the study of Wang, 

the stress increased by incorporation of dispersed Al2O3 particles higher than 6 % (by 

volume) in Cu(Sn) alloy matrix [84]. It was also claimed that the phosphorous content in Ni-

P composite coatings up to 2wt % increases tensile stress and further phosphorus addition 

(up to 6wt %) decreased tensile stress since phosphorus incorporation led to refined grain 

structure and caused randomly oriented fibrous grains [29]. The high mismatch between 

random fibrous grains and empty gaps accompanied with the finer grains led the internal 

stress to increase and the coalescence of the grains could end up with lattice distortions 

caused by a larger pulling force [29]. However increase in phosphorus content prevented the 

formation of long fibrous grains and equiaxed grains led to a decrease in the tensile stress, 

because smaller crystallites, combine together and induce smaller pulling force [29]. 

 

2 . 8 Friction and Wear 

Friction is the force acting against the relative motion of surfaces sliding against each other. 

It occurs at the interface between the contacting surfaces and influences all mechanical 

 Bent Strip  Spiral Contractometer  

Resolution (4 μm/.00015 in deposit) 

 
~10.3 MPa ~55.2  MPa 

Resolution (8 μm deposit) 

 
~2.1  MPa ~13.8 MPa 

Resolution (16 μm deposit) 

 
- - - ~4.1  MPa 

Typical Setup Time 

 
5 min 25 min 

Typical Test Duration 

 
~20 min ~60 min 

Maximum Test Frequency 2 per hour 1 per day per available helix 

Substrate cost 

 
$3.00 ea. $75.00 ea. (reusable) 

Ability to Use Different Substrates 

 
No Yes, with purchase of add-l helix 

Cost of Measuring System <$250 $1000 ($2000 w/ ext. Anode) 
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systems [108]. Friction mainly depends on interfacial environment such as lubricants, dry 

films or foreign matters between the surfaces [108]. 

 

Wear can be defined as the damage on the solid surface which is in relative motion with a 

substance that includes growing material loss [109]. Wear resistance was mainly related to 

mechanical properties of the materials but friction was more complex than wear and related 

to materials properties and system parameters [110]. Friction was affected by physical, 

mechanical and chemical properties of the surfaces in sliding contact [110]. Despite the 

previous judgments, no relation was stated between friction coefficient and wear resistance 

[111]. 

 

The friction and wear was decreased in tools and molds with the help of electrolytic metal 

depositions. For instance, chromium plating was used to protect against wear and led to a 

significant increase in the service life of machines [73]. Electroplated nickel coatings have 

high friction coefficients reported as 0.9 [112], 1.1 [51] and 1.2 [113] when measured against 

sliding stainless steel. Therefore, composite coatings attracted attention. Progress in 

composite coatings resulted in production of new generations of adaptative, self-lubricating 

coatings [54]. 

 

Composite electroplating is an effective way to obtain improved tribological properties. 

Addition of WC [114], WS2 [22], diamond [34, 115],  polyethylene [17], MoS2 [13, 22], 

MoS2-Al2O3 [13], MoS2-W [11], Al2O3 [116], SiC [117] and CeO2 [118] particles to the 

matrix displayed low frictional properties. The friction coefficient decreased with an increase 

in particle concentration [34].  On the other hand, incorporation of BN particles in nickel 

matrix had no significant effect on the friction coefficient [7]. The particles penetrate into the 

contact face between the surfaces and peel under an applied load so the particles led to easy 

sliding by coating the roughed surface [22]. Moreover, part of the load can be carried 

especially by the soft particles with low shear strength that stuck in the interface so the direct 

contact of substrate and counterface was impeded that led to decrease in friction [113]. On 

the other hand particles such as Al2O3 [69, 81, 116, 119], SiC [69, 91, 93, 120-124], diamond 

[34, 115, 116, 125, 126], diamond-Cr [127], B4C [90], WC [114], TiO2 [116, 128], Si3N4 

[116], CeO2 [118], BN [7] were added to improve wear resistance. The wear volume 

decreased with an increase in particle concentration [34, 81]. 

 

Pin-on-disk tribometer is the most widely used equipment to determine the friction 

coefficient of materials. Furthermore, the wear rate of the materials can be calculated by 

using the track obtained by the tribometer. The tester consists of a stationary pin under an 

applied load (P) in contact with a rotating disk seen in Figure 2.12 [129]. Either the pin or 

the disk can be tested. A load cell attached to the pin-on-disk tester is used to measure the 

evolution of the friction coefficient with sliding distance [129]. 
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Figure 2.12 Schematic view of pin on disk tribometer 
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CHAPTER 3  

 

 

EXPERIMENTAL PROCEDURE 

 

 

 

3. 1 Preparation of Watts Solution  

The Watts bath containing 300 g/L NiSO4.6H2O (63035981; Umicore, Belgium), 50 g/L 

NiCl2.6H2O (7791-20-0; Selnic, France), and 40 g/L boric acid (minimum % 99.9 H3BO3, 

Etibank, Turkey) was prepared for the study. Above components were dissolved in deionized 

water at 60°C according to the procedure given in Surtec 855 [130]. The following additives; 

4 mL/L carrier (SurTec 850), 10 mL/L leveler (SurTec 855), 1 mL/L brightener (SurTec 

855), and 1 mL/L wetting agent (SurTec 850) were added to the Watts bath. The proper 

amounts of two different size MoS2 particles, 1.440 μm (Merck-product no: 1122570250) 

and 5.156 μm (Sigma Aldrich-product no: 69860) average diameter, were agitated for 5 

hours within 50 ml Watts solution to make a slurry that was then completed up to the desired 

volume and agitated for 1 hour [10]. 

 

3. 2 Cleaning cathode surface: 

The surfaces of the AISI 304 stainless steel specimens containing (by weight): 71.56 % Fe, 

18.21 % Cr, 8.18 % Ni, 1.58 % Mn, 0.396 % Si, 0.05 % C, 0.031 % P and 0.002 % S were 

subjected to an alkaline soak cleaning first to remove oil, grease and solid particles for 

voltammetric studies, microstructural analysis and friction measurements. Alkaline solution 

containing 51 g/L NaOH and 49 g/L Na2CO3 was at 80°C [131]. Following the alkaline 

immersion treatment for 2 minutes, stainless steel samples were water rinsed and then 

subjected to electrolytic acid treatment to remove oxide film and activate the surface for 

reception. 18 g/L sulfuric acid solution at room temperature was used as electrolyte for this 

purpose. Anodic acid treatment was applied to each AISI 304 stainless steel specimen at a 

current density of 0.048 A/cm
2
 for 60 seconds [132]. Since the surface areas of the parts 

immersed in the bath were 10 cm
2
, applied current was 0.48 A. Following the electrolytic 

acid treatment, the parts were water rinsed again to prepare them for coating. The copper 

strips having weight percent chemical composition of Cu (97.5), Fe (2.35), P (0.03) and Zn 

(0.12) that used to measure internal stress of deposits were only acid treated in 150 mL/L 

HCl solution [133]. Following the electrolytic and acid treatments, the parts were water 

rinsed again. 

 

3. 3 Voltammetric Response of Hydrogen Evolution Reaction (HER) 

In order to determine the current density for nickel electroplating and at the same time avoid 

hydrogen evolution, the voltammetric response experiments were conducted. As indicated 

before (110) texture was favored in nickel deposition in the presence of hydrogen evolution. 

The growth of FCC nickel of above texture could be strained since it is not the lowest energy 

plane. Furthermore, hydrogen diffusion and departure during coating cause stresses. 

Therefore, it was possible to discard one of the possible causes of internal stress, by applying 
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coatings under conditions that do not permit HER. To identify the effects of 5 

electrodeposition variables on hydrogen evolution profile with the reasonable number of 

experiments, 2
5-1

 fractional factorial design, regression analysis and mixture design were 

used. The variables were determined as; A: MoS2 concentration (1.44 µm, Merck-product 

no: 1122570250), B: Temperature, C: pH and D: Surfactant. The low (-1) and high (1) levels 

of above variables are given in Table 3.1 which were determined after a comprehensive 

literature survey. The experimental route obtained by 2
5-1

 fractional factorial design using the 

statistical analysis software Minitab is given in Table 3.2. The peak current density (ip) and 

the peak voltage (Vp) values in the process were chosen as the response values in the design.  

 

 

 

Table 3.1 Factors and Levels for Fractional Factorial Design (FFD) 

 

 LEVEL 

Factor -1 1 

A   MoS2 concentration (g/L) 0 30 

B   Temperature(°C) 30 50 

C   pH 2 4 

D   Surfactant (g/L) 0 1 

 

 

 

The AISI 304 stainless steel substrates of 40x40x0.5 mm were placed in the 

electrodeposition cell schematically shown in Figure 3.1. They were placed into the 

electrolyte to have only 10 cm
2
 of exposed area since 2.5 cm of the specimen were merged 

into the solution. In addition, one of the sides was covered with electroplating tape to not to 

allow deposition. The stainless steel cathode (working electrode) was connected to W pole, 

while nickel anode (counter electrode and acting as reference electrode at the same time) was 

connected to both C and R poles of a GAMRY Reference 3000 Potentiostat. 

 

The voltammetric responses between the working electrode (cathode) and the nickel anode 

were recorded during electrodeposition of nickel and Ni-MoS2 composite coatings from 

Watts’ bath according to the conditions given in Table 3.2. The potentials were swept 

linearly from 0 to 2.5 V at two different scan rates of 20 mV/s and 100 mV/s.  “Echem 

Analyst” program was used to determine the ip and Vp values associated with HER. The use 

of two electrode voltammetric measurements of the potentiostat, enabled the direct 

determination of conditions for HER in cells used in electrodeposition. Therefore, the results 

could be directly taken into account in the subsequent coating experiments. 
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Table 3.2 Experimental conditions for 2
5-1 

Fractional Factorial Design:  -1 = low values 

1 = high values for the variables 

 

Experiment # A (MoS2)  B (Temp.) C (pH) D (Surfactant) E (Thickness) 

1 -1 -1 -1 -1 1 

2 -1 1 1 -1 1 

3 1 -1 -1 1 1 

4 1 1 -1 -1 1 

5 1 1 1 1 1 

6 -1 -1 1 1 1 

7 1 -1 1 -1 1 

8 -1 1 -1 1 1 

9 1 1 -1 1 -1 

10 1 -1 -1 -1 -1 

11 -1 1 -1 -1 -1 

12 -1 1 1 1 -1 

13 -1 -1 -1 1 -1 

14 1 1 1 -1 -1 

15 -1 -1 1 -1 -1 

16 1 -1 1 1 -1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic view of the voltammetry set-up. W, C and R are poles for 

working, counter and reference electrodes respectively 
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3. 4 Measurements of Particle Size and Zeta Potentials: 

The magnitude of the zeta potential of the particles is a measure of particle interaction. The 

zeta potential is a quantitative measure for the particle surface charge that gives information 

about the degree of repulsion between similarly charged particles. The particle size and zeta 

potentials of the MoS2 particles in pure water and Watts solution were determined by a 

Zetasizer Nano ZS (Malvern Instruments). Dynamic light scattering  was used to measure 

particle size by measuring the diffusion of particles that move under Brownian motion, and 

this was converted to size and a size distribution using the Stokes-Einstein relationship 

[134]. Laser Doppler micro-electrophoresis was used to measure zeta potential by applying 

electric field to the solution of dispersed particles that then move with a velocity related to 

their zeta potential. This velocity is measured using a patented laser interferometric 

technique called phase analysis light scattering [134]. The velocity of a particle in an electric 

field is commonly referred to as its electrophoretic mobility and it is converted to zeta 

potential by using theoretical equations. 

 

3. 5 Internal Stress Measurements: 

Deposit stress analyzer, model 683, and copper alloy-194 bent strips received from Specialty 

Testing & Development Co. with a constant, K, of 0.3449 (psi x inch) were used directly in 

the electroplating cell to measure internal stress developed during plating. Schematic 

drawing of the cell and locations of coatings during tensile and compressive stress 

developments are shown in Figure 3.2. The cell was composed of a 5x5 cm nickel anode 

(Falconbridge, 99.98 % Ni) and a copper strip cathode placed inside a rectangular Pyrex 

container holding the Watt’s solution. The electrodes were connected to an Instek PPS-3635 

single output programmable D.C. power supply. The anode to cathode distance was 4 cm.  

 

 

 

 
 

Figure 3.2 Schematic drawing of the cell showing nickel anode and one side insulated 

copper strip cathode in Watts bath (left). Locations of coatings on strips during tensile 

and compressive stress developments are shown on right 
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The experimental route for internal stress measurements obtained by 2
5-1

 fractional factorial 

design (FFD) that gives reasonable number of experiments are listed in Table 3.3. The 

variables were determined as A: MoS2 concentration, B: Temperature, C: pH, D: Surfactant 

and E: Coating thickness and their low (-1) and high (1) fixed limit values for levels of FFD 

are listed in Table 3.4. 

 

 

 

Table 3.3 Experimental routes for 2
5-1 

FFD:  -1 = low values 1 = high values for the 

variables 

 

Run MoS2 

concentration 

Temp pH Current 

density 

Coating 

thickness 

1 1 -1 -1 1 1 

2 1 1 -1 1 -1 

3 1 -1 1 -1 1 

4 -1 -1 -1 1 -1 

5 -1 -1 1 1 1 

6 1 1 1 1 1 

7 -1 -1 1 -1 -1 

8 -1 1 1 -1 1 

9 -1 1 -1 1 1 

10 1 -1 1 1 -1 

11 -1 1 -1 -1 -1 

12 1 1 1 -1 -1 

13 -1 -1 -1 -1 1 

14 -1 1 1 1 -1 

15 1 1 -1 -1 1 

16 1 -1 -1 -1 -1 

 

 

 

Table 3.4 Factors and their low (-1) and high (1) fixed limit values for Levels of FFD 

     

 LEVEL 

Factor -1 1 

A   MoS2 concentration (g/L) 0 10 

B   Temp (ºC) 30 50 

C   pH 2 4 

D   Current density (A/dm
2
) 1.2 4.8 

E   Coating thickness (µm) 25 50 
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3. 6 X-ray Diffraction Measurements 

X-ray diffraction patterns of the samples were taken by FT (counts) scanning via Rigaku 

D/Max 2200/PC model X-Ray Diffractometer. Cu Kα radiation at a wavelength of 0.154183 

nm was used. The generator settings were 40 kV and 40 mA. The diffraction data were 

collected over 2θ range of 10° to 90° with increments of 0.02°. 

3. 7 Deposition of Coatings for Friction and Wear Measurements and Microstructural 

Analysis 

The pre-polished and cleaned 4x4 cm AISI 304 stainless steel specimens (cathodes) were 

immersed, to depth of 2.5 cm, into a rectangular Pyrex container holding the Watts bath and 

coated with nickel or Ni-MoS2 composite. A 5x5 cm nickel (Falconbridge, 99.98 % Ni) 

anode and the cathode, separated from each other by 4 cm were connected to an Instek PPS-

3635 single output programmable D.C. power supply during coating. Previously optimized 

combination of the parameters [135] was used to produce samples that had coatings with low 

internal stress (thickness: 50 µm, pH: 2, temperature: 50ºC and current density: 4.8 A/dm
2
). 

Sodiumlignosulfonate that provided homogenous distribution of particles was added in 

amounts of 0.3 and 1 g/L. Composite coatings were deposited from the electrolytes by using 

three different MoS2 concentrations (5, 10 and 30 g/L) and two different sizes (1.440 and 

5.156 μm average diameter). The microstructures of the specimens were examined by an 

Olympus PME 3 optical microscope and a FEI Nova NanoSEM 430 scanning electron 

microscope equipped with energy dispersive x-ray spectroscopy (EDX) unit. 

 

3. 8 Coefficient of Friction and Wear Rate Measurements 

Uncoated, pure Ni coated and Ni-MoS2 coated 4x4 cm AISI 304 stainless steel specimens 

were tested under dry sliding conditions using a pin-on-disk tribometer (CSM Instruments) 

and a photograph of the test machine is seen in Figure 3.3. 6 mm diameter 100Cr6 steel balls 

(ISO 683-17:1999) were used as the counterface material. Tests were performed in ambient 

air with 45-60 % relative humidity. A constant load of 1N was applied in all tests. The linear 

sliding speed was 5cm/s and the wear track radius was 2 mm. The tests were run for 4000 

laps corresponding to a total sliding distance of 51.07 m. 

 

The worn volumes of the specimens subjected to the pin-on-disk tests were calculated by 

measuring the wear track width under the optical microscope according to ASTM standard 

G99 with the assumption of no significant pin wear [129]. The volume lost was then divided 

by the total sliding distance to obtain the wear rate. 

 

 

                                                                           
3
 
    (  )

   
                               ( ) 

 

Where R: wear track radius (2mm), d: wear track width, r: pin end radius (3mm) 

In addition, surface profiler (Taylor Hobson, Surtonic 3+) was used to obtain a 2D-profile of 

the wear track perpendicular to the sliding direction as a representative cross-section. The 
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loss of material was also found by using profiles over the wear track. For three different 

experiments, the average cross-sectional areas were calculated from 3 measurements at 

different locations to get a representative value and the software readily provided the area 

covered by the profile. The wear volumes were calculated by multiplying the average cross-

sectional area of the wear track with the circumferential contact length.  

 

 

 

 
 

Figure 3.3 A photograph of the pin-on-disk tribometer  
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CHAPTER 4  

 

 

RESULTS AND DISCUSSION 

 

 

 

4.1 Characterization of MoS2 Particles  

MoS2 particles of two different batches were used in this study. The distributions of MoS2 

particle size are given in Figure 4.1 and Figure 4.2. It was found that 50 % of the volume 

was below 1.440 μm and 5.156 μm respectively for the two batches.  

The zeta potentials of MoS2 particles of d(0.5) = 1.440 μm and d(0.5) = 5.156 μm in nickel 

plating solution including anionic surfactant sodiumlignosulfonate (SLS) were measured as -

15.1 mV and -15.4 mV respectively. Previously, the zeta potential of MoS2 particles of 

d(0.5) = 1.440 μm was measured -34.5 mV in water.  Therefore, positively charged Ni ions 

in solution were adsorbed on negatively charged MoS2 particles and the particles with 

adsorbed ions could move to cathode where Ni
2+

 ions were reduced to Ni atoms to form the 

deposit with captured particles. This result can be considered as a sign for collection of MoS2 

particles in Ni during electroplating, because the zeta potential values more negative than 35 

mV can lead to decrease in particle concentration in the deposit. Because increase in zeta 

potential will increase the number of Ni ions surrounding particles and end up with heavy 

weight couples with low mobility [69].   

 

The SEM images and EDX analysis spectrums of two different MoS2 particles are given in 

Figure 4.3 and Figure 4.4 for d(0.5) = 1.440 μm and Figure 4.5 and Figure 4.6 for d(0.5) = 

5.156 μm respectively. The particles exist in the form of aggregate with loose and fluffy 

surfaces (Figure 4.3 and Figure 4.5). Both microstructures have web-like morphology. 
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Figure 4.1 The distribution of MoS2 particle size (d(0.5) = 1.440 µm) 

 

 

 

 
 

Figure 4.2 The distribution of MoS2 particle size (d(0.5) = 5.156 µm) 
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Figure 4.3 SEM image of MoS2 particles (d (0.5) = 1.440 μm) 

 

 

 

 
 

Figure 4.4 The EDX analysis of the MoS2 particles (d(0.5) = 1.440 μm) 
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Figure 4.5 SEM image of MoS2 particles (d (0.5) = 5.156 μm)  

 

 

 

 

 
 

Figure 4.6 The EDX analysis of the MoS2 particles (d(0.5) = 5.156 μm)  
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4.2 Voltammetric Response of HER 

The effect of scan rate on the voltammogram is illustrated in Figure 4.7 for experiment 2 

under conditions given in Table 3.2. It is apparent that total current density at extremum 

increases with increasing scan rate as expected [136, 137]. Therefore, 100 mV/s was chosen 

as the scan rate in the successive experiments since ip’s were well determined and 

predominant when potential scan rate increased. From Figure 4.7, it can be seen that the 

current density is almost zero until the onset of reduction of nickel and/or hydrogen ions at 

the cathode. Then, it continuously increases and reaches to a maximum. The irregularity of 

the voltammogram after the maximum indicates the decay of one of the primary electrode 

reactions. 

 

 

 

 
 

Figure 4.7 The effect of scan rate on the voltammogram for experiment 2 under 

conditions given in Table 3.3 

 

 

 

To test the decay of HER, current efficiencies of nickel plating were determined at 3 

different current densities selected from the voltammogram. One of the selected current 

density values was the peak value. The other two were the values before and after the peak 

value. Under the conditions of experiment 15, for 2 and 8 hours of depositions, the average 

current efficiency for nickel were determined as 90 %, nearly 100 % and 68 % for the 

current densities before, after and at the peak value, respectively. The decrease in the current 

efficiency at the peak position can be attributed to the HER [29] since cathodic current 
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efficiency of nickel deposition in Watts bath decreases due to the hydrogen evolution at a 

current density of about 0.65 A/dm
2
. The typical volammograms and the positions of ip 

values for the first four experiments are shown in Figure 4.8. All of the voltammograms for 

sixteen experiments (Table 3.2) are shown in Appendix A and the values of the peak current, 

Ip, the peak current density, ip, and the peak voltage, Vp, determined from these figures are 

given in Table 4.1 for all experiments together with surfactant designations. 

Sodiumlignosulfoneate (SLS), ammoniumlignosulfonate (ALS) and depramin C (DC) were 

the three surfactants used in this study. The peak current densities obtained are comparable 

with the study of Ibrahim [138]. 

 

 

 

 
 

Figure 4.8 The typical voltammograms at 100 mV/s scan rate and the positions of ip 

values, in mA/dm
2
, for the first four experiments 
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Table 4.1 Ip (cathode 10 cm
2
), Vp and ip values for experiments from 1 to 16 

 

Experiment # Surfactant Ip  (A) Vp (V) ip (A/dm
2
) 

1 - 0.07040 2.323 0.704 

2 - 0.03950 1.861 0.395 

3 

SLS 0.04686 
 

2.027  

DC 0.05772 1.926 0.577 

ALS 0.06210 2.059 0.621 

4  0.07079 2.160 0.708 

5 

SLS no peak no peak no peak 

DC 0.03944 1.879 0.394 

ALS 0.05628 1.728 0.563 

6 

SLS 0.02887 2.027 0.289 

DC 0.02672 1.865 0.267 

ALS no peak no peak no peak 

7 - no peak no peak no peak 

8 

SLS 0.03541 2.027 0.354 

DC 0.01056 1.915 0.106 

ALS 0.01412 2.142 0.141 

9 

SLS 0.0196 1.572 0.196 

DC 0.05273 1.686 0.527 

ALS 0.04745 1.716 0.474 

10 - 0.03090 1.609 0.309 

11 - 0.07180 2.023 0.718 

12 

SLS 0.04009 1.866 0.401 

DC 0.02182 1.498 0.218 

ALS 0.02053 1.535 0.205 

13 

SLS 0.0334 1.629 0.334 

DC 0.04153 1.676 0.415 

ALS 0.04187 1.719 0.419 

14 - 0.03243 1.649 0.324 

15 - 0.01989 1.595 0.199 

16 

SLS 0.02032 1.860 0.203 

DC 0.02084 1.592 0.208 

ALS 0.03631 1.706 0.363 
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The parameters that have decreasing effect on the peak current density yielded negative 

coefficients in the regression analysis given in Equations 7, 9 and 11 and on the peak voltage 

given in Equations 8, 10 and 12  when DC, ALS and SLS were used as surfactant, 

respectively. The magnitudes of the coefficients indicate the weights of their effects. In 

addition, the results were subjected to factorial design analysis to obtain the interaction 

effects of surfactants on ip and on Vp, illustrated in Figure 4.9 and Figure 4.10 respectively 

where ip and Vp variations are indicated by the vertical axes as shown at right. The scale of 

the vertical axes is not given since it is different for three surfactants. The effects of 

parameters shown on horizontal axis on ip and Vp values are for low (-1) and high (1) limits 

of the parameters shown on left according to codes given in the box at lower left. 

 

ip (mA/dm
2
) = 557- 48.6 A + 81.4 B - 204 C + 16.7 D                                            (DC)      (7) 

Vp (V) = 1.99 + 0.0035 A – 0.0407 B – 0.0865 C – 0.0983 D                                  (DC)     (8) 

 

ip (mA/dm
2
) = 675 -113 A + 95 B - 186 C + 135 D                                                 (ALS)    (9) 

Vp (V) = 2.02 – 0.0298 A – 0.0506 B – 0.148 C – 0.0694 D                                    (ALS) (10) 

 

ip (mA/dm
2
) = 465 -25.9A + 11.2 B - 149 C - 75.2 D                                           (SLS)  (11) 

Vp (V) = 2.02 – 0.0366 A – 0.0822 B – 0.111 C – 0.0740 D                                    (SLS)  (12) 

 

where A: MoS2 concentration, B: temperature, C: pH, D: surfactant changing between -1 and 

1 corresponding to limit values given in Table 3.1. 

 

It can be concluded that parameters A (MoS2) and C (pH) have decreasing while the 

parameter B (temperature) has increasing effect on the peak current density regardless of the 

surfactant type used [139]. Among surfactants, decreasing effect on the peak current density 

was observed only in the case of SLS addition to the bath. The decrease in ip with MoS2 

particles (A) that is also observed in Figure 4.9a at low temperature, may be explained by the 

adsorption of positively charged hydrogen ions in solution on negatively charged MoS2 

particles [9, 140]. Particles with adsorbed ions move to cathode where H
+
 ions are reduced to 

hydrogen gas. This adsorption will end up with heavy weight couples which lead to decrease 

in mobility and thus increase in polarization. On the other hand, the adverse effect of MoS2 

was seen in Figure 4.9a at low temperature. The increase in pH, in other words; the decrease 

in the concentration of hydrogen ions will decrease the rate of the hydrogen gas evolution 

reaction that will lead to diminishing effect on ip. The same result was seen in Figure 4.9b for 

both high and low levels of temperature and MoS2 content. Since the temperature improves 

ion diffusion rate, ip was increased due to retardation in polarization. Using ALS and DC 

increased the peak current density. However, the weight of surfactant effect in ALS is more 

significant compared to DC. Voltammetric response was apparently improved with 

decreasing the overpotential in the presence of anionic surfactants [141, 142] and the peak 

current density values for H
+
 reduction were increased. This is in accord with the 

expectations that anionic surfactants can promote both oxidation and reduction processes 

[143]. On the other hand, SLS decreased the peak current density. This result supported by 
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Popov et. al. who claimed that saccharin which is an anionic surfactant was effective  in 

suppressing the hydrogen evolution reaction [144]. In addition, the hydrogen evolution peak 

decreased with increasing the saccharin concentration [144]. According to Equations 8, 10 

and 12, adding MoS2 (parameter A) decreased peak voltage. Moreover, increasing 

temperature (parameter B) decreased peak voltage (Vp) since hydrogen overvoltage 

decreased with increasing temperature [73] but this result was observed when there was no 

MoS2 in the solution (Figure 4.10a). The parameters C (pH) and D (all surfactants) had 

decreasing effects on the peak voltage (Vp) independent of the surfactant type, as can be seen 

in Figure 4.10b, Figure 4.10c, Figure 4.10d and Figure 4.10e with slight deviations. The 

addition of MoS2 increased Vp when DC is added to the solution whereas decreased Vp in 

case of SLS and ALS addition. 

 

 

 

 
 

Figure 4.9 Interaction plot for peak current densities; the columns are showing; (a) A-B  

(b) A-C and B-C (c) A-D, B-D and C-D interactions for Surfactant SLS, (d) for 

Surfactant ALS, (d) for Surfactant DC 

 

 

 



 

48 

 
 

Figure 4.10 Interaction plot for peak voltages; the columns are showing; (a) A-B  (b) A-

C and B-C (c) A-D, B-D and C-D interactions for Surfactant SLS, (d) for Surfactant 

ALS, (d) for Surfactant DC 

 

 

 

The contour plots in mixture design analysis given in Figure 4.11, Figure 4.12 and Figure 

4.13 show the bands of current densities for the surfactants DC, ALS and SLS respectively. 

The hold value, taken as 0.5, means that the middle value of the fourth parameter was used 

in each plot. For instance; in ABC plot; surfactant (parameter D) was taken as 0.5 g/L which 

is the mean value of low, 0 and high, 1 g/L levels and for ABD plot, pH (parameter C) taken 

as 3 was the average of low, 2 and high, 4 values of pH. The peak current densities were 

higher than 650, 700 and 650 mA/dm
2
 when there was no MoS2, at pH 2 and temperature 

50°C with surfactant 0.5 g/L, as seen in Figure 4.11, Figure 4.12 and Figure 4.13 

respectively (corner B of ABC plots). Whereas according to ACD plot of Figure 4.11; when 

pH was 2, the peak current density was higher than 650 mA/dm
2
 independent of MoS2 and 

surfactant concentration. On the other hand, peak current densities were lower than 400 

mA/dm
2
, when pH was 3 at 30°C in the presence of MoS2 without surfactant (see corner A 

of ABD plots of Figure 4.11 and Figure 4.12). 
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Figure 4.11 Matrix of mixture contour plots for the peak current densities (mA/dm
2
) A: 

MoS2, B: Temperature, C: pH, D:Surfactant-DC 
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Figure 4.12 Matrix of mixture contour plots for the peak current densities (mA/dm
2
) A: 

MoS2, B: Temperature, C: pH, D:Surfactant-ALS 
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Figure 4.13 Matrix of mixture contour plots for the peak current densities (mA/dm
2
) A: 

MoS2, B: Temperature, C: pH, D:Surfactant-SLS 

 

 

 

4.3 Internal Stress 

The internal stresses developed during nickel or Ni-MoS2 composite coatings were 

determined for 16 experimental routes given in Table 1. The current density (CD) and 

temperature (T) together with observed weight gain during deposition (Δm), calculated 

thickness of the deposit (t), number of increments (U) and calculated internal stress (S) for 

each run are given in Table 4.2. The stress values were calculated from equation 5 by using 

the mass of the deposit (Δm) determined by weighing the substrates prior to and following 

deposition and the number of increments observed in the analyzer. For instance, the number 

of increments (U) in run 11 was 7.5 as it can be read from Figure 4.14. The stress values 

were small in accordance with expectations, because the bath additions recommended by the 

supplier of plating chemicals were followed to produce deposits with low stress [46]. Thus 

small effects of plating parameters on internal stress in coatings could be determined with 

high precision. The reproducibility of stress values tested for some of the runs yielded 

consistent directions and ±1.2 MPa deviations at most.  
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Figure 4.14 Deposit stress analyzer showing number of increments, U, in run 11. 

 

 

 

Table 4.2 The current density (CD), temperature (T), weight of deposit (Δm), calculated 

thickness (t), number of increments (U) and internal stress (S) for each run 

 

Run CD 

(A/dm
2
) 

T 

(ºC) 

Δm (g) t 

(µm) 

U: number of 

increments 

S:stress 

(psi) 

S:stress 

(MPa) 

1 4.8 30 0.835 37 6 -479.1 -3.3 

2 4.8 50 0.8498 23 7 -896.0 -6.2 

3 1.2 30 0.8468 41 3.5 -246.5 -1.7 

4 4.8 30 0.1556 23 17 -2156,3 -14.9 

5 4.8 30 0.1492 22 35 4630.0 31.9 

6 4.8 50 0.8621 46 7 -442.3 -3.0 

7 1.2 30 0.1515 22 39 5080.8 35.0 

8 1.2 50 0.2772 41 32 2278.4 15.7 

9 4.8 50 0.2942 44 16.5 -1106.9 -7.6 

10 4.8 30 0.846 33 2 178.0 1.2 

11 1.2 50 0.1467 22 7.5 1009.0 7.0 

12 1.2 50 0.8472 21 7 -957.5 -6.6 

13 1.2 30 0.2802 45 2 -129.8 -0.9 

14 4.8 50 0.0833 12 30 7108.1 49.0 

15 1.2 50 0.8479 32 9 -812.2 -5.6 

16 1.2 30 0.8419 23 1.5 -189.6 -1.3 
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The application of regression analysis to above stress data yielded; 

  

S (MPa) = 5.54 – 8.86 A – 0.21 B + 9.64 C + 0.34 D – 2.36 E                                            (13) 

 

where A: MoS2 concentration, B: temperature, C: pH, D: current density and E: coating 

thickness changing between -1 and 1 corresponding to limit values given in Table 4.2. 

According to the equation 13 and Figure 4.15, addition of MoS2 particles decreased internal 

stress with a factor of -8.86 [135]. This result supports the observations of Garcia et. al. 

[145], Chou et. al. [146] and Wielage et. al. [120] who reported decreasing effects of 

different particles on internal stress of composite nickel coatings. The incorporation of SiC 

particles (Ø 0.3-5 µm) also decreased the internal stress of the deposit in the Ni [145] and 

Ni-P alloy matrix [146]. TiO2 (Ø 5-10 µm) [120] and TiC particle (Ø 50-200 nm) additions 

[26] in the amounts of 20 g/L and 6g/L, respectively in Ni matrix [120] also decreased 

internal stresses. The dispersed particles generally have a reasonably homogeneous stress 

field and certainly average out if they do not have a preferred orientation [145]. In this study, 

it was concluded that the compressive stress effect overwhelms due to the addition of MoS2 

particles. The lattice parameters of Ni, Cu and MoS2 are 3.517, 3.608 and 3.148 Aº 

respectively [21, 147]. Since the lattice parameter of Ni is smaller than that of Cu, Ni deposit 

will normally exert a compressive stress on the Cu lattice and it will be under tension if there 

were not any other internal stress [21, 28]. In accord with the expectations due to Watts 

solution additives, small stresses were measured for all cases of coatings in this study. The 

addition of MoS2 therefore caused compression of the nickel coatings and decreased stress 

levels. In addition, the codeposition of particles may reduce stress levels by interrupting the 

nickel grain growth [145] which causes tensile stress.  

 

The second output of the equation was the decrease in internal stress with increase in 

temperature; which agrees with Dini [25, 30]. Moreover, small decrease in internal stress in 

the presence of MoS2 (see Figure 4.15a), complements the observations of Wang [9] who 

showed slight increase in MoS2 content of the deposit with increasing temperature. However; 

in one of the studies [40], it was claimed that temperature of the Watts bath did not have a 

significant effect on the internal stress. Accordingly, very small temperature dependency of 

internal stress can be seen in Figure 4.15e and Figure 4.15h upon changing the current 

density and the coating thickness. Figure 4.15h shows that increase in temperature has a 

small increasing effect on stress when the coating thickness is low (25 µm) and decreasing 

effect when the thickness is high (50 µm).  

 

The third output of the equation was; increasing pH has an ascending effect on the stress 

with a factor of 9.64 (see Figure 4.15f and Figure 4.15i). It is asserted that increasing pH has 

slight effect on internal stress below pH 5 but increases significantly above 5 [36, 40, 73]. 

Effect of pH seems to be insignificant within the range studied here when MoS2 was present 

in the deposit but increasing pH increases the internal stress of the nickel coating (see Figure 

4.15b). It was also stated that MoS2 content of the deposit is constant between the pH values 

of 2 and 4 [10] that is compatible with this result because it is known that there is a relation 
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between MoS2 content of the deposit and internal stress.  Hydrogen permeation in nickel was 

related to electroplating parameters [139]. Especially, pH determined the adsorption of 

hydrogen [148] so increase in internal stress at high pH may be attributed to the change in 

growth direction of nickel cathode from (100) to (211) [149] with decrease in hydrogen 

discharge [78].   

 

It can also be deduced from the equation that, internal stress was almost constant with an 

increase in current density (Figure 4.15d). It was also stated that the current density has no 

effect on the MoS2 content of the deposit [10] that is compatible with this result due to the 

information of the relationship between MoS2 content of the deposit and internal stress. On 

the other hand, slight decrease in the internal stress was observed upon increasing the current 

density at low temperature (Figure 4.15e) and low pH (Figure 4.15f). Nickel growth is 

inhibited by adsorbed hydrogen at low current densities and low pH, while the (100) texture 

at high current densities is the result of uninhibited growth [77]. The observations showed 

that (100) textured Ni deposits exhibit the lowest internal stress that may be explained by the 

less adsorption of hydrogen [150]. Internal stress increased with current density at high pH 

(Figure 4.15f), because growth direction different  from (100) takes place [149]. 

 

Finally the inverse relationship between internal stress and coating thickness can be seen in 

above regression equation. This result agrees with the argument that stress decreases with 

increasing coating thickness [30, 73, 151, 152] and Figure 4.15g, Figure 4.15h, Figure 4.15i 

and Figure 4.15j illustrates above mentioned behavior. Because, stress induced by larger Cu 

lattice in nickel coating is distributed to a larger cross-sectional area with increasing 

thickness.  In addition; the factor, -2.36 given in the regression equation, indicating the mild 

effect of plating thickness is in accord with Czerwinski’s observations [153] that the 

decrease in the stress was drastic up to 20 µm but smaller up to 50 µm thickness. 

 

The combinations of parameters that give low internal stress (temperature: 50ºC, pH: 2, 

current density: 4.8 A/dm
2
, thickness: 50 µm) were used to produce samples for 

microstructural examination and tribological investigation. When the regression equation 

was considered; the most effective parameters were the presence of MoS2, pH and coating 

thickness with factors -8.86, +9.64 and -2.63 respectively. Therefore, 10 g/L MoS2, pH = 2 

and 50 µm thickness were chosen. Furthermore, with reference to the interaction plots, high 

temperature and high current density were selected. The reason for selecting high 

temperature can be seen in Figure 4.15c and Figure 4.15h, because internal stress was not 

influenced by temperature at low pH and it decreases with increasing temperature when 

plating thickness was high. Finally, current density was selected as 4.8 A/dm
2
,
 
because 

internal stress decreased with increasing current density when pH was low (Figure 4.15f). 

The samples for micrographic examinations were prepared by using above plating 

parameters. Three surfactants; sodiumlignosulfonate, ammoniumlignosulfonate and 

Depramin C were added to Watts bath to examine their effects on the internal stress and 

distribution of MoS2 particles. No significant effects of surfactants on internal stress were 
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observed and measured stresses of Ni-MoS2 composite coatings were compressive and they 

were around 3 MPa.  
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Figure 4.15 Plot of the interaction effects of the electroplating parameters. The 

measured internal stress values (MPa) are shown on vertical axes at right. The effects 

of parameters shown on horizontal axis on internal stress are for low (-1) and high (1) 

limits of the parameters shown on left according to codes given in the box at lower left 

 

 

 

4.3.1 Guglielmi Model of Codeposition 

Guglielmi found a relationship for the ratio of volume percentages of particles in the deposit 

(α) and in the bath (C) as given in equation 14.  

 

                        
 

 
  

    

        
 exp((A−B)η) ( 

 

 
  )                                (14) 

where 

α: volume % of particles in the deposit  

η: overpotential of the electrode reaction (V) 

A: constant in Tafel equation for metal deposition (V
-1

) 

B: constant in Tafel equation for particle deposition (V
-1

) 

C: volume % of particles in suspension in the bath  

d: density of the electrodeposited metal (g/dm
3
) 

a b 

c 

d 

e 

f 

g 

h 

i 
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F: Faraday’s constant = 96485 C/mol 

i0: exchange current density (A/dm
2
)  

k: coefficient of adsorption ( vol.%
-1

)  

M: molecular weight of the electrodeposited metal (g/mol) 

z: valence of the electrodeposited metal 

V0: constant for particle deposition (dm/s) 

 

According to this codeposition model, C/α versus C graphs can be plotted at different current 

densities. The relationship of C/α (y) and C (x) can be fitted as a straight line (y = a x + b) 

based on equation 14, the point where C/α (y) is zero represents the value of -1/k (-b/a) that 

makes it possible to obtain the adsorption coefficient value (k) [15, 83]. The amount of 

interaction between particles and cathode mainly determines the adsorption coefficient [83]. 

The ratio C/α according to the MoS2 concentration in the bath is given in Figure 4.16 for 4.8 

A/dm
2
. The linear equation is y = 1.1073x + 0.7847. Figure 4.17 shows C/α versus volume 

percent of particles in suspension in the bath for 1.2 A/dm
2
 current density. The linear 

equation is y=1.1342x+0.5703. The average k value obtained from these figures is 1.7. ‘k’ 

values higher than 1 indicates that the adsorption rate of particles is faster than desorption 

rate [83]. 

 

The slope (tan φ) of the line is given by: 

 

                                tanφ = 
    

        
 exp(A−B)η                                                   (15) 

 

An approximation of the current density i = i0 exp(Aη) can be made since the assumption of 

the particles is incorporated at the cathode by electrochemical discharge of the adsorbed 

cations is agreed. The ratio B/A can be calculated using the following substitution [15]. 
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                         (16) 

 

Substituting equation 16 into 15 and taking the logarithm gives the relationship between 

slope tan φ and the current density i as: 

 

log tanφ = log 
    

(
 
 
)

        
 +(  

 

 
 )log i                                     (17) 
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Figure 4.16 The C/α ratio according to the MoS2 concentration in the bath at 4.8 A/dm
2
 

current density 

 

 

 

 
 

Figure 4.17 The C/α ratio according to the MoS2 concentration in the bath at 1.2 A/dm
2
 

current density 

 

 

 

The slope of the y = -0.0075x + 1.1432 linear equation drawn in Figure 4.18 is -0.0075. This 

yields B/A value as 1.0075. 
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Figure 4.18 Logarithmic graph of the slope (tan φ) versus current density 

 

 

 

The parameters A and B are related to metal deposition and particle deposition respectively. 

B being higher than A represents that the increase in current density increases the particle 

content in the deposit [63, 83]. B being lower than A indicates that Ni cations adsorbed on 

the particles are reduced more slowly than the solvated Ni cations that resulted in decrease in 

volume percent of particles in the deposit when the current density increases [15, 63]. In the 

present system, B/A is 1.0075 that is B is slightly higher than A meaning that as the current 

density increases there will be a slight increase in the MoS2 content of the deposit which is 

compatible with the regression analysis given in equation 13 where current density has an 

effecting factor of 0.34 on the internal stress. This is because, the internal stress decreased by 

an increase in the MoS2 content of the deposit. It was also stated that the Guglielmi model is 

valid for the codeposition of  MoS2 and nickel from Watts bath at current densities of 1 to 6 

A/dm
2 
[10]. 

 

4.4 X-ray Diffraction Measurements 

X-ray diffraction patterns of nickel and nickel-MoS2 composite coating on AISI 304 stainless 

steel substrates are given in Figure 4.19 and Figure 4.20. The coatings were obtained by 

using Watts solution containing 1g/L SLS and 10g/L MoS2. It can be seen from these figures 

that both nickel and MoS2-nickel coatings have Fe peak together with Ni and MoS2 peaks. It 

was believed that Fe diffractions were probably coming from the substrate. According to the 

quantitative analysis performed by Rigaku software by excluding Fe, there were ~100 % 

nickel in nickel deposit and 92.9 % nickel and 7.1 % MoS2 in MoS2-nickel composite 

coating.    
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Figure 4.19 X-ray diffraction pattern of the Ni coating on AISI 304 stainless steel 

substrate 

 

 

 

 
 

Figure 4.20 X-ray diffraction pattern of the Ni-MoS2 composite coating on AISI 304 

stainless steel substrate 
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4.5 Microstructural Examination 

Among the three surfactants; sodiumlignosulfonate, ammoniumlignosulfonate and Depramin 

C used to prepare samples for micrographic examinations, it was observed that homogenous 

particle distribution and high particle concentrations were observed when SLS was added to 

Watts bath. A typical top view of the Ni-MoS2 composite coating on AISI 304 stainless steel 

substrate is shown in Figure 4.21. It was produced from a Watts solution containing 1 g/L 

SLS and 10 g/L MoS2. The cross-sectional optical microscope and SEM images of the Ni-

MoS2 deposit are given in Figure 4.22 and Figure 4.23. EDX analysis spectrum of the 

coating is shown in Figure 4.24 and percentages are given in Table 4.3. From the table it can 

be seen that summation of Mo and S concentrations yields 7.18 % MoS2 by weight in the 

coating. This result is similar to approximately 9 % by volume MoS2 particles determined 

from selected area of Figure 4.23. In addition the weight percent of MoS2 was 6.3 according 

to XRD result that corresponds to 10 % by volume. The MoS2 content in the deposit 

increased when 30 g/L MoS2 was added to the bath (see Figure 4.25 as compared to the 

composite coating formed by using 10 g/L MoS2 in the bath. EDX analysis of the Ni-MoS2 

composite deposited from 30 g/L MoS2 in the bath is shown in Figure 4.26 and the 

percentages are given in Table 4.4. The summation of Mo and S concentrations yields 14.3 

% MoS2 by weight in the coating.  

 

 

 

 
 

Figure 4.21 Top view of the Ni-MoS2 composite coating on AISI 304 stainless steel 

substrate  
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Figure 4.22 Cross-sectional optical microscope image of the Ni-MoS2 composite coating 

on AISI 304 stainless steel substrate 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.23 Cross-sectional SEM image of the Ni-MoS2 composite coating on AISI 304 

stainless steel substrate 
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Figure 4.24 The EDX analysis of the Ni-MoS2 composite coating formed by using 

10g/MoS2 and 1g/L SLS 

 

 

 

Table 4.3 Weight and atomic percentages of elements in the Ni-MoS2 deposit based on 

the EDX analysis given in Figure 4.24 

 

 

 

 

 

 

 

 

 

 

 

Element wt.% at.% 

Mo 5.66 3.50 

S 1.52 2.80 

Ni 92.82 93.70 

Total 100.00 100.00 
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Figure 4.25 Cross-sectional SEM image of the Ni-MoS2 composite coating on AISI 304 

stainless steel substrate from 1g/L SLS and 30g/L MoS2 containing electrolyte 

 

 

 

 
 

Figure 4.26 The EDX analysis of the Ni-MoS2 composite coating formed by using 

30g/MoS2 and 1g/L SLS 

MoS2 particles in 

nickel matrix 
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Table 4.4 Weight and atomic percentages of elements in the Ni-MoS2 deposit based on 

the EDX analysis in Figure 4.26 

 

 

 

 

 

 

 

 

 

 

4.6 Tribological Investigations 

Table 4.5 summarizes the composite plating conditions and the measured average friction 

coefficients of the samples used in this study within 1.6 % deviation. The average friction 

coefficients, , for the uncoated and pure nickel coated AISI 304 stainless steel were 1.03 

and 1.12, respectively as shown in Figure 4.27. Figure 4.28 shows the variation of the dry 

sliding friction coefficients as a function of number of revolutions for the first six composite 

coating specimens of Table 4.5. Figure 4.29 shows the friction coefficient values of 

experiments 6, 7, 8 and 9. The friction coefficients of the composite coatings significantly 

decreased from 1.12 to as low as 0.40 when the µ for pure Ni and Ni-MoS2 coated specimens 

are compared. This corresponds to more than 60 percent decrease in friction coefficient. 

Although, friction and wear properties are system properties and direct comparison among 

data obtained by different researchers can not be made, similar percentage decreases were 

also obtained when 0.5 g/L MoS2 of 3 μm average particle size codeposited with Ni-W was 

tested against steel ball as the static partner [11]. In the study of Huang and Xiong, the 

friction coefficient of Ni-plated steel specimen was 0.45 and then decreased to 0.2 upon 

addition of 30 g/L MoS2 to Watts bath [13]. This difference may stem from the differences in 

test conditions: ceramic ball (Al2O3) was used as the counterface material, the sliding 

velocity was 35.5cm/s and the relative humidity was 65–85 % [13] which were both higher 

than the values used in this study. In addition, increase in sliding velocity and humidity led 

to decrease in friction coefficient [154]. The interaction effects of surfactant and MoS2 

concentration on the average friction coefficient are seen in Figure 4.30. Increasing the 

concentration of MoS2 in the bath led to a decrease in the friction coefficient. This is mainly 

due to increase in MoS2 in the coating and this result matched up with the study of Huang 

and Xiong [13]. Notable lubrication was obtained as a result of the layered structure of MoS2 

[11, 58]. The layered structure can be seen in Figure 4.27 [155]. Molybdenum atoms are 

placed between the two layers of sulfur atoms (S-Mo-S) and this structure is strongly bonded 

with covalent bonding whereas these layers are weakly connected  to each other with Van 

der Waals bonding that led to easy shearing between basal planes [11, 58]. Such anisotropy 

of mechanical properties provides the combination of low coefficient of friction and high 

carrying load capacity to MoS2. As it can be seen in the Figure 4.27, the distance between C 

and B or B and C is shorter than the distance between A and B; an easy shearing may occur 

transversely between A and B due to the weak bonding between them [156]. Friction forces 

Element wt.% at.% 

Mo 10.59 6.51 

S 3.69 7.40 

Ni 85.72 86.09 

Total 100.00 100.00 

http://www.substech.com/dokuwiki/doku.php?id=solid_lubricants#requirements_to_of_solid_lubricants_properties
http://www.substech.com/dokuwiki/doku.php?id=solid_lubricants#requirements_to_of_solid_lubricants_properties
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led the MoS2 particles to orient in the sliding movement direction where hexagonal layers are 

parallel to this direction. The sulfur layers of molybdenum disulfide have an affinity for very 

strong adherence to the metal substrate atoms therefore a strong lubrication film is formed on 

the substrate surface that decreased the friction coefficient. Figure 4.30 also shows the 

interaction effects of surfactant and MoS2 amounts according to results of the first 6 

experiments given in Table 4.5. Increasing the amount of surfactant in the bath decreased the 

coefficient of friction for all MoS2 concentrations. The effect of surfactant was more 

pronounced at lower MoS2 concentrations. The increase in surfactant concentration of the 

electrolyte, reduced particle agglomeration and led to more homogeneous distribution of 

particles that increased the effect of MoS2 [9, 90, 91].  

 

 

 

 
 

Figure 4.27 The crystal lattice showing the layered structure of the MoS2 crystal [158]  

 

 

 

Figure 4.30 also shows the interaction effects of surfactant and MoS2 amounts according to 

results of the first 6 experiments given in Table 4.5. Increasing the amount of surfactant in 

the bath decreased the coefficient of friction for all MoS2 concentrations. The effect of 

surfactant was more pronounced at lower MoS2 concentrations. The increase in surfactant 

concentration of the electrolyte, reduced particle agglomeration and led to more 

homogeneous distribution of particles that increased the effect of MoS2 [9, 90, 91]. 

 

 

 

 

http://www.substech.com/dokuwiki/doku.php?id=fundamentals_of_adhesive_bonding&DokuWiki=e65ee76bb43356bbd949d952907fa755#adherence
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Table 4.5 The plating conditions and the average friction coefficients of the Ni-MoS2 

electrocodeposited AISI 304 stainless steel specimens 

 

Experiment No MoS2 amount (g/L) MoS2 size (µm) SLS amount (g/L) µ 

1 5 1.440 1 0.51 

2 5 1.440 0.3 0.66 

3 10 1.440 1 0.46 

4 10 1.440 0.3 0.49 

5 30 1.440 1 0.41 

6 30 1.440 0.3 0.40 

7 5 1.440 0.05 0.45 

8 30 5.156 0.3 0.42 

9 5 5.156 0.05 0.60 

 

 

 

 
 

Figure 4.28 Variation of the friction coefficients of uncoated and Ni-plated stainless 

steel as a function of number of laps 
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Figure 4.29 Variation of the friction coefficients of composite coatings that have 

experiment numbers from 1 to 6 as a function of number of laps coating specimens 

 

 

 

 
 

Figure 4.30 Variation of the friction coefficients of composite coatings that have 

experiment numbers  
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The interaction plot of MoS2 particle size and concentration are exhibited in Figure 4.31 

according to experiments 6, 7, 8 and 9 where surfactant amount was 0.01 g/g MoS2. From 

the figure it can be seen that increasing MoS2 content and decreasing MoS2 size decreased 

the friction coefficient and the effect of MoS2 amount is overwhelming. This result is 

supported by the regression equation:  

 

                                                µ  =  0.522  +  0.0770 A  -  0.114 B                                      (18) 

 

where A and B are the size and the concentration of MoS2 particles, both varying between 0 

and 1 where 0 corresponds to 1.44 µm for size and 10 g/L for concentration and 1 

corresponds to 5.156 µm for size and 30 g/L for concentration. It should be noted that, above 

equation is obtained for parameters within the limits covered in this study, because 

incorporated particles in the deposits increase with increase in MoS2 concentration of the 

electrolyte up to a limit, beyond which particle settling is observed  [3, 13, 87].  

 

 

 

 
 

Figure 4.31 Effect of surfactant and MoS2 concentration of the electrolyte on the 

average coefficient of friction of Ni-MoS2 composite coatings 
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Figure 4.32 Interaction plot of MoS2 size and amount 

 

 

 

Volume loss is the scientific way of measuring wear [157]. The wear volumes of the 

specimens that were subjected to the pin-on-disk tests were calculated by measuring the 

widths of the wear tracks under the optical microscope according to ASTM standard G99 

[129]. There was no noticeable wear on the contact surfaces of the 100Cr6 balls used for the 

wear testing of the coatings produced. As an example, an optical image showing a part of the 

wear track of the experiment 3 specimen is given in Figure 4.33. Continuous and wide 

grooves parallel to sliding direction seen in Figure 4.33 can be attributed to plastic 

deformation under loading that is indicative of poor wear resistance [81]. Table 4.6 gives the 

calculated worn volumes, wear rates and the corresponding MoS2 contents of the plating 

solutions. The results show that wear rate is proportional with MoS2 (known as soft 

lubricating material [158]) concentration in the bath. As the amount of MoS2 in the coating 

increases it becomes easier to wear it out because of the soft nature of MoS2. The same trend 

was observed by Huang and Xiong [13]. It is known that the hard coatings that increase wear 

resistance lead to high friction coefficients. Moreover, improperly matched particle sizes 

may also result in decrease in the wear resistance.  

 

Another way of determining the volume loss is to measure the wear track profile area. As an 

example, the average cross-sectional areas were calculated from 3 measurements for three 

experiments within 20 % deviation (no:1, 3 and 4) and the volume losses given in Table 4.7 

were calculated by multiplying the average cross-sectional area of each wear track with the 

circumferential contact length (12.57 mm). It was observed that the worn volumes found by 

two different methods were following the same trend and may be considered consistent to 
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each other when small wear volumes are compared. The cross-sectional wear track profiles 

for the experiments 1, 3 and 4 are given in Appendix B. 

 

 

 

 
 

Figure 4.33 An optical image of a part of the wear track of the Ni-MoS2 composite 

coating electrodeposited from the electrolyte containing 10g/L MoS2 and 1g/L SLS  

 

 

 

Table 4.6 Calculated volume losses and wear rates 

 

Experiment No Wear Volume (mm
3
) Wear Rate (mm

3
/N.m) 

1 0.0048 0.000094 

2 0.0086 0.000168 

3 0.0387 0.000759 

4 0.0575 0.001126 

5 0.0679 0.001329 

6 0.0686 0.001342 

 

 

 

Table 4.7 Volume losses calculated using wear track profiles 

 

Experiment No Volume Loss (mm
3
) 

1 0.0072 

3 0.0241 

4 0.0700 
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CHAPTER 5  

 

 

CONCLUSION 

 

 

 

The effects of deposition parameters on the peak current density (ip) for the hydrogen 

evolution reaction during the electrodeposition of Ni and Ni-MoS2 composits were studied 

by fractional factorial design. Interaction effects for the parameters were evaluated including 

the effects of three commonly used mineral processing surfactants sodiumlignosulfonate 

(SLS), ammoniumlignosulfonate (ALS) and Depramin C (DC). It was found that adding 

MoS2, decreasing acidity and decreasing temperature lead to a decrease in ip for all of the 

surfactants. Moreover, addition of the anionic surfactants ALS, DC increased and SLS 

decreased ip. Moreover, temperature, pH and all surfactants decreased the peak voltage (Vp). 

However, MoS2 addition increased Vp when DC was added and decreased Vp  when SLS or 

ALS was added to the solution. 

 

The effects of basic electroplating parameters and particle addition on the internal stress of 

Ni and Ni-MoS2 composite coatings were determined by following the routes of a statistical 

experimental design. The incorporation of MoS2 particles decreased the internal stress. 

Presence of these particles even changed the nature of the stress from tensile to compressive. 

Both temperature and current density did not have an important effect on the internal stress. 

Whereas low pH and high coating thickness led to a decrease in the value of internal stress.  

 

The effects of surfactants (SLS, ALS and DC) on the internal stress were insignificant. More 

homogeneous distribution of MoS2 particles was obtained in the deposited layer when SLS 

was added to Watts bath.  

 

According to XRD results, the weight percent of MoS2 was 6.3 that corresponds to 10 

volume percent in the deposit when 10 g/L MoS2 was added to the Watts bath. The 

microstructural analysis and EDX results confirm the findings from XRD. 

 

Tribological behavior of Ni-MoS2 composite coatings electrodeposited from electrolytes by 

using three different concentrations of MoS2 and two different surfactant (SLS) amounts was 

investigated under dry sliding conditions. The wear resistances were inversely proportional 

to MoS2 amount in the solution. Increase in the MoS2 content and surfactant amount 

significantly decreased the friction coefficients of the deposits. In addition, increasing MoS2 

content decreased the effect of surfactant. 
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Original Contributions 

In this thesis, the influence of the electroplating parameters and their interactions on 

hydrogen evolution reaction (HER) and the internal stress were studied during the 

electrodeposition of Ni and Ni-MoS2 composite coatings by fractional factorial design 

(FFD). In the previous studies the interaction effects of parameters were not considered and 

only the effect of parameters on MoS2 content in the deposit was investigated. 

 

Present research adds results to previous and ongoing work on the decreasing effect of MoS2 

in composite coatings on friction coefficient. Present study supplies results of investigations 

on the effects of the surfactant and its amounts on the friction coefficient. 

 

In this study, homogeneous distribution of MoS2 particles was observed with addition of 

surfactant sodiumlignosulfonate which was not examined in the previous studies. 

 

 

Suggestions for Futurework 

As was discussed in the thesis, MoS2 particles have an important effect on decreasing the 

friction coefficient but wear properties are not pleasant. To improve wear porperties together 

with frictional properties other particles like W, SiC or other hard particles can be added to 

the Watts bath. 

 

Effects of electroplating parameters and MoS2 and /or other particle addition on texture 

formation and effect of texture on tribological properties can be studied. 
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APPENDIX A 

 

 

THE VOLTAMMOGRAMS FOR 16 EXPERIMENTS AT 100 mV/s SCAN RATE 

VALUES 

 

 

 

 
 

Figure A.1 The voltammograms for experiments 1, 2, 4 and 7 
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Figure A.2 The voltammograms for experiment 3 using surfactants SLS, DC and ALS 

 

 

 

 
 

Figure A.3 The voltammograms for experiment 5 using surfactants SLS, DC and ALS 
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Figure A.4 The voltammograms for experiment 6 using surfactants SLS, DC and ALS 
 

 

 

 
 

Figure A.5 The voltammograms for experiment 8 using surfactants SLS, DC and ALS 
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Figure A.6 The voltammograms for experiment 9 using surfactants SLS, DC and ALS 

 

 

 

 
 

Figure A.7 The voltammograms for experiment 12 using surfactants SLS, DC and ALS 
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Figure A.8 The voltammograms for experiments 10, 11, 14 and 15 

 

 

 

 
 

Figure A.9 The voltammograms for experiment 13 using surfactants SLS, DC and ALS 
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Figure A.10 The voltammograms for experiment 16 using surfactants SLS, DC and 

ALS 
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APPENDIX B 

 

 

CROSS-SECTIONAL WEAR TRACK PROFILES 

 

 

 

 
 

Figure B.1 Wear track profile for experiment 1(measurement 1) 

 

 

 

  

Figure B.2 Wear track profile for experiment 1(measurement 2) 
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Figure B.3 Wear track profile for experiment 1(measurement 3) 

 

 

 

 

Figure B.4 Wear track profile for experiment 3(measurement 1) 
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Figure B.5 Wear track profile for experiment 3 (measurement 2) 

 

 

 

 
 

Figure B.6 Wear track profile for experiment 3(measurement 3) 
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Figure B.6 Wear track profile for experiment 4 (measurement 1) 

 

 

 

 
 

Figure B.7 Wear track profile for experiment 4 (measurement 2) 
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Figure B.8 Wear track profile for experiment 4 (measurement 3) 
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