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RÉSUMÉ 

Le développement de revêtements à haute performance contre l'usure et la corrosion est très 

important pour économiser de l'énergie dans de nombreuses applications industrielles, 

prolonger la durée de vie de divers composants d'ingénierie et également pour protéger les 

pièces contre diverses défaillances telles que l'usure, la corrosion, l'oxydation et la fatigue sous 

une grande variété de circonstances. 

Parmi les différentes techniques de fabrication de revêtements telles que le dépôt chimique en 

phase vapeur (CVD), le dépôt physique en phase vapeur (PVD) et l'électrodéposition, cette 

dernière a été largement acceptée pour l'ingénierie de la surface. En effet, celle–ci confère des 

propriétés d'usure et de corrosion souhaitables en raison de sa moindre complexité et de son 

coût relativement faible. . L'avantage unique de la technique d'électrodéposition par rapport aux 

autres méthodes de fabrication est une meilleure liaison interfaciale entre le matériau de 

revêtement et le substrat, et un contrôle précis de l'épaisseur et de la composition chimique des 

revêtements en modifiant de manière appropriée les paramètres de dépôt tels que le potentiel 

ou le courant. 

Le chrome électrodéposé, en particulier le chrome dur (HCr), a été utilisé dans diverses 

industries telles que l'automobile, l'aérospatiale et les industries minières en raison de son 

excellente dureté, de ses performances d'usure, de ses propriétés anticorrosion et de son faible 

coefficient de frottement. Cependant, pendant le processus d'électrodéposition, de la fumée de 

chrome hexavalent (Cr6+) est générée, qui est extrêmement toxique et dangereuse pour 

l'environnement. Le tungstène–nickel électrodéposé (NiW), au contraire, s'est avéré être le 

meilleur remplacement possible des revêtements HCr existants en raison de ses performances 

exceptionnelles en matière de dureté, de corrosion et d'usure. 

Ces dernières années, les composites à matrice métallique (MMC) avec d'excellentes 

performances, ont été largement utilisés dans les applications aérospatiales, automobiles et 

électroniques. Il convient également de mentionner que l'incorporation de particules céramiques 

insolubles (telles que le carbure de silicium (SiC), le dioxyde de cérium (CeO2) et le nitrure de 

bore hexagonal (hBN) dans la matrice NiW pourrait encore améliorer les performances 

mécaniques, tribologiques et de corrosion du Revêtements NiW en raison de la dureté 

extrêmement élevée du SiC, du très faible coefficient de frottement du hBN, ainsi que des 

propriétés anticorrosion du SiC, du CeO2 et du hBN. 
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Dans ce travail de recherche, un processus d'électrodéposition spécial utilisant une forme d'onde 

de courant inverse pulsé (PRC) bien conçue, et une chimie de bain spécialement formulée, a 

été utilisée pour produire un revêtement nano–structuré de nickel–tungstène (NiW). Le 

matériau résultant doit démontrer des performances de corrosion et de tribologie 

exceptionnelles par rapport au NiW classique électro–déposé en courant continu à partir de 

bains de dépôt contenant des ingrédients similaires, notamment une source d'ions nickel, un 

agent complexant, un réducteur de contrainte, un azurant, un affineur de grain, et un agent 

mouillant. Le NiW déposé par DC, présentait une structure de phase amorphe dominante, tandis 

que le NiW déposé à partir de la même chimie de bain, mais en utilisant la forme d'onde PRC 

a démontré une structure principalement cristalline avec de meilleures performances de 

corrosion et de tribologie. 

De plus, des charges céramiques, comprenant des particules d'oxyde de cérium (CeO2), de 

carbure de silicium (SiC) et de nitrure de bore hexagonal (hBN) ont été ajoutées dans la chimie 

du bain NiW pour produire des composites de NiW–CeO2, NiW–SiC, NiW–hBN, NiW–SiC–

CeO2 et NiW–SiC–hBN par des procédés d'électrodéposition DC. De plus, la microstructure, 

la corrosion et les performances tribologiques des composites NiW–SiC, NiW–CeO2 et NiW–

SiC–CeO2 électro–déposés par PRC ont été comparées à celles de la forme d'onde CC. L'ajout 

de SiC, CeO2 et hBN sur l'amélioration de la corrosion et des performances tribologiques de 

NiW a été déterminé. Différents tests de corrosion électrochimique, notamment des tests de 

polarisation potentio–dynamique (PP) et de polarisation potentio–dynamique cyclique (CPP), 

ont été utilisés pour évaluer les performances de corrosion des dépôts. La spectrométrie de 

masse des ions secondaires à temps de vol (TOF–SIMS) et la spectroscopie photo électronique 

à rayons X (XPS) ont été utilisées pour étudier les divers produits de corrosion sur les dépôts. 

La diffraction des rayons X (XRD) et la microscopie électronique à transmission (TEM) ont été 

employées pour analyser la structure granulaire des revêtements. De plus, les propriétés 

tribologiques, y compris la dureté et la résistance à l'usure des dépôts, ont été étudiées. 
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ABSTRACT 

The development of high wear and corrosion performance coatings is very crucial to save 

energy in many industrial applications, extend the lifetimes of various engineering components, 

and also to protect the parts against various failures such as wear, corrosion, oxidation, and 

fatigue under a wide variety of circumstances.  

Among the different coating fabrication techniques such as chemical vapor deposition (CVD), 

physical vapor deposition (PVD), and electrodeposition, the latter has received widespread 

acceptance for engineering the surface to impart desirable wear and corrosion properties owing 

to its less complexity and relatively low cost. The unique advantage of the electrodeposition 

technique over the other fabrication methods is improved interfacial bonding between the 

coating material–substrate and precise controlling of the thickness and chemical composition 

of the coatings by suitably altering the deposition parameters such as potential or current. 

Electrodeposited chromium, especially hard chrome (HCr) has been used in various industries 

such as automobile, aerospace, and mining industries due to its excellent hardness, wear 

performance, anticorrosion properties, and low coefficient of friction. However, during the 

electrodeposition process, hexavalent chromium (Cr6+) fumes are generated which are 

extremely toxic and hazardous to the environment. The electrodeposited nickel tungsten (NiW), 

on the contrary, was found to be the best possible replacement for the existing HCr coatings 

due to its outstanding hardness, corrosion, and wear performance.   

In recent years, metal matrix composites (MMCs) with excellent performance, have been 

widely used in aerospace, automotive, and electronics, applications. It is also noteworthy to 

mention that the incorporation of insoluble ceramic particulates (such as silicon carbide (SiC), 

cerium dioxide (CeO2), and hexagonal boron nitride (hBN)) into NiW matrix could further 

improve the mechanical, tribological, and corrosion performance of the NiW coatings owing to 

the extremely high hardness of SiC, the very low friction coefficient of hBN, along with 

anticorrosion properties of SiC, CeO2, and hBN.  

In this research work, a special electrodeposition process utilizing a well–designed pulsed 

reverse current (PRC) waveform and specially formulated bath chemistry was used to produce 

a nanostructured coating of nickel–tungsten (NiW). The word “special electroplating process 

“refers to a customized process including: 
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1) Using defined ingredients (types and concentrations) to make up the electroplating bath

solution. The ingredients included the followings:

 A source of metallic ions to be deposited (Ni and W) through the addition of their

appropriate salts for example; nickel sulfate and sodium tungstate

 An appropriate stress reducer to minimize the residual stress within the deposited

material. The well-known stress reducers used in overall nickel-plating processes

are based on benzothiazole derivatives. For this work, low-cost and commercially

available sodium salt of 6,2-benzothiazol-1,1,3-trione known as sodium saccharin

was selected.

 An appropriate surfactant to provide a complete wetting of substrate and to eliminate

pores formation resulting from hydrogen bubbles adsorption onto the substrate

surface. There is a variety of such surfactants available on the market. The selection

of surfactant type for this work was based on solubility in the plating solution,

effectiveness in reducing porosity as well as the cost

 An appropriate grain refiner and brightener to ensure uniform deposition across the

substrate surface. In general, there are a variety of such additives commercially

available for nickel plating. Among them are the additives based on the propargyl

skeleton. Examples are: RALU®PLATE HBOPS-Na, RALU®PLATE POPS-

liquid, RASCHIG RALU®PLATE PPS, and RALU®PLATE PPS-OH; However,

the manufacturer of these additives (Raschig Inc) does not disclose the exact

composition of such additives. Considering the fact that all these typical grain

refiners/brighteners belong to the propargyl family and also knowing that the

existence of the -C≡C- bond within the molecular skeleton plays an important role

as a grain refiner and brightener (especially if this triple carbon-carbon bond exist

at the end of the molecular chain), POPDH (Propargyl-oxo-Propane-2,3-Dihydroxy)

was selected for this work. This chemical is also commercially available

2) Using an optimized electroplating bath temperature to keep a high deposition rate and

at the same time not to degrade the composition and properties of the coated material.

3) Using appropriate agitation mode to create a uniform flow pattern across the plating

bath to ensure uniform current density distribution across the substrate being plated as

well as uniform thickness of the deposited material throughout the substrate without

forming any porosity.
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The resulting material should demonstrate outstanding corrosion and tribological performances 

compared to classic DC electrodeposited NiW from deposition baths containing similar 

ingredients including the source of nickel ions, complexing agent, stress reducer, brightener 

and grain refiner, and wetting agent. DC deposited NiW displayed a dominant amorphous phase 

structure; whereas, the NiW deposited from the same bath chemistry but using PRC waveform 

demonstrated mostly crystalline structure with better corrosion and tribological performances.  

In addition, ceramic fillers including cerium oxide (CeO2), silicon carbide (SiC), and hexagonal 

boron nitride (hBN) particles were added into the NiW bath chemistry to produce composites 

of NiW–CeO2, NiW–SiC, NiW–hBN, NiW–SiC–CeO2, and NiW–SiC–hBN through DC 

electrodeposition processes.  

As well, the microstructure, corrosion, and tribological performances of PRC–electrodeposited 

NiW–SiC, NiW–CeO2, and NiW–SiC–CeO2 composites were compared to that of DC 

waveform. The addition of SiC, CeO2, and hBN on the improvement of the corrosion and 

tribological performances of NiW was determined. Various electrochemical corrosion tests 

including potentiodynamic polarization (PP) and cyclic potentiodynamic polarization (CPP) 

tests were employed to evaluate the corrosion performances of the deposits. Time–of–Flight 

Secondary Ion Mass Spectrometry (TOF–SIMS) and X–ray Photoelectron Spectroscopy (XPS) 

were used to investigate the various corrosion products on deposits. X–ray diffraction (XRD) 

and transmission electron microscopy (TEM) were used to analyze the grain structure of the 

coatings. As well, tribological properties including the hardness, and wear resistance of the 

deposits were investigated. 
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CHAPTER 1 INTRODUCTION 

Electrodeposited chromium (Cr) coatings have found extensive engineering applications due to 

their excellent corrosion and wear resistance properties. [1] The intrinsic properties of Cr such 

as high hardness and low friction coefficient have provided excellent wear and erosion 

resistance for many industrial applications such as aircraft landing gear, helicopter dynamic 

components and propeller hubs, hydraulic actuator rods and cylinders, gas turbine engines, etc. 

[1] The electrodeposition process of Cr coating as well as its properties and performance have

been established very well in many industrial applications. [2] In fact, material designers 

specify Cr as a reference/standard material for protective coating in many applications due to 

its minimal performance risks. However, in some particular applications, their performance 

may not be adequate, and it may just be considered a coating with the most available data. 

Despite many beneficial properties and low production costs associated with electrodeposition 

of Cr, the electrolyte used for electrodeposition contains toxic hexavalent chromium Cr(VI) 

ions. As well, the electrodeposition of Cr suffers from low electrolyte efficiencies resulting in 

low deposition rate, high energy consumption, and formation of toxic hexavalent chromium 

vapors. As well, their intrinsic brittleness may cause formation of micro– or macro–cracks 

within deposits. Although these cracks may not influence the wear and erosion performance, 

but they diminish the corrosion resistance of the coatings. Therefore, researchers have made 

extensive efforts into finding an alternative solution. Moreover, Cr deposits may weaken the 

fatigue resistance of engineering as a result of residual tensile stresses and cracks. [3,4] 

Extensive research has been performed to explore alternative technologies and materials to 

electrodeposition of chromium. Examples are: thermal spray, plasma vapor deposition, 

electroless and electrodeposition of Cr–free coatings. Over the last decade, thermally sprayed 

tungsten carbide–cobalt (WC–Co) and tungsten carbide–cobalt–chromium (WC–Co–Cr) 

coatings have been approved by the Hard Chromium Alternatives Team (HCAT) accepted by 

aerospace industry and other low–volume and line–of–sight coating applications. However, for 

high–volume production and non–line–of–sight deposition process, electrodeposition has been 

proved as feasible, more appropriate, and more economically viable technology. Traditionally, 

majority of electrodeposition process has been based on nickel (Ni) and its alloys. Nickel (Ni) 

is the most commonly used metal in electrodeposition as the continuous metallic phase due to 

several factors such as availability, cost, feasibility of deposition, and its unique properties. [1] 

However, nickel itself is moderately resistant to corrosion and its resistance can be improved 
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when it is alloyed with other transition metals such as copper, molybdenum, chromium, iron, 

tungsten, etc. Among such materials, NiW alloys have drawn considerable attention in recent 

years in a broad range of engineering applications. [5] It is also noteworthy to mention that 

presence of insoluble ceramic particulates such as SiC, CeO2 and hBN within the NiW matrix 

could greatly enhance the mechanical, tribological and corrosion properties of the coating and 

this could be possibly due to extremely high hardness of SiC, very low friction coefficient of 

hBN, and the great role of SiC, CeO2, and hBN as physical barriers to anodic faradaic current 

flow.  

In this research work, NiW alloy was selected as an interesting metallic matrix for producing 

its composite with ceramic particles including SiC, CeO2 and hBN. It was shown that the 

electrodeposition of NiW alloy from specially formulated bath chemistry and optimized 

deposition conditions could generate coatings with outstanding tribological and corrosion 

properties. These materials may be considered suitable candidates as alternatives to 

carcinogenic and hazardous chromium hexavalent Cr (VI) based coatings. [6] SiC particles 

were selected due to their interesting properties such as high hardness, high thermal stability, 

and excellent oxidation resistance. hBN particles were selected due to their extremely low 

friction of coefficient, and CeO2 particles were selected due to the outstanding corrosion 

protection properties. CeO2 is the most stable cerium oxide in which, cerium has oxidation state 

of +4 which is more stable than the another oxidation state i.e., Ce+3. [7]  To our best knowledge, 

electrodeposition of NiW reinforced with CeO2, SiC, and hBN particles is a new material and 

no research has been done to explore the corrosion and tribological properties of such deposit. 

Watts’s bath with addition of an appropriate source of tungstate ions such as sodium 

tungstate was initially used to obtain NiW coatings. The bath contained a mixture of nickel 

sulfate and nickel chloride, boric acid, together with some additives as brighteners and stress 

reducers. The operating pH of these typical electrolytes was limited to a narrow range due to 

pH dependency of the precipitation of nickel hydroxide and nickel tungstate. Later, it was 

realized the use of citrate ions in electrolyte improves the stability of electrolyte as well as the 

properties of the deposits. The electrolyte contained nickel sulfate as source of nickel ions, 

sodium tungstate as source of tungstate ions, and trisodium citrate as complexing agent for both 

nickel and tungstate ions. It was reported that the addition of ammonium ions citrate based 

electrolytes improves the cathodic current efficiency. The concentration ratio of citrate to 

ammonium ions in electrolyte could also influence the properties of the deposits. [8, 9] 
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Electrolytes based on sulfamate–citrate have been also reported. It was shown that the solution 

pH had significant influence on the W content, microhardness, and grain size of deposits. The 

sulfamate based bath produces NiW deposits with low residual tensile stress. [10, 11] Matsui 

et al. [12] reported a sulfamate based bath containing nickel sulfamate and nickel chloride as 

sources of nickel ions, sodium tungstate as a source of tungstate ions, and propionic acid as 

complexing agent. Other reported electrolytes were based on different types of complexing 

agents such as gluconate, glycine, and triethanolamine. It was reported that the most cathodic 

current efficiency and the highest W content were achieved by using a mixture of these three 

complexing agents. It was also reported that the NiW deposits obtained from an electrolyte 

containing a mixture of citric acid and glycolic acid displayed substantially higher hardness, 

wear and corrosion resistance compared to those obtained from citrate baths.  

Alloys of tungsten (W) are famous for their good corrosion performance and excellent 

tribological and mechanical properties. It was found that the hardness of electrodeposited NiW 

alloys is quite higher (almost 2–3 times) than that of pure nickel (Ni) [7, 13]. NiW containing 

10 wt.% of W produced deposits with microhardness of approximately 600 Vickers that was 

increased up to 800 Vickers after annealing at 650oC. Attempts have been made to 

electrodeposit nano–crystalline NiW where the W component controls the grain size of Ni 

resulting in the enhancement of tribological, and mechanical properties [13, 14]. However, in 

some study it was realized that NiW deposit with an average grain size of 5–63 nm 

demonstrated higher corrosion rate in acidic solution (pH 3) than in alkaline (pH 10) containing 

3.5 wt.% NaCl environments. The observation was explained by the fact that the corrosion 

performance of nano–crystalline NiW is controlled by two main competing factors: (1) W 

content that promotes the formation of passivation film and (2) the total surface areas of grain 

boundaries considering the fact the grain boundaries act as the active locations for corrosion 

reaction. [15] 

NiW alloys have found many applications such as barrier coating in electronics, corrosion and 

wear protection on many engineering tools. NiW alloy was used in hot embossing and injection 

molding processes where the use of metallic microstructures as mold inserts requires materials 

with high hardness and good wear performance in order to obtain the replication into polymers 

and ceramics. It was reported [16] that NiW alloys displayed improved corrosion resistance, 

wear resistance, and catalytic activity for hydrogen. It was shown [17,18] that the content of W 

in the electrodeposited NiW alloy has substantial effect on hardness, wear– and corrosion 
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resistance of the deposit. From our knowledge, no work on the microstructure properties and 

applications of NiW containing SiC and CeO2 has been reported in the literature until now. 

Nickel–tungsten composite coatings usually are deposited from Watts type or sulfamate bath 

by reinforcing different nanoparticles (i.e. SiC [6, 19], SiO2 [20], CeO2 [20, 21], WC [22], 

Diamond [11, 23], Al2O3 [24, 25, 26, 27, 28], GO (Grapheme oxide) [29, 30, 31], B4C [32], 

PCTFE (Polychlorotrifluoroethylene) [33], TiC [34], CrO2 [35], Sil (Silicate) [36], B (Boron) 

[37, 38], MWCNT [39, 40], BN (Born nitride) [41, 42, 43], TiO2 [49], ZrO2 [43, 44, 45, 46, 47, 

48, 49, 50], Co (Cobalt) [51, 52, 53], Cu (Copper) [24, 54], Si3N4 [43, 55], TN [43, 50, 56, 57], 

Y2O3 [58], and PTFE [59, 60, 61]). 

In general, co–deposition process is governed by electrophoretic migration of dispersed 

metallic, or non–metallic particles (micron, or sub–micron size) in the electrolyte followed by 

incorporation of these particles into a metal deposit [62, 63]. Currently, there are two models 

developed for co–deposition of solid particles into the metal matrix, Guglielmi and Kurozaki, 

in which Guglielmi’s model is the most adopted one since it has been checked with different 

co–deposition systems such as: Ni−SiC, Ni−TiO2, Ni– Al2O3, Cu–Al2O3, Cr–C, Zn–Ni 

particles, Co–SiC, and Ni–MoS2. Guglielmi model is based on a two–step adsorption process. 

The first step involves loose physical adsorption of the charged solid particles on the cathode 

surface by Vander Walls forces and the second steps involve strong electrochemical adsorption 

and entrapment of these particles by Coulomb force within the metal matrix. The main 

drawback of this model is that it does not consider the particle characteristics and mass transfer 

effect (e.g. nature of particle, the bath components, the hydrodynamic conditions. etc) during 

electrodeposition process. [62, 63] 

A widely accepted model developed by Kurozaki, includes the movement of the solid particles 

from the solution to the cathode surface by agitation. [62, 63] 

This model is developed in the following steps: 

(1) Uniform dispersion and transportation of solid particles to the electric double layer by 

mechanical agitation 

(2) Transportation of the Charged particles to cathode surface by electrophoresis. 

 

(3) Adsorption of solid particles at cathode surface by Columbic force between particles 

and adsorbed anions followed by incorporation of the particles into growing metal. 
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Figure 1.1 represents five consecutive steps of co–deposition process. The regions include: 

formation of ionic clouds around the particles; convection movement towards the cathode 

(convection layer, typical length < 1 mm); diffusion through a hydrodynamic boundary layer 

(diffusion layer, typical dimensions of hundreds of μm); electrical double layer (typical 

dimensions of nm) followed by adsorption and incorporation of particles. [64] 

Figure 1.1 Mechanisms of particle co–deposition into a metal deposit. [64] 

The major advancement in this field was made during the 1960–1970s especially in Europe 

mainly for seeking of various coating materials with outstanding wear performance due to the 

increasing demands for automotive and aerospace applications. Most publications during these 

years were related to electrodeposition of composite Ni or cobalt (Co) reinforced with hard 

ceramic particles such as silicon carbide (SiC) and tungsten carbide (WC). One example was 

the development of nickel (Ni)–SiC composite for automotive engine related applications by 
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BWM and Porsche. [65] Later during the 1970s, electrodeposition of composite coatings based 

on Ni reinforced with alumina (Al2O3), graphite, and polymeric fillers such as 

polytetrafluoroethylene (PTFE) for tribological applications and corrosion protection became 

attractive [66]. Nowadays, the concept of electrodeposition of composite coatings has gained 

recognition in the field of metal finishing and obtained a great deal of interests by research 

sectors in various industries to invest on further development of such materials through 

electrodeposition process [66]. A great variety of ceramic, organic, and diamond particles have 

been used as the dispersed phase within Ni matrix [67]. In recent years, electrodeposition of 

NiW composites have received a great deal of attention due to its impressive corrosion and 

wear resistance compared to other electrodeposited Ni based alloys in composite with fillers. 

[68] Electrodeposited NiW reinforced with SiC particles in which the properties of deposited

NiW were enhanced by co–depositing with SiC [36, 61, 69, 70, 71, 72, 73, 74] has been reported 

in literature. As well, extensive research works on electrodeposition of NiW for various 

industrial applications have been published. [6] There are also few publications describing the 

electrodeposition of NiCe with enhanced corrosion properties of Ni resulting from co–

deposition of Ce. [75] 

Hosseini et al. [76] investigated the corrosion performance of DC electrodeposited NiW–SiC 

composite coatings as well as the influence of SiC particle concentration in the plating bath on 

the composition of composite coatings. It was found that addition of SiC particle into NiW 

matrix had a significant influence on the morphology, chemical composition, and corrosion 

performance of the coatings. The resultant NiW–SiC coatings were smoother, and more 

corrosion resistant compared to NiW coatings presumably due to the lower dissolution rate of 

nickel and tungsten of the alloy coating. Allahyarzadeh et al. [77] reported the corrosion 

performance of multilayer PRC electrodeposited NiW coating on carbon steel substrates. The 

coating was composed of two nickel–tungsten layers with alternating chemical compositions 

of 25 wt% and 11 wt%. Despite the fact that multilayer coatings possessed considerable 

resistance against pitting corrosion, corrosion resistance was reduced in the presence of chloride 

ions due to preferential dissolution of nickel and decrease in passive region area. However, the 

multilayer coating had higher corrosion resistance compared to monolithic coatings. 

The applied current waveform can be either direct current (DC), pulse current (PC), or pulse 

reverse current (PRC). DC electrodeposition method by far is the most convenient and cost 

efficient method of electrodeposition. However, it requires the use of additives to control the 
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microstructure and properties as well as current distribution. Generally, the coatings developed 

by DC method are non–uniform and brittle. [78] 

During the DC electrodeposition process, the negatively charged layer formed around the 

cathode charges to a certain thickness preventing the approach of ions towards the substrate, 

whereas in PC electrodeposition process, this layer is discharged periodically during the TOFF. 

The discharge of the layer allows the ions pass through the layer and approaches the substrate. 

The locations in electrodeposition bath with higher current density are depleted from the ions 

faster than the locations with lower current densities. The OFF–time of the pulse allows the 

ions to migrate towards the depleted areas. Therefore, ions with more uniform distribution will 

be available for reduction during the TON [78–79]. Figure 1.2 represents a schematic diagram 

of a typical pulse current waveform. 

 

 

                    Figure 1.2 A schematic diagram of a typical pulse current waveform. 

 

In PC method, the three independent parameters (i.e. TOFF, TON, and Ip) can be varied to 

obtain a deposit with desired properties. In PC method, the duty cycle (γ) is described as the 

percentage of total time of a cycle: [80] 

 

Duty cycle = 
TON

TON+TOFF
 = TON × f                        (1) 

Where f is frequency or the reciprocal of the cycle duration (T): 
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f = 
1

TON+TOFF
= 

1

𝑇
(2) 

The deposition rate of the PC and DC will be the same if the average applied current density 

(IA) in PC is equivalent to the applied current density in DC electrodeposition process. The 

average applied current density in PC is described by equation (3): 

IA = IP × γ (3) 

In recent years, pulsed reverse current (PRC) electrodeposition method has gained a 

considerable attention from researchers and industry since it offers a higher level of control 

over the chemical composition and deposit structure by appropriate selection of the 

electrodeposition parameters with minimal additive consumption. In PRC method, the applied 

current is interrupted and a reversed current is introduced into the electrodeposition cycle for a 

certain duration. The diffusion layer is replenished in similar to PC process. As well, the 

protrusions on the surface selectively are dissolved during the reverse resulting in more uniform 

deposit. The introduction of PRC waveform with high frequency may reduce or eliminate the 

use of additives in electrodeposition bath chemistry. Some of these additives may have negative 

impact on ductility and electrical conductivity of electrodeposited material. Figure 1.3 displays 

a typical reversed pulse current waveform. 

Figure 1.3 A schematic diagram of a typical reversed pulse current waveform. 
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. 

It should be stated that there are two notable parameters in PRC process: average current and 

duty cycle. Average current density (I*A) is described by the following equation: [81] 

I*A = 
𝐼(𝑓) × 𝑡(𝑓)−𝐼(𝑟) × 𝑡(𝑟)

𝑡(𝑓) + 𝑡(𝑟)
(4) 

Where I(f) is the forward current density, I(r) is the reversed current density, t(f) is the duration 

of the forward pulse, and t(r) is the duration of the reversed pulse. The duty cycle in PRC 

electrodeposition is calculated by the following equation: 

Y* = 
𝑡(𝑓)

𝑡(𝑓)+𝑡(𝑟)
(5) 

The coatings obtained by PRC technique are more compact and uniform due to their finer grain 

size and they also exhibit better mechanical and corrosion properties compared to DC and PC 

electrodeposited coatings. The PRC changes the concentration of ions by adsorption and 

desorption at the interface of cathode and electrolyte. Deposition and dissolution occur during 

the cathodic and anodic cycle, respectively.  Therefore, the composition, microstructure and 

properties of the deposited material are altered.   

It has been also reported that PRC deposited coatings with high tungsten content generate 

crack–free coatings with lower defects compared to those produced by DC with the same 

tungsten content. The main cause for cracking of DC deposited NiW with high tungsten content 

was attributed to formation of residual tensile stress as a result of hydrogen evolution over the 

cathode, whereas in PRC technique, the evolved hydrogen is consumed during the anodic or 

reversal scan through its re–oxidation on the surface of cathode. [77, 82–83] 

NiW composite coatings exhibit better corrosion resistance compared to pure nickel and nickel 

tungsten coatings. It has been found that the co–deposition of the nickel and nickel tungsten 

with solid particles inhibits the crystal growth of nickel and promotes new nucleation sites. This 

will lead to a fine–grain structure and thus effectively enhances the corrosion resistance of the 

coating. Addition of these particles will also act as physical barriers against initiation and 

propagation of corrosive pits by decrease of corrosion current density and shifting the corrosion 

potential of composite coatings towards nobler values. [84, 85, 86] 
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Pitting corrosion is a localized breakdown of the passive film as a result of accelerated 

dissolution of the material. The formation of passive films on many engineering metallic 

materials provides better corrosion protection substantially. [87–88] However, the passive films 

on metal surface can breakdown locally resulting in exposure of the unprotected underneath 

metal. Cyclic potentiodynamic polarization (CPP) technique is a rapid method used for 

qualitatively evaluating the susceptibility of a metal to localized corrosion in a corrosive 

environment. During the cyclic polarization test, the potential is scanned in anodic direction and 

then the scan direction is reversed once the measured current density approaches a certain value. 

[87–89] The pitting characteristics of specimen are represented by the size and position of the 

hysteresis loop. In CPP method, parameters such as pitting or breakdown potential (Ep or Eb), 

protection or re–passivation potential (Eprot or Erep), passivation current density (ip), anodic to 

cathodic transition potential, hysteresis, and anodic nose or active–passive transition potential 

can be utilized to evaluate the corrosion behavior of materials. The relative locations of pitting 

and protection potentials to corrosion potential (Ecorr) are used to investigate the pitting 

resistance of the material. [87–88] The number of articles that have been published on corrosion 

behavior of electrodeposited NiW alloys and their composites are limited. [90, 91, 92, 93, 94, 95] 

Most of such studies were conducted to investigate the general corrosion behavior of these alloys 

and their composites using potentiodynamic polarization method in different corrosive media. For 

example, Wu and et al. [96] investigated the influence of brightener, 2–butyne–1, 4–diol on 

plating process and structures of Ni–W electrodeposit. The resultant coatings were fully bright 

and smooth. However, the addition of 2–butyne–1, 4–diol into electrodeposition bath, resulted 

in gradual decrease of W content followed by rapid drop of current efficiency with increase of 

its concentration.  

Attempts have been made to further improve the properties of electrodeposited NiW. Examples 

are: i) reducing the grain size of deposits by means of applying pulsed reverse current 

waveform; ii) fabricating of NiW composites with various types, sizes, and shapes of fillers 

such as ceramic fillers (eg., alumina, zirconia, titania, titanium nitride, hexagonal boron nitride, 

cubic boron nitride, etc.), glass, carbon nanotubes, graphene, etc. 

Addition of hard ceramic particles to NiW alloy matrix and controlling its grain size into the 

nanocrystalline regime through modification of current waveform parameters, could greatly 

enhance the hardness of NiW alloys from ∼1 GPa to as much as ∼7 GPa. Ceramic particles 

could act as barriers against dislocation and grain boundary sliding thus improving hardness of 
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composite coatings. The increase in hardness of composite coatings is attributed to the 

contribution of Orowan strengthening mechanism and grain refinement due to Hall–Petch 

effect. The influence of co–deposited particles on hardness of the alloy matrix mainly depends 

on the type, volume content of reinforcements as well as size and distribution of these particles 

in the metal matrix.  [97, 98, 99] 

NiW reinforced with SiC [19, 20, 21, 22, 23], Diamond [11, 23], Al2O3 (Aluminum oxide) [24, 

25, 26, 27], GO (Graphene oxide) [29, 30, 31], TiC (Titanium carbide) [34], CrO2 [35], B 

(Boron) [37, 38], MWCNT [39, 40], BN (Boron nitride) [41, 42], ZrO2 [42, 44, 45, 46, 47, 48, 

49, 50, 100], Si3N4 (Silicon nitride) [42, 55], TN (Titanium nitride) [42,43, 44, 45, 46, 47, 48, 

49, 50, 51,52, 53, 54, 55, 56, 101], Y2O3 (Yttrium oxide) [50], and PTFE 

(Polytetrafluoroethylene) [59]) exhibit better wear resistance compared to pure nickel and NiW 

coatings. The improvement in wear resistance of the composite coatings is mainly attributed to 

reinforced second phase particles in the nickel matrix. These reinforced particles act as barriers 

to nickel grain growth and plastic deformation of nickel under loading resulting in higher 

hardness coatings with improved wear performance. [102] 

This thesis is organized as follows: Chapter 1 serves to introduce the subject of the research and 

the objectives; Chapter 2 presents background information and a comprehensive literature 

review on NiW composite coatings. Objectives, Methodology, and experimental method used 

for fabrication and characterization of the coating samples and the novelty contributions to the 

articles are discussed in Chapter 3, 4, and 5; Chapter 6 discusses the results of highly corrosion–

resistant pulsed–reverse current electrodeposited NiW and NiW–SiC composites on brass 

substrate; Chapter 7 investigates the pitting corrosion and mechanical properties of DC and 

PRC electrodeposited NiW coatings on brass substrate; Chapter 8 discusses the effect of PRC 

waveform on tribological and mechanical properties of electrodeposited NiW alloys on brass 

substrate; Chapter 9 provides results on effect of hBN on corrosion and wear performances of 

DC electrodeposited NiW and NiW–SiC; Chapter 10 discusses the synthesis and 

characterization of novel NiW–CeO2 composite coating with enhanced corrosion and wear 

resistance; Chapter 11 is allocated to present the results on synthesis and characterization of 

novel NiW–SiC–CeO2 composite coating on brass substrate with enhanced corrosion and wear 

resistance, and finally Chapter 12 and 13  presents the summary of all results, and includes 

recommendations and possible future research work. 
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In this thesis, the main results are presented in a form of six articles. In all articles, Mina 

dadvand participated in the definition of the project, design of experiments, fabrication and 

characterization of all samples, plotting all the graphs, interpretation of the experimental results, 

and preparation of the articles. Oumarou savadogo supervised the project, and he commented 

on the organization, analysis of the results and on the preparation of the articles. 
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CHAPTER 2 LITERATURE REVIEW 

2.1 NiW Composite Coatings 

NiW–B4C Composite Coatings  

He et al. [32] investigated the micro–hardness and corrosion performance of the pulse 

electrodeposited NiW and NiW–B4C composite coatings utilizing potentiodynamic 

polarization, Electrochemical Impedance Spectroscopy (EIS), and Vickers micro–hardness. 

Their results exhibited that the addition of B4C nanoparticles into the NiW alloy matrix can 

greatly improve the surface morphology and the corrosion resistance of the composite coatings. 

It was observed that the obtained NiW–B4C from the bath containing 2 g.L-1 B4C nanoparticles 

had the best surface morphology, the highest micro–hardness, and the outstanding corrosion 

resistance. According to polarization results (Figure 2.1), corrosion potential (Ecorr) shifted to 

more noble values and corrosion current density (icorr) decreased with increase of the 

concentration of B4C in the plating bath from 0 to 2 g.L-1. When the concentration of B4C 

nanoparticles is exceeded 2 g.L-1, the corrosion potential gradually decreased, while the 

corrosion current rose slightly. Figure 2.2 displays the Nyquist plots and the fitted plots for the 

NiW alloy and NiW–B4C composite coatings. All electrodeposited coatings exhibited a 

semicircular arc with different sizes. The larger arcs represent the higher corrosion resistance. 

Among all coatings, NiW–B4C (2 g.L-1 B4C) composite coatings displays the larger size, 

therefore the better corrosion performance. 

Figure 2.1 The polarization curves of NiW alloy and NiW–B4C composite coatings with 

different concentration of B4C nanoparticles. [32] 
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Figure 2.2 Nyquist plots and the fitted plots for the NiW alloy coating and NiW–B4C composite 

coatings. [32] 

 

Results also indicated that the NiW–B4C (2 g.L-1) composite coating exhibited the highest 

micro–hardness (1176 HV) compared to that of the NiW coating (557 HV). This was attributed 

to the presence of B4C particles hindering the sliding and dislocation movement of the grain 

boundaries. On the other hand uniform dispersion of the B4C particles in the NiW coatings 

along with grains refinement and dispersion strengthening effect improved the hardness of the 

coatings.  [103]

[103] 

 NiW–SiC Composite Coatings  

The co–deposition of SiC nanoparticles in NiW alloy coatings significantly improves 

mechanical, corrosion and tribological properties of the coatings. SiC nanoparticles are 

frequently co–deposited with metal matrix to produce the hard and wear resistant coatings due 

to their low cost, high hardness, good thermal stability, wear resistance, and oxidation 

resistance. [104] 

Li et al. investigated the wear and corrosion performance of NiW–SiC and compared it to Ni 

and NiW alloy coating. They found that the composite coating exhibits improved wear 

performance than metal coatings. The wear rate decreased from Ni 2.2 mg cm-2 to NiW 1.4 
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mg cm-2 then to NiW/SiC 0.52 mg cm-2. This was attributed to the high hardness of SiC. It 

was also reported that the incorporation of SiC nanoparticles in the NiW matrix enhanced the 

anti–corrosion performance of the coatings when the current density was less than 2 A.dm-2, 

then decreased with the increase of the current density. Improvement in corrosion performance 

of the nano–composite coating was attributed to the presence of the SiC within the NiW matrix 

covering the surface defects, refining the grains, and acting as a physical barrier against the 

corrosion attack. [19]  

Wasekar et al. [6] investigated the influence of SiC on mechanical properties of pulsed 

electrodeposited NiW nano–composite coatings. Their results indicated that increase in pulse 

frequency and decrease in duty cycle increased the SiC content of the nanocrystalline NiW 

coating. The increase in content of SiC was attributed to pulse current effect at the interface of 

cathode–solution leading to changes in thickness of pulsating diffusion layer. As shown in 

Figure 2.3, Maximum SiC content in the coating was obtained when the pulsating diffusion 

layer thickness was equal to SiC particle size (0.35 μm). It was also observed that the hardness 

and elastic modulus of NiW–SiC nano–composite coatings was enhanced with increase of the 

SiC content as per rule of mixtures and subsequently reduced above 5 vol.% SiC. Deterioration 

of mechanical properties with increase of SiC above 5 vol.% SiC is associated with grain size 

refinement beyond the Hall–Petch inflection point leading to an "inverse Hall–Petch" behavior 

in which hardness decreases with finer grain size. As shown in Figure 2.4, Hall–Petch 

inflection point is ~5 nm which is much lower than the Hall–Petch inflection (breakdown) 

point for NiW alloy which is ~10 nm. Such a decrease is associated with the presence of SiC 

particles in NiW alloy matrix which restrain the dislocation movement (Cobel creep/grain 

boundary sliding) at finest grain size below the inflection point. [6] 
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Figure 2.3 Variation in SiC content of NiW–SiC nano–composite coatings as a function of 

diffusion layer thickness for different duty cycles. [18] 

 

 

Figure 2.4 Hall–Petch plot for NiW/SiC nano–composite coatings deposited at different duty 

cycles. [18] 
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NiW–Diamond Composite Coatings 

Diamond co–deposition into the NiW alloy matrix could significantly enhance the mechanical 

properties, thermal resistance, and wear performance of the NiW coatings due to its extreme 

hardness, good oxidation resistance, good chemical stability, and good wear resistance. 

However, the major challenge is to ensure the uniform distribution of diamond particles within 

the metal matrix. It was reported that the incorporation of diamond particles into NiW matrix 

increased the grain size from 18 to 23 nm. Therefore, this incorporation was achieved by means 

of a chemical bonding with the metal alloy matrix and not merely by means of any cohesive 

forces or physical adhesion.  This result could assist to enhance the level of incorporation of 

diamond particles and to obtain uniform distribution of diamond particles in the coatings. [10] 

Hou et al. [11] investigated the wear resistance of electrodeposited NiW/diamond composite 

coatings. It was stated that the incorporation of diamond particles into alloy matrix led to 

improved microhardness as well as significant increase of the anti–wear performance of the 

coatings. This which can be attributed to the particle strengthening and dispersion strengthening 

effect of the diamond. They also reported that the reinforcement of diamond particles will 

inhibit the deposition of NiW alloy and it was observed that the diamond content of 

NiW/diamond composite coating increased with increasing diamond content in the 

electrodeposition bath. As shown in Figure 2.5, the maximum hardness and anti–wear 

performance was achieved when the content of diamond particles in the plating bath was 21 

vol.%. 
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Figure 2.5 Effect of diamond content on wear weight loss and micro–hardness of NiW/diamond 

composite coatings. [11] 

 

 NiW–Al2O3 Composite Coatings 

Co–deposition of Al2O3 nanoparticles with NiW alloy matrix has attracted attention of the 

scientists due to their high hardness, good thermal conductivity, wear resistance and relatively 

their low price. Hou et al. [11] investigated the wear resistance of pulse electrodeposited Ni–

W/Al2O3 composite coatings. They found that effect of reinforcement of alumina on hardness 

of NiW was insignificant. However it had a great influence on tribological properties of the 

NiW coatings. The lowest reported friction coefficient (0.25) and wear rate (1.05 mg) was 

obtained when the alumina content in the electrodeposition bath was 10 g.L-1. 

Allahyarzadeh et al. [24] studied the wear performance of the functionally graded (FG) 

electrodeposited NiW/Al2O3 nano–composite coating. They found that the wear resistance of 

FG–coatings were greatly enhanced by addition of Al2O3 nanoparticles and the lowest wear rate 

was obtained at a higher fixed frequency (with continuous variation of duty cycle) or a lower 

constant duty cycle (with continuous changes of frequency). They also reported that the 

coefficient of friction (COF) results were approximately the same for all six FG–NC coatings 

deposited at various frequency and duty cycles. However, the greater COF of was obtained for 

NiW coating compared to the pure Ni which was attributed to presence of W in the structure. 

Allahyarzadeh et al. [24] performed electrochemical experiments to analyze corrosion behavior 

of functionally graded nano–composite (FGNC) NiW–Al2O3, NiW, and pure Ni coatings 

deposited at different frequencies. They measured the electrochemical values by polarization 

test in a 3.5wt% NaCl solution and they found that the corrosion potential of (FGNC) NiW–

Al2O3 is nobler than the NiW and pure Ni coatings as shown in Figure 2.6. This potential shift 

to the more positive values could be attributed to the presence of Al2O3 particles in the NiW 

matrix of FGNC coatings. According to polarization results, the FGNC coatings exhibited less 

corrosion current densities (less than about 40%) and no significant difference in corrosion 

current densities of NiW and pure Ni coatings was observed. The polarization results also 

indicated that the coatings deposited at higher frequencies had the least corrosion resistance 

compared to those developed at lower frequencies. 
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Figure 2.6 Potentiodynamic polarization curve for electrodeposited FG–NC, NiW and pure Ni 

coatings in the 3.5wt% NaCl. [24] 

NiW–GO Composite Coatings 

Graphene oxide (GO) has received considerable interest in many researches due to its special 

structure and characteristics. A critical challenge in electrodeposition of GO composite coating 

is uniform dispersion of GO in the metal matrix due to its hydrophobic surface. Therefore, 

appropriate surfactants and ultrasonic vibration are frequently used for the stability of micro 

and nano–size GO in electrodeposition bath as well as homogeneous distribution of these 

particles in the composite coating. [105] 

Zhang et al. [31] studied and investigated the hardness, wear mechanism and the tribological 

behavior of electrodeposited NiW–GO composite coatings utilizing high–speed reciprocating 

friction and wear tester. Their results indicated that presence of GO nanoparticles in the metal 

matrix had a significant influence on the microstructure and grain size of the NiW–GO 

composite coatings. As shown in Figure 2.7, NiW–GO contains a finer cauliflower–like 

structure with smaller nodules in comparison with the corresponding NiW coatings. As it was 

stated, the co–deposited GO nanoparticles in the alloy matrix improved the hardness, wear, and 

tribological performance of NiW–GO composite coatings. This was attributed to dispersion 

strengthening and particle enhancement effects due to presence of GOs in the coating. The 
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optimum GO concentration in the electrodeposition bath to obtain the highest microhardness 

and wear resistance was 0.15 g.L-1.The reported microhardness value and the wear rate was 

HV688 and 1.66 × 10-6 mm3.N-1.m-1 respectively.  

 

 

Figure 2.7 SEM images of surface morphology: a) NiW coating, b) NiW–GO composite 

coating with 0.15 g.L-1 GO in electrodeposition bath. [31] 

 

 NiW–TiC Composite Coatings 

Dilek et al. [34] investigated the tribological and corrosion performance of the pulsed 

electrodeposited submicron–sized TiC reinforced NiW coatings. It was observed that NiW–

TiC deposited from the bath containing 15 g.L-1 TiC concentration displayed the best corrosion 

and tribological performance. This was attributed to microstrain and lattice distortion of NiW 

matrix due to presence of TiC. 

As shown in Figure 2.8, heavy plastic deformation, cracks and grooves along the sliding 

direction can be observed on the worn surface of un–reinforced NiW coating and therefore the 

adhesive wear was identified as the dominant wear mechanism. However, NiW–TiC coatings 

were smoother and contained less and wider cracks. 
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Figure 2.8 SEM morphology from the worn surfaces of the NiW and NiW–TiC composite 

coating electrodeposited at different TiC concentrations: (a) 0 g.L-1; (b) 5 g.L-1, (c) 15 g.L-1 

,(d) 30 g.L-1. [34] 

NiW–Co (Al2O3) Composite Coatings 

Allahyarzadeh et al. [106] studied the electrochemical and wear properties of the pulsed reverse 

electrodeposited NiW–Co (Al2O3) nano–composite. Results indicated that Al2O3 particles 

enhanced the corrosion resistance of the nano–composite three times and wear resistance up to 

2.5 times. As shown in SEM images taken from the worn surface of the coatings in Figure 2.9, 

it was observed that the increase of the deposition frequency, decreased the wear damages and 

reduced the plastic deformation signs of the coatings that were electrodeposited by 

instantaneous variations of duty cycle and thus enhance the wear resistance of the coatings. The 

improvement in wear resistance was attributed to grain refinement due to presence of the 

alumina particles in the coating which reduced the material loss by transforming the wear 

mechanism from sliding into rolling mode. 
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Figure 2.9 SEM images from worn surfaces of NiW–Co (Al2O3) coatings deposited at various 

frequencies: 10f (a and b), 250f (c and d), 500f (e and f). [106] 

 

 NiW– CrO2 Composite Coatings 

Nyambura et al. [35] characterized the corrosion and wear behavior of the electrodeposited 

NiW/Cr2O3 nano–composite coatings. They found that the wear resistance in Ni–W/Cr2O3 is 

superior to un–reinforced NiW coatings and the highest wear resistance was achieved when the 

concentration of Cr2O3 in the electrodeposition bath was 10 g·L
-1. The high wear resistance of 

the nano–composite coating was attributed to the presence of Cr2O3 nanoparticles acting as 

fibers in the NiW matrix and preventing initiation and propagation of micro–cracks. Presence 

Cr2O3 in the NiW matrix transformed the wear mechanism from sliding mode to rolling mode.  

The results also indicated that NiW–Cr2O3 exhibited lower COF (+0.48) compared to that of 
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NiW coating (0.6) and this was as a result of Cr2O3 adsorption into the nano–composites 

structure. It was also realized that the highest corrosion resistance was achieved when 

NiW/Cr2O3 nano–composite was electrodeposited at current density of 1 A.dm-2 from the 

electrodeposition bath containing 40 g.L-1 W and 10 g.L-1 Cr2O3 respectively.  

NiW–B (Boron) Composite Coatings 

Qin et al. [38] investigated the wear properties of NiW–B composite coatings utilizing a 

reciprocating–sliding tribometer. They found that the wear performance of NiW coating was 

enhanced with incorporation of boron particles due to polishing effect of the boron particles. It 

was also observed that the friction coefficient of NiW/B composite coatings was lower than 

that of NiW coating. The lowest friction coefficient and the highest wear performance was 

obtained when the concentration of boron in the electrodeposition bath was 3 g.L-1.  

  NiW–CNTs Composite Coatings 

Fan et al. [39] investigated and compared the morphology, electrochemical, 

mechanical, and the tribological behavior of pulsed current electrodeposited NiW–MWCNTs 

nano–composite coatings. XRD and SEM results indicated that the NiW–MWCNTs deposits 

possessed more uniform and compact surface structure than NiW coating. This was attributed 

to uniform dispersion of MWCNTS in the NiW alloy matrix which resulted in strengthening of 

the coating. As shown in Figure 2.10, scuffing, abrasive grooves, and some large wear debris 

can be observed on the SEM images taken from the wear tracks of NiW–MWCNTs and NiW 

coatings. The main wear mechanism of NiW alloy was identified as adhesive wear combined 

with abrasive wear. However, in NiW–MWCNT coatings, less abrasive grooves with less depth 

and width was observed and the worn surface of the coatings were smoother which could be 

due to the dispersion strengthening effect of MWCNTs. Results also indicated that the NiW–

MWCNTs nano–composite coatings exhibited better corrosion performance compared to NiW 

coating and this was due to presence of the MWCNTS particles acting as physical barrier 

against the corrosion attack and thus hindering the dissolution of Ni through absorbing on the 

anodic sites.  
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Figure 2.10 SEM morphology from general view and inside of the wear track of the NiW alloy 

(a, b) and NiW–MWCNTs (2 g.L-1) composite coating (c, d). [39] 

He et al. [40] studied the effect of mechanical and ultrasound agitation on the properties of 

pulse electrodeposited NiW/MWCNTs composite coatings. They found that the surface of the 

NiW/MWCNTs composite coatings prepared using mechanical stirring was non–uniform and 

coarse due to agglomeration and uneven dispersion of the MWCNTs. This lead to low 

microhardness, corrosion resistance, and anti–wear performance of the composite coating. 

Unlike mechanical stirring, ultrasound stirring evenly distributed the MWCNTs within the NiW 

coatings, resulting in smoother surface, better microhardness, higher tribological and corrosion 

performance.  

  Ni–B/ NiW–BN Duplex Composite Coatings 

Li et al. [42] evaluated the anti–wear properties of novel electrodeposited Ni–B/ NiW–BN 

duplex composite coating utilizing an abrasion tester based on ASTM D6037–2013 under dry 

sliding, room temperature and 45–50% humidity conditions. They found that the co–deposition 
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of BN nanoparticles with NiW had influence on the content of Ni and W of the deposits, 

improvement in hardness, and wear resistance of the duplex composite coating. It was also 

observed that the incorporation of graphite–like BN nanoparticles into spherical–like NiW 

matrix enhanced the surface roughness and reduced the porosity. The maximum wear 

performance was achieved when the concentration of BN in the electrodeposition bath was 5 

g.L-1. They also reported that highest microhardness and best corrosion resistance, and wear

performance was achieved when the ultrasonic agitation power was 70W. 

  NiW– ZrO2 Composite Coatings 

ZrO2 (extremely refractory compound) is commonly used as the second phase in 

composites due to its high hardness (13 GPa), high temperature oxidation resistance, low 

thermal conductivity (11 × 10-6 K-1), high density (6 g/cm3), wear resistance and an excellent 

combination of high fracture toughness (~10 MPa m1/2) and high flexural strength (~1 GPa). 

[46, 107] 

Zhao et al. [100] investigated the micro–hardness and wear performance of NiW–ZrO2 nano–

composite coating. They found that the addition of ZrO2 into NiW matrix leads to an improved 

microhardness, wear resistance of the material and this was due to dispersion and particle 

strengthening provided by ZrO2 nanoparticles. ZrO2 also may act as solid–lubricant between 

the contact surfaces reducing the material loss rate from the coating. It was also observed that 

NiW–ZrO2 nano–composite exhibited the highest corrosion performance compared to NiW 

coating which was attributed to adsorption of ZrO2 nanoparticles on the cathode surface, and 

thus reduction in active surface area of the cathode. 

Lehman et al. [45] studied the corrosion performance and wear behavior of electrodeposited 

NiW coatings modified by ZrO2 particles. They found that the wear resistance of the NiW–

ZrO2 coatings increases with increase of the ZrO2 content. However, coatings with more than 

about 5 wt% ceramic content become brittle and display much lower wear performance. This 

was attributed to weak interfacial debonding between particle and NiW matrix with increase of 

ceramic phase content. 

Results also indicated that the corrosion resistance of NiW/ZrO2 nano–composite coatings were 

higher compared to NiW coating and increased with increasing content of the ceramic phase. 
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This was mainly due to a reduction in active surface area of the cathode by the adsorption of an 

increasing amount of inert ceramic particles. 

The same group of researchers also studied the influence of the current density on tribological 

(wear resistant, friction coefficient) properties of NiW nano–composite coatings reinforced 

with zirconia particles. Their results indicated that NiW/ZrO2 nano–composite coatings 

exhibited high wear resistance and this was attributed to increase of resistance to plastic 

deformation by addition of ZrO2 particles to NiW alloy matrix. However, the major wear 

mechanism was abrasive for all coatings at various current densities (in the range of 5–12 

A/dm2). Current density did not have a significant influence on the friction coefficient and wear 

index of composite coatings (of 2–3.5 wt.% ZrO2, 45–55 wt.% W) . The scratch test results also 

demonstrated that the coatings electrodeposited at currents below than 7 A/dm2  and containing 

above 2.5 wt.% ZrO2 particles exhibit brittle characteristics starting at relatively low load of 

about 1.5 N. [46] 

  NiW–P–SiO2–CeO2 Composite Coatings 

Xu et al. [20] investigated the effect of heat treatment and reinforcement of NiW–P 

with nanoparticles such as SiO2 and CeO2 on micro–hardness and surface properties of the 

coating. Results indicated that the nano–SiO2 and nano–CeO2 particles were dispersed 

homogeneously within the NiW–P alloy coating and there was a strong interfacial bonding 

between the metal matrix, nano–SiO2, and nano–CeO2 particles. They also reported that, when 

the composite coating was heat treated at 400oC for duration of 3h, micro–hardness increased 

from 641 Hv to 1338 Hv and abrasivity decreased from 3.76 mg/(cm2·h) to 0.78 mg/(cm2·h). 

As shown in XRD results (Figure 2.11), after heat treatment at 400°C for 1h, the diffraction 

peak becomes narrower, the crystallite size becomes larger, and a large number of peaks related 

to Ni3P phase appear which explains the ease in migration ability of phosphorous atom in the 

coating during the heat treatment.  
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Figure 2.11 X–ray diffraction patterns of NiW–P–SiO2–CeO2 composite coatings. (a) phase 

structure of the coating before heat treatment (as–deposited). (b) phase structure of the coating 

after heat treatment at 400°C for 1 h. [66] 

  NiW–ZrO2–CeO2 Composite Coatings 

Li et al. [108] studied the Structure, surface properties and corrosion resistance of 

electrodeposited NiW/ZrO2 nanocrystalline films co–deposited with CeO2 nanoparticles. They 

found that NiW/ZrO2–CeO2 films exhibited excellent corrosion resistance in corrosive 

environment. As shown in Nyquist plots in Figure 2.12, the optimal corrosion resistance of 

coating was obtained at duty cycle of 70% (48.51 kΩ cm2), average current (Iav) of 6 Adm-2

(33.58 kΩ cm2), frequency of 1500 Hz (51 kΩ cm2), and when duration of electrodeposition 

was 40 min (70.19 kΩ cm2).  Results also indicated that the incorporation of ZrO2 in the coating 

was beneficial to the improvement of the hardness and wear resistance which were highly 

dependent on the electrodeposition process parameters. For example, the amount of embedded 

nanoparticles first increased and then decreased when Iav exceeded the 6 Adm-2, and this 

affected the composition, structure, hardness and wear behavior of the composites. The 

decrease of the hardness at high Iav was attributed to the change of composition and the 

formation of defects in the microstructure. It was also reported that the maximum hardness and 
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wear resistance were obtained at duty cycle of 70%, frequency of 1500, and when the 

electrodeposition duration was 40 min. 

Figure 2.12 Nyquist plots of NiW/ZrO2–CeO2 nano–composite fabricated under different (a) 

average current, (b) duty cycle, (c) frequency and (d) duration in 3.5 wt% NaCl aqueous 

solution. [108] 

  NiW–PCTFE Composite Coatings 

Hosseini et al. [33] evaluated the corrosion, mechanical and structural properties of NiW–

PCTFE nano–composite coating. As shown in Figure 2.13, it was observed that the co–

deposition of PCTFE particles into the NiW matrix changed the structure and morphology of 

the NiW coatings, refined the grain size, and decreased the size of the nodules. The results also 

indicated that the increase of the PCTFE concentration in the electrodeposition bath, decreased 
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the microhardness and increased the elastic behavior of the coating. The lowest friction of 

coefficient was obtained when the concentration of PCTFE in the electrodeposition bath was 4 

and 8 g.L-1. It was also realized that the corrosion resistance of the NiW coating could be 

enhanced by incorporation of the PCTFE particles. However, when the PCTFE concentration 

exceeds the 4 g.L-1, corrosion performance of the coating deteriorates.  

Figure 2.13 SEM micrographs of the surface of a) pure NiW, b) NiW–PCTFE 4 g.L-1, c) 8 g. 

L-1 and d) 20 g.L-1 coatings.

  NiW–Si3N4 Composite Coatings 

Sassy et al. [36] studied the electroplating mechanism and physicochemical proprieties 

of deposited NiW–Silicate composite alloy. They found that the NiW composite coatings 

electrodeposited from silicate–citrate–ammonia bath improved the morphology and the 

corrosion resistance of copper substrate. The high corrosion resistance of NiW–Silicate was 

attributed to the long–term stability of NiW–Silicate composite coating into chloride media 

which resulted in decrease of corrosion currents and increase of corrosion potentials during 

potentiostatic polarization test. They also observed that NiW–Silicate possessed smooth and 
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homogeneous surface containing refined and compact grains with cauliflower like–

morphology, while NiW coating exhibited a rough and porous structure containing big pores 

and imperfections. 

 

   NiW–TiN Composite Coatings 

Zhang et al. [56] investigated the wear and corrosion resistance of pulse electrodeposited NiW–

TiN nano–composite coatings. They found that the co–deposition of TiN nanoparticles with 

NiW matrix could improve hardness and promote grain refinement due to the high surface 

energy of TiN nanoparticles. The formed nano–crystalline structure resulted in enhancement in 

corrosion resistance, mechanical properties, and the anti–wear capability, leading to the long 

life–time in harsh environments. 

 

    NiW–Y2O3–ZrO2 Composite Coatings 

Zhang et al. [58] studied the influence of electrodeposition current density, temperature and 

addition of particles on surface morphology and corrosion properties of NiW–Y2O3–ZrO2 

nano–composite coating. Coatings with outstanding corrosion performance with crack–free, 

fine, and uniform surface morphology were obtained at temperature of 60°C, current density of 

1.5 A.dm-2, Y2O3 and ZrO2 concentration in the electrodeposition bath was 10 g. L-1. The value 

of corrosion current density and corrosion rate of nano–composite were reported (2.81×10-7A 

cm-2) and (0.0033 mm a-1) respectively, which were smaller by an order of magnitude than that 

of NiW coating (6.67×10-6 A cm-2, 0.0779 mm a-1). The high corrosion resistance of nano–

composite coatings was firstly attributed to presence of Y2O3 and ZrO2 in NiW matrix acting 

as physical barriers against the corrosive environment and secondly it was related to the 

influence of these nanoparticles on formation of microcells causing uniform corrosion and 

increasing the resistance of the coatings to localized form of corrosion attack. 

 

   NiW–Y2O3–TN Composite Coatings 

Li et al. [57] evaluated the surface properties and corrosion performance of the electrodeposited 

NiW/TiN–Y2O3 nano–crystalline coating. Their results indicated that the co–deposition of TiN 
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and Y2O3 particles with NiW alloy improved the hardness and corrosion resistance of the NiW 

composite coating. It was also observed that the nano–crystalline coatings exhibited crack–free, 

compact, and spherical nodular–like morphology. The maximum hardness and wear 

performance were obtained at the duty cycle of 50%, frequency of 100 Hz, 6 A/cm2 and duration 

time of 60 min, while the maximum corrosion resistance was obtained at duty cycle of 70%, 

frequency of 1000 Hz, average current density of 4 Adm-2, and duration time of 40 min. 

Therefore, the coating does not own the maximum hardness under the parameters for the best 

corrosion resistance. 

  NiW– PTFE Composite Coatings 

Farzaneh et al. [59] investigated the electrochemical, structural, and nano tribological behavior 

of NiW–PTFE nano–composite coatings prepared by tartrate bath. Their results indicated that 

the NiW/PTFE nano–composite demonstrated higher electrochemical and tribological 

performance than NiW coating. This was attributed to grain refinement, modification of 

structure, and reduction of the capacitance of the double layer values by presence of PTFE 

particles. It was also reported that the corrosion rate and surface roughness of the nano–

composite coating was 55 times less than NiW coating when the concentration of PTFE in the 

electrodeposition bath was 8 g.L-1. 

Sangeetha et al. [61] studied the corrosion performance of pulsed electrodeposited NiW/PTFE 

nano–composite and compared it to that of the NiW coating deposited on mild steel substrate. 

They found that, the NiW/PTFE nano–composite coating exhibited better corrosion 

performance, lower friction coefficient, moderate microhardness, smoother surface, and 

excellent hydrophobicity (109.9◦) than the NiW alloy coating. This was attributed to chemically 

inert and solid–lubricant nature of the NiW/PTFE nano–composite coatings. 

  NiW–WC Composite Coatings 

Boonyongmaneerat et al. [109] investigated the effects of WC addition on structure and 

hardness of electrodeposited NiW coatings. They found that the microstructure, and hardness 

of the composite could be greatly influenced by parameters such as current density, WC content, 
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and particle size. These parameters have influence on transportation rates of the plating metals 

and particles, and the evolution of hydrogen in the electrodeposition baths. It was concluded 

that the reduction of the particle size of WC improves the uniformity of WC in the deposit, 

resulting in enhanced hardness which surpasses that of NiW alloys. The most significant 

hardness enhancement (~10 GPa) was observed when the WC content in the plating bath was 

increased from 0.2 g.L-1 to 1 g.L-1. The reported optimum applied current density to obtain non–

porous and uniform structure was 0.15 A.cm-2. 

Figure 2.14 displays the hardness of NiW–WC composites as a function of WC content in a 

plating bath which were electrodeposited using different current densities and inclusion sizes. 

Figure 2.14 The hardness of NiW–WC as a function of WC content in a plating solution 

electrodeposited at various current densities. [109] 

  NiW–Co Composite Coatings 

Oliveira et al. [51] investigated the influence of the current density, temperature and bath pH 

on properties of electrodeposited NiW–Co alloys. The corrosion test results demonstrated that 

the highest corrosion performance with lowest corrosion current density (5.817 × 10-6 A/cm2) 
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and the highest polarization resistance (5251 U cm2) was obtained when the coatings were 

deposited at the conditions of 100 mA/cm2 (current density), 55oC (temperature), and 8 (pH). 

In a similar study, Portela et al. [52] investigated the influence of electrodeposition parameter 

on morphology and anticorrosive properties of the NiW–Co coatings. The highest corrosion 

resistance was obtained when the coatings had rough surface morphology and grain size of 28 

nm and were electrodeposited at the lowest temperature of 353.15 K and the lowest current 

density of 100 A/m2. 

According to literature, there is no research activities reported on electrodeposition of NiW–

CeO2 and NiW–SiC–CeO2, NiW–hBN, and NiW–SiC–hBN composites and investigation on 

their microstructure, corrosion, and tribological properties. Therefore, following research 

objectives and methodology were proposed. 
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CHAPTER 3 OBJECTIVES AND METHODOLOGY 

The main objective of our project is to develop a low–cost coating material with outstanding 

corrosion and tribological properties as a potential replacement for hard chromium by means 

of electrodeposition process. The specific objectives are as follows: 

 Deposition of nickel–tungsten (NiW) from an electrolyte containing nickel sulfate as 

source of nickel ions, sodium tungstate as a source of tungstate ions, citric acid as a 

complexing agent, sodium saccharin as stress reducer, and an effective grain refiner to 

reduce the grain size of deposit. 

 Fabrication of NiW composites with silicon carbide (SiC), cerium oxide (CeO2), and 

hexagonal boron nitride (hBN). 

 Characterization of the electrochemical, physic–chemical, mechanical and tribological 

properties of the above coatings. 

 Making correlation between the deposition parameters, composition, structure, and 

properties of deposits such as mechanical (nano–hardness, elastic modulus), tribological 

(wear rate, coefficient of friction), and corrosion resistance of the coatings. 

 Determination of the best coating composition, which may apply to aerospace, 

automobile, or electronic sectors. 

To address these objectives, the methodology is based on the following: 

 The utilization of the DC method and pulse reverse current waveforms to fabricate NiW 

and its composite with SiC, CeO2, and hBN.  

 The utilization of appropriate grain refiner to reduce the grain size of deposit in order to 

enhance its corrosion, mechanical, and tribological properties. 

 Optimization of the concentration of electrolyte ingredients to achieve stable electrolyte 

with respect to bath life and preventing the formation of any precipitate forms of nickel 

hydroxide and nickel tungstate in electrolyte. 

 Optimization of experimental parameters of electrodeposition process including applied 

current density in the case of DC electrodeposition, forward and reversed current 

densities and pulse durations in the case of reversed pulse electrodeposition, operating 

bath temperature, and electrolyte pH. The intention of such optimization was to obtain 
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a decent coating of NiW having an optimum content of W, pit–free and defect–free, 

homogeneous in thickness across a wide range of surface, and enhance corrosion, 

mechanical, and tribological performances. 
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CHAPTER 4 EXPERIMENTAL METHOD 

In this chapter we present an overview on the experimental methodology applied in this research 

work including the coating deposition and characterization methods. First, the electrodeposition 

bath makeup, substrate preparation, and electrodeposition bath setup were briefly discussed. 

Then, characterization methods for morphology, composition, and grain structure, mechanical, 

tribological, and corrosion properties were addressed in the second part. 

4.1 Electrodeposition bath makeup 

The Nickel (Ni) electrodeposition was carried in a bath containing: nickel sulfate (NiSO4.6H2O) 

as a source of nickel ions, citric acid as complexing agent, o–Benzoic sulfimide (sodium 

saccharin, C7H5NO3S) as stress reducer, propargyl–oxopropane-2, 3–dihydroxy as a grain 

refiner and brightener and DuPont™ Capstone® Fluorosurfactant F–63 as a wetting agent. The 

nickel tungsten (NiW) coating was electrodeposited onto a brass substrate by dissolving of 

sodium tungstate dehydrate (Na2WO4.2H2O) as a source of tungstate ions in the same 

electroplating bath that was used for Ni electrodeposition.  NiWSiC electrodeposition bath 

was prepared by adding SiC particles (20 and 40 g.L-1) and a dispersant agent such as 

polyethyleneimine into the optimized NiW bath. NiWCeO2 and NiWSiCCeO2 baths were 

prepared by adding certain amounts of CeO2 and mixture of SiC and CeO2 into the optimized 

NiW electrodeposition bath, respectively.    

In this formulation, citric acid is a most commonly used complexing agent to prevent direct 

reaction between nickel and tungstate ions by forming complexes with both tungstate (WO4
2-) 

and nickel (Ni2+) ions. Such direct interaction would cause formation of non–soluble nickel 

tungstate compound in electrolyte [2223]. Sodium saccharin was utilized in electrodeposition 

bath as a grain refiner and stress reliever to reduce the internal stress within the electrodeposited 

coating materials by increasing the overpotential on the surface of the cathode. [85, 110]  

In order to obtain a uniform deposit with mirror–finish surface, propargyl–oxo–propane-2, 3–

dihydroxy was used as a grain refiner and brightener. This compound increases the nucleation 

sites for the reduction of nickel ions on the surface of brass substrate resulting decrease in grain 

size of nickel. As well, this compound contains an acetylene–type of bonding (i.e. –C≡C–H) at 

the end of its molecular chain. This typical bond has a high tendency to be adsorbed at high 

current density areas of substrate during the electrodeposition providing better control over 
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diffusion of Ni ions towards the cathode [25]. Lastly, Capstone® fluoro–surfactant FS–63 

(DuPont™) was selected as the most effective low foaming type wetting agent to lower the 

surface tension and l facilitate release of gas bubbles from the surface of electrodes [26]. The 

composition and electrodeposition operating conditions used for NiW and NiW–SiC are 

summarized in Table 4.1. Figure 4.1 displays the chemical formula of the plating bath 

ingredients.  

Table 4.1 Electrodeposition electrolyte ingredients and experimental parameters 

Chemical compound Concentration 

Nickel sulfate 29.5–30       (g.L-1) 

Sodium tungstate 58–60          (g.L-1) 

Citric acid 63–67          (g.L-1) 

Ammonia 58 (ml.L-1) 

Sulfuric acid As needed 

Propargyl–oxo 

propane-2,3–dihydroxy 

0.9–1          (g.L-1) 

DuPontTM Capstone® 

Fluoro–surfactant FS– 63 

1.8-2           (g.L-1) 

Sodium saccharin 0.5–1          (g.L-1) 

Polyethyleneimine branched, Mn~600 by 

GPC 

0.5 (g.L-1) 

Experimental parameters 

pH 7.8–8.0 

Temperature 58–61          oC 
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Figure 4.1 Chemical formula of plating bath ingredients. 

4.2 Sample preparation 

The surface of brass substrates were degreased, activated and rinsed prior to electrodeposition 

process. Substrates were immersed into 50 g.L-1 alkaline soap solution (TEC1001; Technic Inc.) 

at temperature of about 50oC for approximately 1 min followed by rinsing with deionized (DI) 

water. The substrate was then activated by immersing into dilute sulfuric acid (10% v/v) at room 

temperature for about 10 sec followed by rinsing with DI water. In order to determine the 

cleanliness of the substrate, water break test was performed. In this testing protocol, the 

substrate was gently rinsed with deionized water following the final rinse step. The substrate 

was considered clean if the water completely wets the surface. 
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4.3 Electrodeposition setup 

The bath optimization including the type and concentrations of the solution ingredients, solution 

pH, operating temperature, and deposition duration will be initiated in beaker–scale and it can 

be scaled up to larger volume using the accessories as demonstrated in Figure 4.2. The anode 

was platinized titanium mesh (2 cm width and 5 cm length) and the cathode was a surface pre–

treated brass substrate with the same dimension as anode. Two such anodes, spaced about 10 

cm apart, were supported in plating cell by using clamps and the cathode was placed between 

the anodes, 5 cm apart from each anode. Reversed pulse plating power supply will be used to 

provide both direct current (DC) and pulsed reverse (PR) waveforms to electrodeposition bath. 

Immersion heater connected to temperature controller will be used to keep the solution 

temperature at optimized value. A filter pump (Flo King Filter System Inc.) connected to 

polypropylene filter will be used to provide adequate agitation and to keep the solution free of 

particulates during the deposition. Platinized titanium mesh bars will be used as anodes.  

The initial electrodeposition experiments were performed inside a hull cell (Figure 4.3) 

equipped with heater, thermostat air agitation and air pump to characterize and improve the 

current density distribution throughout the substrate surface. A platinized titanium mesh sheet 

was used as anode and brass substrate was used as cathode.  

Figure 4.2 Schematic diagram of plating setup in large scale (10-liter plating bath). 
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Figure 4.3 Schematic diagram of hull cell equipped with thermostat and air agitation. 

 

4.4 Optimization of PRC waveform 

A current waveform (Figure 4.4) composed of direct current (DC, 0.14 A.cm-2, 3 min) and 

pulsed reverse (0.15 A.cm-2 and 16 ms forward, 0.11 A.cm-2 and 9 ms reversed) were used to 

electrodeposit NiW–SiC composite. 

 

 

Figure 4.4 Pulsed reverse waveform; if = 0.15 A.cm-2; ir = 0.11 A.cm-2; tf = 16 ms; tr = 9 ms; 

and total time =30 min, if = forward current density. ir = reversed current density; tf = forward 

pulse duration; tr = pulse reverse duration. 
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4.5 Characterization of deposits 

Morphology and composition 

The tungsten content, grain size and surface morphology of the deposits were characterized by 

energy dispersive spectroscopy (EDS), transmission electron microscopy (TEM, Jeol JEM–

2100F), scanning transmission electron microscopy (STEM, Hitachi Model HT7700), X–ray 

diffraction (XRD, Bruker), and scanning electron microscopy (SEM, Joel 7600 TFE), 

respectively. A Gallium Focused Ion Beam (Ga–FIB, Hitachi FB–2000A) was also used to 

extract from the NiW coated samples, the thin lamellae (~100 nm) that were observed with the 

TEM. As well, TimeofFlight Secondary Ion Mass Spectrometry (TOFSIMS; PHI TRIFT V 

nanoTOF) and X–ray photoelectron spectroscopy (XPS, Thermo Scientific Aluminum–kα) 

were used to characterize the surface film on deposits before and after potentiodynamic 

corrosion test in order to obtain information about the change in chemical composition on the 

surface of deposits after corrosion testing. 

Wear properties 

In this research work, two types of Pin–on–disk tribometers were employed to evaluate the 

wear resistance and to measure the coefficient of friction of the coatings (Rtec Instruments and 

a custom–built tribometer). The tests were performed under dry air conditions and ambient 

temperature. The coefficients of friction were measured according to ASTM Standard G99–05 

(2010). Spherical AISI 52100 steel balls and alumina balls with a diameter of 1.6 mm and 4.7 

mm were used for the pin specimen. Two sets of parameters were used to evaluate the 

coefficients of friction. In one set, the sliding velocity and the sliding distance were 100 mm/s 

and 1000 m and the applied load was 2 N. The coefficients of friction were continuously 

recorded with respect to the sliding distance. Each friction experiment was repeated six times 

and the average results were reported. The volume of the worn tracks was measured using a 3D 

profilometer (Bruker ContourX100). In the second set, the sliding velocity and the number of 

revolutions were 180 mm/s and 3500, respectively. The applied load was also 1 N. The volume 

of the worn tracks were measured using a Profilometer (Bruker Dektak XT). Each friction 

experiment was repeated three times and the average results were reported.  
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Wear performance of the composite coating is mainly determined by distribution and properties 

of incorporated particles. Uniform distribution of reinforced particles in the composite coatings 

can greatly influence the hardness and wear performance of the composite coatings. [111] 

In general, the wear mechanism mainly depends on the load, sliding velocity, hardness and 

surface roughness, lubrication etc and it can be classified into three types: abrasive wear, fatigue 

wear, and adhesive wear as shown in Figure 4.5. [112] 

Abrasive wear usually occurs when hard and rough surface pass over a softer surface. In this 

wear type, when the asperity is not strong enough, it can be removed and becomes a debris 

particle between the contact surfaces. Otherwise, the asperity may cause scratches on the softer 

surface and produce a cutting debris. [112] 

Fatigue wear generally occurs when a number of cycles are needed to generate wear debris. 

Periodical force may induce the creation of surface and subsurface cracks resulting in severe 

damage and failure of the system. The last wear type is adhesive wear which is caused by 

localized atomic bonding between the two solid surfaces and is stronger than the strength of 

either of the materials. During the process, Material can be transferred from one surface to the 

other. [112, 113] 
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Figure 4.5 Different wear mechanisms. [112] 

Corrosion properties 

Potentiostat (Princeton Applied Research Potentiostat/Galvanostat Model 273A) was used for 

studying of pitting corrosion behaviors of the deposits. The potentiostat was equipped with 

CorrWare software enabling to apply potential scans remotely through the software. 

Potentiodynamic polarization (PP) scans were performed from -0.6 to 1.0 V vs. Ecorr at room 

temperature and 5 mV.s-1 scan rate. Similarly, cyclic potentiodynamic polarization (CPP) scans 

were performed from -0.6 to 1.0 V in forward scan at room temperature and 5 mV.s-1 scan rate 

and from 1.0 to -1.0 V in reversed scan with 5 mV.s-1 scan rate. For all the PP and CPP 

experiments, silver/silver sulfate electrode and graphite rod were used as reference and counter 

electrodes, respectively. Figure 4.6 displays the schematic diagram of the experimental setup 

for performing of corrosion tests. As it can be seen, the surface of the specimen was covered 

with an insulating 3M tape to expose 1 cm2 of the surface to corrosive liquid (artificial sea 

water). The composition of the artificial sea water is summarized in Table 4.2. 

Figure 4.6 Experimental setup for performing PP and CPP corrosions tests. 
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                                               Table 4.2 Composition of artificial seawater 

 

 

 

 

 

 

 

 

 

The corrosion current density (Icorr) and corrosion potential (Ecorr) were determined from the 

intersection point of the individual cathodic and anodic slopes of Tafel curves at which the 

anodic current exactly equals the cathodic current. [114] 

Polarization resistance (Rp) measurements are used to determine the protective ability of 

electrodeposited coatings in the corrosive environment. Rp value is inversely proportional to the 

ICorr. Therefore, higher polarization resistance means lower corrosion current. [115, 116] 

Polarization resistance (Rp) can be calculated as follows: [115, 116] 

 

Rp =  
β𝑎 . β𝑐

2.3 (𝐼𝐶𝑜𝑟𝑟)(β𝑎+β𝑐)
                      (6) 

 

where icorr, Rp, βa, and βc are the corrosion current density (A/cm2), the polarization resistance 

(Ω. cm2), the anodic Tafel slope (volts or millivolts /decade of current), and the cathodic Tafel 

slope (volts or millivolts /decade of current), respectively. The quantity of 
βa×βc

βa+βc 
 refers to the 

Tafel constant.  Figure 4.7 displays a typical potentiodynamic polarization plot. [116] 

Ingredients  Concentration  

        (wt.%) 

NaCl           58.49 

Na2SO4           9.75 

CaCl2           2.765 

KCl           1.645 

NaHCO3           0.477 

KBr           0.238 

H3BO3 

SrCl2.6H2O 
          0.071 

          0.095 

NaF           0.007 

MgCl2           26.46 
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Figure 4.7 Typical potentiodynamic polarization plot. [116] 

The Icorr value may also be used to calculate the corrosion rate (CR) as follows: [117] 

CR =
ICorr . K. EW

d.A
(7) 

Where ICorr is the corrosion current, K is the constant factor (=3272), Ew is Equivalent weight 

(grams/equivalent), d is NiW density (g/cm3) and A is surface area of working electrode (cm2). 

Mechanical properties 

The hardness and elastic modulus were evaluated by using a nano–indenter (Nanomechanics, 

Inc) with a conical diamond indenter tip (90 degrees, 5µm radius spherical end). The pre–test 

parameters are displayed in Table 4.3.  
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     Table 4.3 Pre–test parameters for nano–indentation 

During the nanoindentation process, the indenter tip is pressed into the sample surface and the 

response of interest is recorded as the load–displacement curve which is often called the P–h 

curve.  [118]  

In Nano–indentation process, target load specifies the load at which the indentation test will 

terminate. This value also determines the load at which the average results will be reported. 

Poisson’s ratio of the sample was used in calculating the elastic modulus from indentation data. 

Target Indentation Strain Rate method attempts to maintain a constant indentation strain rate 

during loading and this value sets that strain rate. The loading algorithm of a constant 

indentation strain rate test follows a constant 
𝑑𝑝/𝑑𝑡

𝑃
, where P is load and t is time. The result is

an exponential load rate. This is an important loading condition for strain rate sensitive 

materials. In order to obtain reliable statistics, 100 indents on various locations for each 

specimen were performed. [119, 120, 121] 

Figures 4.8 and 4.9 display the typical nano–indentation load–displacement curve and 

indentation profile. 

Parameters Value 

Target load (mN) 200 

Target depth (nm) 5000 

Poisson's Ratio of Sample 0.3 

Target Indentation Strain Rate (s-1) 0.2 

Target Frequency (Hz) 100 

Surface Approach Velocity (nm.s-1) 100 

Hold Maximum Load Time (s) 1 
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Figure 4.1. Typical load–displacement curve. [122] 

Figure 4.8 Schematic diagram of parameters after unloading. [68] 

hf , hs, and hc are identified as indentation depth after unloading, the elastic displacement of 

the surface at the perimeter and the maximum contact depth at maximum loading point, 

respectively. It can be concluded that maximum displacement (hmax) is obtained by the 

following equation: [67, 68] 

hmax = hc + hs (8) 

Equivalent modulus (Er) and hardness (H) by Oliver & Pharr method, can be defined by the 

following formula: 
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H = 
Pmax

Ac
                            (9) 

Er = 
S√Π

2β√Ac
                           (10) 

where Pmax is the maximum applied load, Ac is the projected contact area of a perfect 

Berkovich indenter, S is the slope of the unload at the maximum displacement point (hmax), 

and β is the parameter related to the shape of the indenter. For the Berkovich indenter, the value 

of β is 1.14.  

Ac and S can be calculated by the following formula: [67, 68] 

 

Ac = 24.5 hc
2                                             (11) 

S = 
𝑑𝑝

𝑑ℎ
 = αm (hmax – hf) 

(m-1)                             (12) 

The elastic modulus of the tested material, E, can be related to the equivalent modulus using 

the following formula: [67, 68] 

 

1

 Er
=

1−𝑣2

𝐸
+

1−𝜈𝑖2

𝐸𝑖
                                   (13) 

 

where Ei and 𝑣i are the elastic modulus and Poisson’s ratio of the indenter material, respectively. 

For diamond indenter: Ei = 1141 GPa, 𝜈i = 0.07. 𝑣 is the Poisson’s ratio of the sample, which 

is assumed to be 0.38 (measured by tensile experiments). 
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CHAPTER 5 NOVELTY CONTRIBUTIONS TO ALL ARTICLES 

Novel contribution to Article 1: 

The novelty related to this article is to compare the influence of applied DC and PRC deposition 

methods on corrosion and tribological performances of NiW-SiC composite materials. To the 

best of our knowledge, there is no such comparison has been reported in literature. 

Novel contribution to Article 2: 

The novelty related to this article is to investigate for the first time the pitting corrosion 

behavior of DC and PRC electrodeposited Ni and NiW coatings using cyclic polarization as 

well as their mechanical properties by nano–indentation technique. 

Novel contribution to Article 3: 

The novelty related to this article is to fabricate NiW coating with outstanding mechanical, wear 

performance, and very low coefficient of friction through precise control of the tungsten (W) 

content of the deposit through applying a well–designed PRC waveform and using a novel 

derivative of propargyl compound as a grain refiner and brightener into the deposition bath.  

Novel contribution to Article 4: 

The novelty to this article was to fabricate a new composite of NiW–SiC–hBN and investigate 

their microstructure and properties. In this article, the influence of hBN on wear performance 

and corrosion resistance of DC deposited NiW and NiW–SiC was investigated. It was found 

that the addition of hBN to NiW matrix enhanced the wear resistance significantly due to high 

lubricity of hBN. Also, addition of SiC to NiW–hBN improved corrosion resistance 

significantly by shifting of corrosion potential to more positive values and lowering the 

corrosion current density. 

Novel contribution to Article 5: 

The novelty to this article was to fabricate new composites of NiW–CeO2 and NiW–SiC–CeO2 

composites and investigate their microstructure, corrosion, and tribological properties. It was 

found that the incorporating of CeO2 and SiC ceramic particles within the NiW matrix enhanced 

the corrosion and tribological performance of the deposit and PRC–NiW–SiC–CeO2 possessed 
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superior corrosion and wear performance compared to the DC and PRC electrodeposited NiW 

and NiW–SiC coatings. 

Novel contribution to Article 6: 

The novelty to this article was to fabricate a new composite of NiW–CeO2 by DC and PRC 

electrodeposition processes and investigate their microstructure and properties. It was found 

that the incorporating of CeO2 ceramic particles within NiW matrix enhanced the corrosion and 

wear performance of the deposit and PRC–NiW–CeO2 possessed superior corrosion and wear 

performance compared to the DC and PRC electrodeposited Ni and NiW coatings.  
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CHAPTER 6 ARTICLE 1: HIGHLY CORROSION–RESISTANT 

PULSED–REVERSE CURRENT ELECTRODEPOSITED NICKEL 

TUNGSTEN AND NICKEL TUNGSTEN–SILICON CARBIDE 

COMPOSITES

Authors: Mina Dadvand, Oumarou Savadogo 

Article Accepted Prior to Revision: Journal of Applied Electrochemistry, 16 May 2022 

Abstract 

 A detailed analysis of the effect of well–designed pulse–reverse current (PRC) waveform 

parameters as well as formulation of bath chemistry on the film properties of nickel–tungsten 

(NiW) and nickel tungsten–silicon carbide (NiW–SiC) coatings on brass substrates are 

presented. The coatings prepared using PRC, demonstrated outstanding corrosion resistance 

when exposed to corrosive liquid (artificial sea water) compared to that of direct–current (DC) 

waveform. In particular, the inclusion of SiC particles within NiW deposit significantly 

improved corrosion resistance of the coatings. The effect of the concentration of SiC particles 

in the electrolyte on the surface morphology of coating and its corrosion properties are also

Investigated. 

Keywords: nickel tungsten–silicon carbide composites, pulsed reverse current 

electrodeposition, direct current electrodeposition, and Corrosion properties. 

6.1 Introduction 

In general, corrosion and wear are considered as the main factors resulting in the failure of the 

mechanical parts. Various coating materials have been developed to enhance the lifetime of 

engineering parts in harsh environments. [1–5] Some metal matrix composites (MMCs) have 

been considered as promising class of such materials due to their both enhanced mechanical 

and corrosion properties. These materials are fabricated by incorporating of reinforcement 
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phase in the metallic matrix. In fact, a metal composite material is composed of at least two 

components, one being a metal (host), and the other component (filler) could be a different 

metal, or a ceramic, or an organic compound. The addition of filler enhances the properties of 

host material [1–3]. Composite coating materials can be produced through either vacuum–based 

or non–vacuum–based deposition methods. Coatings produced through non–vacuum–based 

processes are attractive industrially due to less complexity and lower cost. Among the non–

vacuum–based metallic coatings, metallic–ceramic composites are the most promising 

candidates regarding several factors: resistance against various harsh environments, durability 

against numerous wearing conditions, lower cost, and less complexity in scaling up the coating 

process to large volume productions. Metallic–ceramic composites are based on combination 

of metallic and ceramic components that provides unique possibilities to tailor the mechanical 

and corrosion properties with respect to numerous applications. One of the most important 

techniques for fabricating of MMCs is electrodeposition process in which the filler particles are 

suspended in an electrodeposition electrolyte and co–deposited with metal layer to form a 

composite coating [5–8]. DC electrodeposition method by far is the most convenient and cost 

efficient method of electrodeposition. However, it requires the use of additives to control the 

microstructure and properties as well as current distribution. Generally, the coatings developed 

by DC method are non–uniform and brittle. Recently, pulsed reverse current electrodeposition 

method has gained a considerable attention from researchers and industry since it offers a higher 

level of control over the chemical composition and deposit structure by appropriate selection 

of the electrodeposition parameters with minimal additive consumption. The coatings obtained 

by PRC technique are more compact and uniform due to their finer grain size and they also 

exhibit better mechanical and corrosion properties compared to DC electrodeposited coatings. 

[9–12] 

Nickel (Ni) is the most commonly used metal in electrodeposition as the continuous metallic 

phase due to several factors such as availability, cost, feasibility of deposition, and its unique 

properties. However, nickel itself is moderately resistant to corrosion and its resistance can be 

improved when it is alloyed with other transition metals such as copper, molybdenum, 

chromium, iron, and tungsten. Among such materials, Ni–W alloys have drawn considerable 

attention in recent years in a broad range of engineering applications. It is also noteworthy to 

mention that presence of insoluble particulates such as SiC within the NiW matrix could greatly 
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enhance the corrosion properties of the coating and this could be possibly due to blockage in 

anodic faradaic current flow. [4–6]

Few studies have been reported on both DC and PRC electrodeposited NiW and also DC 

electrodeposited NiW–SiC composites. [4–21] Hosseini et al. [5] investigated the corrosion 

performance of DC electrodeposited NiW–SiC composite coatings as well as the influence of 

SiC particle concentration in the plating bath on the composition of composite coatings. It was 

found that addition of SiC particle into NiW matrix had a significant influence on the 

morphology, chemical composition, and corrosion performance of the coatings.  

The resultant NiW–SiC coatings were smoother, and more corrosion resistant compared to NiW 

coatings presumably due to the lower dissolution rate of nickel and tungsten of the alloy coating 

[5]. In a similar study done by Yao and et al. [11] results on corrosion behaviour of DC 

electrodeposited NiW and NiW–SiC nano–composite indicated that NiW–SiC had better 

corrosion resistance compared to NiW alloy coating possibly due to reinforced SiC particles, 

acting as inert physical barriers against creation and propagation of defect corrosion. 

Allahyarzadeh and et al. [22] reported the corrosion performance of multilayer PRC 

electrodeposited NiW coating on carbon steel substrates. The coating was composed of two 

nickel–tungsten layers with alternating chemical compositions of 25 wt% and 11 wt%. Despite 

the fact that multilayer coatings possessed considerable resistance against pitting corrosion, 

corrosion resistance was reduced in the presence of chloride ions due to preferential dissolution 

of nickel and decrease in passive region area. However, the multilayer coating had higher 

corrosion resistance compared to monolithic coatings.  Herein, we report the first study on PRC 

electrodeposition of NiW, reinforced with micrometer size SiC particles, from an electrolyte 

containing a propargyl derivative as both grain refiner and brightener and investigate their 

corrosion performance of such coating. The resulting coatings in this approach were crack–free, 

uniform and exhibited superior corrosion properties. 
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6.2 Experimental 

 Electrodeposition bath formulation 

The Ni electrodeposition electrolyte was composed of nickel sulfate (NiSO4.6H2O) as a source 

of nickel ions, citric acid as complexing agent, o–Benzoic sulfimide (sodium saccharin, 

C7H5NO3S) as stress reducer, propargyl–oxopropane-2,3–dihydroxy as a grain refiner and 

brightener and DuPont™ Capstone® Fluorosurfactant F–63 as a wetting agent. The NiW 

plating bath was prepared by addition of sodium tungstate dehydrate (Na2WO4.2H2O) as a 

source of tungstate ions into the same electroplating bath that was used for Ni electrodeposition.  

And finally, NiW–SiC bath was made by adding SiC particles and a dispersant agent such as 

polyethyleneimine into NiW plating solution. The composition and operating conditions used 

for electrodeposition condition of NiW and NiW–SiC are summarized in Table 6.1.

 

Table 6.1 Composition and Operating Condition of the Electrodeposition Baths 

  

Chemical Compound and Operating 

Condition 

                              Concentration 

Ni NiW NiW–SiC 

Nickel sulfate (g.L-1) as a source of nickel 

ions 
29.530 29.530 29.530 

Sodium tungstate (g.L-1) as a source of 

tungstate ions 

None 5860 5860 

Citric acid (g.L-1) as complexing agent 6367 6367 6367 

Ammonia (ml.L-1)  ~65 ~65 ~65 

Sulfuric acid (g.L-1) As needed As needed As needed 

Propargyloxopropane2,3dihydroxy 

(g.L-1) as grain refiner and brightener 

0.91 0.91 0.91 

DuPont™ Capstone® Fluoro–surfactant 

FS–63 (g.L-1) as wetting agent 

1.8–2 1.82 1.82 

Sodium saccharin (g.L-1) as stress reducer 0.51 0.51 0.51 

Polyethyleneimine branched, Mn ~600 by 

GPC (g.L-1) as dispersing agent 

None None 0.5 

SiC particles (320 grit,) None None 20 

Experimental condition 

pH 7.88.0 7.88.0 7.88.0 

Temperature (oC) 5861 5861 5861 

Duration of electrodeposition (min) 30 30 30 

https://www.sigmaaldrich.com/catalog/product/aldrich/408719?lang=en&region=US
https://www.sigmaaldrich.com/catalog/product/aldrich/408719?lang=en&region=US
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Sample preparation 

The surface of brass panel substrates were cleaned (degreased) and activated prior to 

electrodeposition process. The substrates were first immersed into 50 g.L-1 alkaline soap 

solution (TEC1001; Technic Inc.) at temperature of about 50oC for approximately 1 min 

followed by rinsing with deionized (DI) water. The substrates were then activated by immersing 

into dilute sulfuric acid (10% v/v) at room temperature for about 10 sec followed by rinsing 

with DI water. Water break test was performed to evaluate the cleanness of the substrates. In 

this testing protocol, the substrate was gently rinsed with deionized water following the final 

rinse step. The substrate was considered clean if the water completely wets the surface. 

Electrodeposition setup 

The electrodeposition setup was composed of an electrodeposition tank containing electrolyte, 

a pump (Flo King Filter System Inc.) to provide adequate agitation, electrodes (anode and   

cathode), and a pulsed reverse plating power supply. The electrodeposition bath was placed 

inside a water circulating bath operating at 60oC temperature. A pulse reverse power supply 

(Model pe8005, Plating Electronic GmbH, Germany) was used to apply direct current (DC) and 

pulse reverse current (PRC) waveforms to electrodeposition bath. The anode used in this work 

was platinized titanium mesh (2 cm width and 5 cm length) and the cathode was a surface pre–

treated brass substrate with the same dimension as anode. Two such anodes, spaced about 10 

cm apart, were supported in plating cell by using clamps and the cathode was placed between 

the anodes, 5 cm apart from each anode.  

The initial electrodeposition experiments were performed inside a hull cell equipped with 

heater, thermostat air agitation and air pump to characterize and improve the current density 

distribution throughout the substrate surface. A platinized titanium mesh sheet was used as 

anode and brass substrate was used as cathode. 

Optimization of applied waveforms 

A current waveform composed of direct current (DC, 0.04 A.cm-2, 3 min) and pulsed reverse 

(0.15 A.cm-2 and 16 ms forward, 0.11 A.cm-2 and 9 ms reversed) were used to electrodeposit 

NiW–SiC composite.  
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 Materials characterization 

The tungsten content, surface morphology of the deposits, grain size were characterized by 

energy dispersive spectroscopy (EDS), scanning electron microscopy (SEM, Joel 7600 TFE), 

and X–ray diffraction (XRD, Bruker D8 Advance), respectively. As well, Time–of–Flight 

Secondary Ion Mass Spectrometry (TOF–SIMS, PHI TRIFT V nanoTOF), and X–ray 

photoelectron spectroscopy (XPS, Thermo Scientific Aluminum–kα)  was used to characterize 

the surface film on deposits before and after potentiodynamic corrosion test in order to obtain 

information about the change in chemical composition on the surface of deposits after corrosion 

testing. Potentiostat (Princeton Applied Research Potentiostat/Galvanostat Model 273A) was 

used to investigate the corrosion behavior of the deposits. The potentiostat was equipped with 

CorrWare software enabling to apply potential scans remotely through the software. 

Potentiodynamic polarization (PP) scans were performed from -0.6 to 1.0 V vs. Ecorr at room 

temperature and 5 mV.s-1 scan rate. For all the PP experiments, silver/silver sulfate electrode 

and graphite rod were used as reference and counter electrodes, respectively. The surface of the 

specimen was covered with an insulating 3M tape to expose 1 cm2 of the surface to corrosive 

liquid (artificial sea water). Table 6.2 shows the composition of the artificial seawater. 

 

                                        Table 6.2  Composition of Artificial Sea Water                                            

Ingredients Concentrations           

(wt%) 

NaCl 58.49 

Na2SO4 9.75 

CaCl2 2.765 

KCl 1.645 

NaHCO3 0.477 

KBr 0.238 

H3BO3 0.071 

SrCl2.6H2O 0.095 

NaF 0.007 

MgCl2 26.46 

 

To further enhance NiW coating properties on brass substrates, we studied the effect of SiC 

addition to electrolyte bath as well as its concentration in both DC and PRC electrodeposited 

NiW–SiC composite coatings. The morphology of NiW–SiC composites deposited from 
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electrolyte bath containing 20 to 40 g.L-1 SiC particles was investigated using EDS analysis and 

SEM micrographs. 

 

6.3 Results and discussion 

During the pulsed reverse electrodeposition process, the applied current density is interrupted 

periodically and a reversed or stripping time is introduced into the cycle. Therefore, the 

diffusion layer around the substrate (cathode) is replenished and also the protrusions on the 

cathode surface are selectively dissolved periodically resulting in more uniform deposit 

compared to DC electrodeposition process. In PRC electrodeposition of NiW, the tungsten 

atoms are the species that are removed selectively from the deposited NiW resulting in reduced 

content of the induced deposited tungsten. Deposits of NiW with improved surface 

morphology, corrosion resistance could be produced by optimizing pulse parameters including 

forward and backward current densities and pulse durations. [9, 23–25] Average current (IA) 

and duty cycle (ý) are two important parameters in PRC method and are respectively 

determined by equations (1) and (2): 

 IA= I(F).T(F) – I(R).T(R)/T(F)+T(R)  (1) 

 ý=T(F)/T(F)+T(R)  (2) 

where I(F) is the forward (cathodic) current density, I(R) is the backward (anodic) current 

density, T(F) is the forward (cathodic) pulse duration and T(R) is the backward (anodic) pulse 

duration. [9] 

 

 Optimization of the brightener/grain refiner concentration using hull 

cell 

Non–uniform electrodeposition process produces unevenly deposit across the surface of 

substrate. The ability to control the coating uniformity is the key to successful application of 

this technology. Various factors may cause non–uniform deposition. Examples are 

electrodeposition bath configuration, anode size and its location and configuration with respect 

to substrate, operating bath temperature, agitation mode of electrodeposition solution, distance 
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between anode and substrate (cathode), complexity in the shape of substrate being 

electrodeposited, etc. These parameters can cause variation of the current density distribution 

throughout the surface of substrate resulting in non–uniform coating. In order to characterize 

and improve the current density distribution throughout the substrate surface, initial 

electrodeposition experiments were performed inside a hull cell. In these experiments, various 

concentrations of propargyl–oxo–propane-2,3–dihydroxy (g.L-1) were added into the 

electrodeposition electrolyte and the surface coverage of the deposit was examined by bare eye 

across the surface of brass panel. It was found that at concentration of about 1 g.L-1, the surface 

coverage of the deposit was maximum. 

Morphology and chemical composition of NiW and NiW–SiC coatings 

A uniform and crack–free coating with the thickness of ~18 µm was observed in surface and 

cross–section SEM images of DC–NiW coatings (Figure 6.1a) deposited at current density of 

40 mA.cm-2. EDS spectra and mapping from the surface of DC coated brass substrate suggest 

that Ni (65.3 wt%) and W (34.7 wt%) are the main elements present in the coatings and were 

homogeneously distributed across the coating. As well, all PRC–NiW coated samples were very 

smooth and crack–free throughout the surface of the coating (Fig 6.1b). Furthermore, EDS 

mapping and line scan analysis from PRC–NiW coated substrates suggest that Ni, W, Cu and 

Zn are the main elements present in the coating (Figure 6.1b). The presence of a low quantity 

of Cu and Zn in the coating composition related to the diffusion of Cu and Zn from brass 

substrate during electrodeposition. A uniform distribution of approximately 14 µm PRC–

deposited NiW coating was also observed on PRC–NiW coated substrates (Fig 6.1b).  
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Figure 6.1 SEM micrographs (surface and cross section), EDS spectra and mapping of DC–

NiW (a) and PRC–NiW (b). 

 

Figures 6.2a and 6.3 display SEM micrographs and EDS analysis of the DC and PRC deposited 

NiW samples reinforced with SiC (20 g.L-1). As we can see, SiC particles in the samples 

prepared using PRC waveform were embedded within the NiW matrix, while in the case of 

DC–NiW–SiC, they were mainly deposited on the surface of the coatings. Similar effect has 

also been reported in few PRC electrodeposition coatings and explained by dissolved 

protrusions of the coatings by anode pulse current. [26–28] 

SEM micrographs and EDS spectra of discrete locations on PRC–NiW–SiC substrates revealed 

the positive influence on its co–deposited content in the coating from 36.6 wt% to 52.8 wt% 

when we increased the SiC concentration from 20 to 40 g.L-1 in electrolyte. Similarly, Zhang 

et al. [26] observed higher SiC content in Ni–B/SiC trapped in coatings upon increasing SiC 

concentration (up to 12.5 g.L-1) in the electrodeposition bath. Ni and W contents for PRC–

NiW–SiC (20 g.L-1) were 40.1 and 23.3 wt% and for PRC–NiW–SiC (40 g.L-1) were 35.8 and 

11.4 wt% respectively.  
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Figure 6.2 (a) SEM micrographs taken from the surface PRC–NiW–SiC composite, EDS 

spectra taken from five different locations on the surface and EDS mapping. Concentration of 

SiC in electrolyte was 20 g.L-1. (b) SEM micrographs taken from the surface of PRC 

electrodeposited NiW–SiC composite, EDS spectra taken from five different locations on the 

surface and EDS mapping. Duration of plating was 30 min and concentration of SiC in 

electrolyte was 40 g.L-1. 

 

 

Figure 6.3 SEM micrograph, EDS spectra and EDS mapping from the surface of DC 

electrodeposited NiW–SiC; Concentration of SiC in electrolyte was 20 g.L-1. Duration of 

plating was 30 min; the applied current density was 40 mA.cm-2. 

 

 Corrosion behavior of DC and PRC deposited coatings 

Potentiodynamic polarization graphs of the electrodeposited DC–Ni, PRC–Ni, DC–NiW, PRC–

NiW, DC–NiW–SiC, and PRC–NiW–SiC are shown in Figure 6.4. The parameters of corrosion 

behavior of these materials such as their potential (Ecorr) and corrosion current density (Icorr) 
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extracted from the polarization graphs in Figure 6.4 are shown in Table 6.3. As it can be seen, 

the corrosion resistance improves in the following order for the various deposits: 

DC–Ni < PRC–Ni < DC–NiW < DC–NiW–SiC < PRC–NiW < PRC–NiW–SiC 

The sharp increase in anodic current density with increasing potential is associated with the 

pitting corrosion that can be seen for the samples named, respectively, DC–Ni, PRC–Ni, DC–

NiW, DC–NiW–SiC, and PRC–NiW. For these coatings, no passive region was established 

before pitting. However, for PRC–NiW–SiC, a passive region between the potential of -0.5 and 

0.1 V was observed. This could be explained by the higher corrosion resistance and stability of 

the coating in the corrosive liquid. Moreover, at higher positive potentials, for all coatings, one 

or more passivity breakdown occurs, leading to a sudden increase of the anodic current density. 

At the break down potential, the surface's passive film either breaks down locally, or it dissolves 

rapidly which will result in the failure of the coating system. This could be attributed to non–

stability of the passive film when exposed to the corrosive liquid at higher positive potentials.  

Figure 6.4 Potentiodynamic polarization (PD) of DC–Ni, PRC–Ni, DC–NiW, PRC–NiW, 

DC–NiW–SiC, and PRC–NiW–SiC. 
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Table 5.3 Corrosion potential and current density values extracted from potentiodynamic 

polarization graph. 

Following the PP tests, the 3M insulating tapes that were exposing 1 cm2 circular area of the 

coated samples were removed from DC electrodeposited DC–Ni, DC–NiW, DC–NiW–SiC, 

and PRC–NiW–SiC specimens and optical micrographs were taken from the surface of the 

specimens. Optical micrographs (Figure 6.5) were taken from the surface of specimens after 

performing PP tests. As it can be seen, the DC–Ni and PRC–Ni deposits were completely 

corroded and pulled off the surface. A significant discoloration was observed on the surface of 

DC–NiW, whereas the surface of PRC–NiW and PRC–NiW–SiC showed significantly slight 

damage. The surface of PRC–NiW–SiC deposit was also remained almost unchanged after the 

PP test. The optical micrographs in Figure 6.5 are correlated to the PP test results as 

demonstrated in Figure 6.4. As it was shown in the PP test results, DC deposited coatings 

exhibited more negative corrosion potential and higher corrosion current density compared to 

PRC deposited coatings. Furthermore, presence of SiC in the coatings shifted the corrosion 

potential to more positive values and corrosion current density to more small values (Table 5.3). 

This indicates that samples reinforced with SiC and electrodeposited with PRC methods exhibit 

better corrosion resistance. 

Name of coatings Corrosion potential (V) Current density (mA. cm-2) 

DC–Ni -0.85 1.11 × 10-1 

PRC–Ni -0.82 5.65 × 10-2 

DC–NiW -0.79 1.76 × 10-2 

PRC–NiW -0.64 5.89 × 10-3 

DC–NiW–SiC -0.67 6.84 × 10-3 

PRC–NiW–SiC -0.50 1.162 × 10-3 
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Figure 6.5 Optical micrographs taken from the exposed area of various deposits after 

potentiodynamic polarization of the deposits in artificial sea salt solution. The masking tape 

was removed prior to taking optical micrographs from the surface of the samples; (a) DC–Ni, 

(b) DC–NiW, (c) DC–NiW–SiC, (d) PRC–Ni, (e) PRC–NiW, and (f) PRC–NiW–SiC. 

 

The influence of SiC content in the electrodeposition bath on corrosion resistance of PRC 

deposited NiW–SiC was investigated. Figure 6.6 displays the pp test taken from the surface of 

PRC–NiW–SiC electrodeposited from the bath containing 20 g.L-1 and 40 g.L-1 SiC.  The 

corrosion potential (Ecorr) and corrosion current density (Icorr) extracted from the polarization 

graphs in Figure 6.6 are displayed in Table 6.4. As it can be observed, the corrosion resistance 

improves with increase of SiC content in the electrodeposition bath. The increase of the 

corrosion potentials and decrease in the corrosion current density at higher SiC content in the 

coating was probably due to semiconducting properties of SiC and, hence, less tendency for 

formation of galvanic cells in NiW matrix. 
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Figure 6.6 Influence of SiC concentration (20 g.L-1 and 40 g.L-1) in the bath on the 

potentiodynamic polarization (pp) curves of PRC–NiW–SiC. 

Table 6.4 Corrosion potential and current density values extracted from potentiodynamic 

polarization graph. 

TOF–SIMS surface analysis 

TOF–SIMS was applied to analyze corrosion behavior of DC and PRC deposited coatings (Ni, 

NiW and NiW–SiC) on brass substrates through examination of corrosion products after PP test 

at various ranges of 0–50 m/z, 50–90 m/z and 90–180 m/z.  

Name of coatings     Corrosion potential (V) Current density (mA. cm-2) 

PRC–NiW–SiC (20 g.L-1) -0.71 7.3 × 10-3 

PRC–NiW–SiC (40 g.L-1) -0.49 4.5 × 10-3 
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In the first set, TOF–SIMS spectra (Figures 5.7 (a), 5.7 (b), and 5.7 (c)) were taken in the range 

of 0–50 m/z for positive and negative ions from the surfaces of DC–Ni, DC–NiW, and DC–

NiW–SiC specimens, respectively. Various hydrocarbon contamination from exposure to the 

environment were observed on the surface of all specimens, e.g. C+ (m/z=12), COH+ (m/z=29), 

CH2OH+ (m/z=31). The hydrocarbons are most likely adsorbed on the surfaces during sample 

preparation, when they were dried and transferred to the spectrometer. In addition to 

hydrocarbons, additional peak of Na+ (23 m/z) was present on DC–NiW–SiC before PP test, 

which indicates the presence of alkali earth metal on the surface and is most likely due to surface 

contamination from the electrolytes. However, alkali earth metals such as sodium and 

potassium are often observed in SIMS analyses due to their low ionization energies. 

Figure 6.7 (a) TOF–SIMS (0–50 m/z) spectra taken from the deposits before and after 

potentiodynamic corrosion test for DC–Ni. (b) TOF–SIMS (0–50 m/z) spectra taken from the 
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deposits before and after potentiodynamic corrosion test for DC–NiW. (c) TOF–SIMS (0–50 

m/z. 

 

In the second set, TOF–SIMS spectra (Figures 6.8 a, 6.8b, and 6.8c) was taken in the range of 

50–90 m/z for positive and negative ions from the surfaces of DC–Ni, DC–NiW, DC–NiW–

SiC specimens, respectively. In DC–Ni, after PP test, nickel ions peaks were disappeared in the 

positive range of spectra, while the peaks related to brass substrate (i.e. Cu and Zn) were 

observed (Figure 6.8a). The same observation was realized in optical micrograph taken from 

the surface of the DC–Ni sample after corrosion test which was shown earlier (Figure 6.5 (a)), 

i.e. the nickel layer was completely removed after the PP test and the surface of brass substrate 

was exposed. For DC–NiW (Figure 6.8b), Ni layer was not completely removed after the PP 

test and no exposure of substrate was realized (i.e., no peaks related to Cu and Zn were 

observed) after the PP test. Similar observations were realized for the DC–NiW–SiC deposit. 

However, in the latter deposit, new positively charged silicon oxide based species were 

observed. These new species more likely were related to oxidation of silicon carbide during the 

PP test. The oxide form of silicon species might be responsible for further surface passivation 

and the observed improvement in corrosion resistance of the DC–NiW–SiC composite 

compared to DC–NiW deposit which could be as a result of SiC acting as a physical barrier 

against formation and propagation of corrosion pits. This presence of SiC oxidized species on 

the metal surface may also reduce the surface area of the metal which is more sensitive to 

corrosion. [29–30] 
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Figure 6.8 (a) TOF–SIMS (50–90 m/z) Spectra taken DC–Ni before and after potentiodynamic 

corrosion test. (b) TOF–SIMS (50–90 m/z) Spectra taken DC–NiW before and after 

potentiodynamic corrosion test. (c) TOF–SIMS (50–90 m/z) Spectra taken DC–NiW–SiC 

before and after potentiodynamic corrosion test. 

In the third set, TOF–SIMS spectra (Figures 6.9a, 6.9b and 6.9c) was taken in the range of 180–

290 m/z for as results of analysis of positive and negative ions from the surfaces of DC–Ni, 

DC–NiW, and DC–NiW–SiC specimens, respectively. As expected, no peaks related to 

tungsten species were observed in Figure 6.9a due to the fact that the DC deposited Ni did not 

have any tungsten. Figures 6.9b and 6.9c show the peaks related to tungsten containing species. 

As it can be seen, both deposits (DC–NiW and DC–NiW–SiC) display various oxide forms of 

tungsten within the deposits. According to Figures 6.9b and 6.9c, DC–NiW contains larger 

amounts of tungsten oxide with lower oxidation states compared to DC–NiW–SiC composite. 
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Presence of highly stable forms of tungsten oxides in the coating such as WO3 could further 

improve passivity and increase the induction time for pit initiation, whereas lower oxidation 

forms of tungsten oxide such as WO and WO2 are not considered stable protective oxides. This 

is attributed to insolubility of WO3 when interacted with water. [31] It is known that the range 

of the m/z values of the TOF–SIMS characterization has an important role on the species which 

can be detected before and after corrosion. The TOF–SIMS method in a m/z range above 180 

m/z is usually the most useful for detailed analysis of surfaces before and after corrosion. At 

lower m/z range, TOF–SIMS spectra are sometimes dominated by signals arising from 

hydrocarbon contaminants masking the underlying chemical species. 

Figure 6.9 (a) TOF–SIMS (180–290 m/z) Spectra taken from DC–Ni before and after 

potentiodynamic corrosion test. (b) TOF–SIMS (180–290 m/z) Spectra taken from DC–NiW 

before and after potentiodynamic corrosion test. (c) TOF–SIMS (180–290 m/z) Spectra taken 

from DC–NiW–SiC. 
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Accordingly, in the fourth set of experiments, TOF–SIMS spectra (Figures 6.10a, 6.10b, and 

6.10c) was taken in the range of 0–50 m/z, 50–90 m/z, and 180–290 m/z for positive and 

negative ions from the surface of PRC–NiW–SiC specimen, respectively. Comparing Figures 

6.7c and 6.10a shows that in the range of 0–50 m/z, both DC and PRC electrodeposited NiW–

SiC demonstrated carbon and alkali based (Na+) contaminants at 12 m/z, 23 m/z, 29 m/z and 

31 m/z. However, in the case of PRC–NiW–SiC, additional peak of SiC(H)+ is seen which is 

possibly due to entrapment and oxidation of SiC within the tungsten oxide layers during each 

reverse pulse. SiC compounds could act as physical barriers to protect the coating from further 

corrosion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.10 (a) TOF–SIMS spectra (0–50 m/z) from the surface of PRC–NiW–SiC deposit 

before and after PP test. (b) TOF–SIMS spectra (50–90 m/z) from the surface of PRC–NiW–
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SiC deposit before and after PP test. (c) TOF–SIMS spectra (180–290 m/z) from the surface 

of PRC–NiW–SiC deposit before and after PP. 

It was also observed that, in PRC deposited NiW–SiC, brass substrate was not exposed after 

the PP tests since no peaks of Cu and Zn is seen. Comparing of Figures 5.9c and 5.10c also 

demonstrates that the majority of tungsten containing species was based on the higher oxidation 

states of tungsten in the case of PRC–NiW–SiC. The latter observation may explain improved 

corrosion performance of PRC–NiW–SiC compared to DC–NiW–SiC. The utilization of the 

PRC based method produces higher oxidation state of tungsten oxide than using the DC method. 

Therefore, PRC–NiW–SiC sample resists more to corrosion than DC–NiW–SiC sample.  

XPS analysis 

XPS spectra was acquired from three different locations on the surfaces of PRC deposited Ni, 

NiW, and NiW–SiC coatings to measure the average atomic composition (%) and element 

valence state of all the samples before and after the PP test. Ni, Cu, O, and C elements are 

clearly observed in the XPS spectra of Ni (Figure 6.11a). The high resolution XPS spectra of 

the Ni, O, and C regions are given in Figures 6.11 (b–d). As seen from Figure 6.11b, two major 

peaks at around 852.43 eV and 869.77 eV were assigned to Ni 2p3/2 and Ni 2p1/2, and their 

corresponding satellite/shoulder peaks are located at 855 eV and 873.34 eV which agrees with 

reported values of NiOOH and Ni2O3. [32–39] Figure 6.15c depicts the O1s spectrum that was 

deconvoluted into three peaks at 529.37 eV, 531.09 eV, 532 eV, respectively. The peak at 

529.37 eV is attributed to Ni–O and the peaks at 531.09 eV and 532 eV were resulted from the 

Ni3+species (NiOOH) and Ni+2 species (Ni (OH)2 respectively [32–38]. Figure 6.15d exhibits 

the C1s XPS spectra that decomposed into five peaks. The fitted peaks at 284.1 eV, 284.5 eV, 

285.4 eV, 286 eV, and 288.45 eV correspond to the C–C, C=C, C–H, C–O, C=O, and O–C=O, 

respectively which are derived from the corresponding organic additives such as brightener, 

citrate, and carbon contamination during the electrodeposition process. [32–38]
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Figure 6.11 XPS spectra (A) for Ni and XPS regions of Ni2p (B), O1s (C) and C1s (D). 

Figure 6.12 displays the XPS surface scans of PRC electrodeposited Ni on brass substrate after 

the PP test. Ni 2p spectrum of Ni film exhibits metallic Ni peaks at 852.61eV and 869.708 eV, 

and Ni oxide peaks (NiO) at 858 eV, 871.05 eV, and 874.74 eV.  It was observed that after the 

PP test, the intensity of metallic nickel peaks became smaller, while the intensity of NiOOH 

and NiO became stronger (Figure 6.11). The same observation was realized through eye 

examination, i.e. the nickel layer was removed after the PP test and the surface of substrate was 

exposed. Figure 6.12c displays the O1s spectrum of Ni. It was noticed that the intensity of NiO 

peak was stronger after the pp test. This is an indication that the surface contains more NiO 

after passivation. A summary of the quantitative results of the chemical elements of PRC–Ni 

coatings before and after the pp test expressed as atomic percentage are displayed in Table 6.5. 

It is observed that the atomic concentrations of the Ni2p elements decreased from 13.76 at% to 
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2.086 at% after the corrosion test and Cu2p atomic percentage also increased from 0.913 at% 

to 2.163 at%. As well, the XPS spectra obtained from the surface of the samples reveal the 

largest amounts of oxygen and carbon. The coatings also contain fluorine and sulfur which is 

due to co–deposition of fluorine–containing surfactant and sodium saccharine used in 

preparation of the electrodeposition bath. Phosphorous, chloride, and nitrogen contaminations 

are also detected on the coating surface before and after the pp tests.  

 

 

Figure 6.12 XPS spectra (A) for Ni after the pp test and XPS regions of Ni2p (B), O1s (C) and 

C1s (D). 

 

Figure 6.13 displays the Ni2p, O1s, C1s, and W4f XPS profiles of PRC deposited NiW coating. 

The XPS analysis suggests that the surface of the coating contains mostly Ni, W, O, and C 

elements. There was also no Cu peak was observed on the NiW XPS spectra which 
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demonstrates no visible inter diffusion of Cu from the substrate through electrodeposited NiW 

coating. 

 

The Ni 2p spectra exhibits Ni 2p3/2 and Ni 2p1/2 spectrum doublet, centered at about 852.59 

eV and 869.57 eV, with the corresponding shake–up satellite at 855.67 eV and 873.37 eV. The 

O1s spectra presented in Figure 6.13c suggested presence of major peak at 531.3 eV 

corresponding to Ni (OH)2, a peak at 530.4 eV and 532.9 eV corresponding to WO3 and SiO2. 

[39–46] The peak at 529.6 eV corresponds to Ni peak which is negligible since Ni presents 

mostly in metallic state. It is also well known that the majority of samples after being exposed 

to ambient air have a detectable quantity of carbon contamination (~ 2 nm thick) as shown in 

Figure 6.13d. C1s XPS spectrum for contamination typically contains C–C, O–C=O, and C–

O–C components. As displayed in Figure 6.13e, XPS profiles of W4f have an asymmetric peak 

shape for tungsten metal. In this Figure, the W4f7/2 and W4f5/2 exist in both oxide (WO3 at 

35.408 eV and 37.63 eV) and metallic state (W0 at 31.54 eV and 33.76 eV). Tungsten is 

extremely resistant to corrosion and forms a protective oxide (WO3) when exposed to 

atmosphere. WO3 has been reported as the most stable phase at room temperature. 
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Figure 6.13 XPS spectra (A) for NiW and XPS regions of Ni2p (B), O1s (C), C1s (D), and W4f 

(E). 

PP test was performed on the surface of PRC deposited NiW. XPS spectra for NiW and XPS 

regions of Ni2p, O1s, C1s, and W4f are shown in Figure 6.14 (a–e).  It was found that after the 
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pp test, the intensity of Ni peak at 852.59 eV and 869.57 eV became very negligible or 

completely disappeared. However, other peaks of NiWO4, Ni (OH)2, and NiO became stronger 

and more intense after the pp test. It can be understood that Ni has been oxidized after the pp 

test and new phases have been formed. The W4f spectra displays a W4f7/2 and W4f5/2 for 

metals centered at 31.46 eV and 33.58 eV, and also displays a W4f5/2 for oxides centered at 

35.27 and 37.42 eV, respectively. Comparing the XPS results of NiW coating before the 

corrosion test, the intensity of W peaks at 31.46 eV and 33.58 eV in W4f spectra were much 

higher compared to the W4f spectra of NiW after the corrosion test. This suggests oxidation of 

tungsten during the pp test. A summary of the quantitative results of PRC deposited NiW 

coatings before and after the pp test expressed as atomic percentage is displayed in Table 4.6. 

It is observed that the atomic concentrations of the Ni2p decreased from 7.16 at% to 2.29 at%. 

As well, the XPS spectra obtained from the surface of the NiW coated samples reveal the largest 

amounts of oxygen and carbon. Presence of fluorine on the surface of the coating can be 

associated with co–deposition of fluorine–containing surfactant used in preparation of the 

electrodeposition bath. Magnesium and calcium contaminations are also detected on the coating 

surface after the pp test which can be attributed to presence of calcium and magnesium in the 

seawater solution. 
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Figure 6.14 XPS spectra (A) for NiW after the PP test and XPS regions of Ni2p (B), O1s (C), 

C1s (D), and W4f (E). 

 

Figure 6.15 displays the Ni2p, O1s, C1s, W4f, and Si2p XPS profiles of PRC deposited NiW–

40 g.L-1 SiC coating. The XPS analysis suggests that the surface of the coating contains mostly 
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Ni, W, O, C, and Si elements. The Ni 2p spectra exhibits Ni 2p3/2 and Ni 2p1/2 spectrum 

doublet, centered at about 852.52 eV and 869.98 eV, with the corresponding shake–up satellite 

at 855.53 eV and 873.61 eV (Figure 6.15a). 

Comparing the XPS results of NiW–SiC with the NiW before the pp test, the intensity of Ni 

peak at 852.52 eV was lower in NiW–SiC compared to the intensity of Ni peak in NiW. This is 

due to presence of SiC, acting as physical barrier against nucleation of Ni grains. 

XPS spectra from the surface of NiW–SiC also confirmed the formation of NiWO4 and SiO2 

barrier layers (Figures 6.15b and 6.15f) which can enhance the corrosion resistance of the 

coating and is in the confirmation with TOF–SIMS results. The formation of NiWO4 and SiO2 

barrier layers might be due to the following reactions:  [47–49]

Ni2++WO4
2- → NiWO4   (1) 

SiC + 4H2O → SiO2 + 8H+ + CO2 + 8e- (2) 

It was observed from the W4f profile of NiW–SiC, peak intensity at 33.62 eV which is assigned 

to metallic W (Figure 6.15e) was also lower compared to the intensity of W peak in W4f spectra 

of NiW before the pp test (Figure 6.14). This demonstrates that reinforcement of NiW with SiC 

affected the W content of the coating. The XPS spectra from the Si2p region in sample is shown 

in Figure 6.19f. Deconvolution of Si2p spectra displays two main components corresponding 

to Si (Si 2p1/2) at 99.74 eV and SiO at 101.09 eV. The oxy phases might have formed on the 

surface of the coating as it was exposed to the atmosphere. C1s XPS spectra (Figure 6.15d) was 

also decomposed into four peaks. The fitted peaks at 282.04 eV, 284.56 eV, 285.90 eV, and 

288.13 eV correspond to the SiC, C–C, C–O and O–C=O, respectively. They are derived from 

the corresponding organic additive such as brightener, citrate and carbon contamination during 

the electrodeposition process. 
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Figure 6.15 XPS spectra (A) for NiW–SiC and XPS regions of Ni2p (B), O1s (C), C1s (D), 

W4f (E), and Si2p (F). 

 

PP test was performed on the surface of PRC deposited NiW–SiC. XPS spectra taken from the 

surface of NiW–SiC and XPS regions of Ni2p, O1s, C1s, and W4f are shown in Figures 5.16 
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(a–e).  It was found that after the pp test, the metallic Ni peaks observed at 852.52 eV, 869.98 

eV in Ni2p region of NiW–SiC XPS spectra (Figure 6.16b) were completely disappeared after 

the pp test. However, after the pp test, other peaks of NiO and Ni(OH)2 became more intense. 

This was attributed to oxidation of Ni and formation of new phases. As well, in O1s spectra, 

NiO peak at 529.6 eV and WO3 peak at 530.4 eV which were noticeable in O1s spectra of NiW–

SiC before the pp test were also diminished after the pp test.   

The W4f spectra displays a W4f7/2 and W4f5/2 for metals centered at 31.46 eV and 33.58 eV, 

and also displays a W4f5/2 for oxides centered at 35.27 and 37.42 eV, respectively. Comparing 

the XPS results of NiW–SiC coating before the corrosion test, the intensity of W peaks at 31.46 

eV and 33.58 eV in W4f spectra were much higher compared to the W4f spectra of NiW–SiC 

after the corrosion test. This suggests the oxidation of tungsten during the pp test.  A summary 

of the quantitative results of PRC deposited NiW–SiC coatings before and after the pp test 

expressed as atomic percentage is shown in Table 5.7. No significant difference in atomic 

concentrations of the Ni2p before and after the pp test was observed. Increase of the si2p after 

the corrosion test from 0.96 at% to 5.17 at% could be related to corrosion and removal of NiW 

layer on the surface and exposure of the trapped SiC particles within NiW to the surface of the 

coating. Significant amounts of oxygen and carbon on the surface can be seen, since XPS is so 

surface sensitive. As well, samples contained fluorine which is due to co–deposition of 

fluorine–containing surfactant used in preparation of the electrodeposition bath. Magnesium, 

calcium, and Zn contaminations are also detected on the coating surface after the pp test which 

can be attributed to presence of calcium and magnesium in the seawater solution.  
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Figure 6.16 XPS spectra (A) for NiW–SiC after the pp test and XPS regions of Ni2p (B), O1s 

(C), C1s (D), W4f (E), and Si2p (F). 
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Table 6.5 Average atomic composition of PRC–Ni from three locations before and after the 

pp test. 

Elements          Atom concentration (at%) 

        PRC–Ni 

(before the pp test) 

      PRC–Ni 

(after the pp test) 

Ni2p 13.76 2.086 

Cu2p 0.913 2.163 

O1s 29.333 18.033 

C1s 42.216 73.033 

F1s 12.56 2.966 

P2p 1.053 –––––– 

S2p 0.156 –––––– 

Cl2p –––––– 0.653 

N1s –––––– 1.056 

 

  

Table 6.6 Atomic composition of PRC–NiW deposited brass substrates before and after the pp 

test. 

Elements          Atom concentration (at%) 

     PRC–NiW 

(before the pp test) 

    PRC–NiW 

(before the pp test) 

Ni2p 7.16 2.29 

O1s 24.17 18.93 

C1s 62.11 73.48 

F1s 3.05 1.14 

W4f 1.84 0.35 

N1s 1.64 1.58 

Mg1s ––––– 1.36 

Ca2p ––––– 0.85 
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Table 6.7 Atomic composition of PRC–NiW–SiC deposited brass substrates before and after 

the pp test 

Elements Atom concentration (at%) 

 PRC–NiW–SiC 

(before the pp test) 

PRC–NiW–SiC 

(after the pp test) 

Ni2p 3.46 4.48 

O1s 21.48 25.91 

C1s 66.14 54.85 

F1s 2.03 5.83 

W4f 1.39 0.76 

N1s 4.52 1.18 

Si2p 0.96 5.15 

Mg1s –––––– 0.99 

Ca2p –––––– 0.81 
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XRD results (Effect of heat treatment on crystallite sizes of PRC deposited 

Ni, NiW, and NiW–SiC)  

Figure 6.17 displays the XRD spectra from the surfaces of as–deposited and heat–treated DC and 

PRC electrodeposited Ni on brass substrate at 350oC and 500oC. The diffraction peaks of DC and 

PRC deposited Ni were assigned to the Cu (111), Ni (111), Cu (200), Ni (200), Cu (220), Ni (220), 

Cu, (311), and Ni (311) planes, respectively. This indicated that PRC–Ni had a polycrystalline 

structure and intensity of the peaks and average crystallite size as displayed in Table 6.8 increases 

from 223 Å up to 1684 Å for DC and 197 Å up to 1210 Å for PRC with rising the annealing 

temperature. This was attributed to increase in crystallinity of the coating and hence increase in 

number of the crystallites. It is also noteworthy to mention that the presence of Cu peaks for DC and 

PRC coated samples were due to corrosion of the coatings and exposure of the substrates to the 

surface which is in agreement with optical micrographs, XPS, and TOF–SIMS results. The 

crystallites size (D) of the coatings were calculated (Table 6.8) from the broadening of the (111) 

peaks using Scherrer equation. [49–51] 

D = Kλ/βcosθ  (3) 

Where D is the crystallite size (nm), K is the Scherrer constant (0.9), λ is the wavelength of the x–

ray source (Cu Kα source, 0.15406 nm), 𝛽 is the FWHM (radians), and θ is the peak position 

(radians). 
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Figure 6.17 XRD spectra from the surfaces of DC and PRC electrodeposited Ni (as–deposited and 

heat–treated at 350oC and 500oC). 
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Figure 6.18 displays the XRD spectra from the surfaces of as–deposited and annealed DC and PRC 

deposited NiW at 350oC and 500oC. It was noticed that after heat treatment at 500oC, in the case of 

PRC–NiW, the intensity of the Ni (111) and Ni (220) was increased and additional peaks of Ni (200) 

and Ni (311) was formed, while in the case of DC–NiW, the intensity of the Ni (220) and Ni (311) 

was diminished. As shown in Figure 6.18, the peaks of W were not observed in the XRD spectra of 

PRC–Ni, indicating that the crystal lattice of Ni was partly replaced by W atoms and formed a single 

phase solid solutions (W in Ni) with face centered cubic (F.C.C) crystal structure. Addition of the 

alloying element (W) in Ni, also resulted in the broadening of the lattice peaks and reduction in 

crystallite size due to decrease of Ni content and distortion of the phase structure. [49–51] 

Furthermore, the average crystallite size increased with increase of the temperature. The results of 

the average grain size before and after annealing at 350oC and 500oC are presented in Table 6.8.  
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Figure 6.18 XRD spectra from the surface of DC and PRC electrodeposited NiW (as–deposited and 

heat–treated at 350oC and 500oC). 

Figure 6.19 displays the XRD spectra from the surface of as–deposited and annealed PRC deposited 

NiW–SiC at 350oC and 500oC. As presented in Table 5.8, incorporation of SiC in the Ni (W) matrix 

resulted in decrease of the crystallite size compared to NiW due to refinement of the microstructure 

and encouraged nucleation overgrowth of Nickel due to presence of SiC. [52] It was also observed 

that in XRD spectrums of DC and PRC deposited NiW–SiC (Figure 6.19), the intensity of Ni (111) 

peak increases and additional peak of SiC (220) was formed with the rise of the anealing temperature. 

However, some peaks of SiC (101) and SiC (200) were disapeared after anealing at 500oC. 

Furthermore, the influence of anealing temperature on average crystallite size was investigated. It 

was found that increase of the anealing temperature upto 500oC in DC–NiW–SiC increased the 

average cristallite size form 100 Å to 124 Å. In PRC–NiW–SiC, the average grain size increased 

from 92 Å to 100 Å by annealing at 350oC and further increase of the annealing temperature up to 

500oC did not have any effect on the average grain size of the Ni. As shown in Table 6.8, coatings 

produced using PRC deposition method exhibit finer grain size in comparison with DC deposited 

coatings. High instantaneous current density during PRC deposition results in increase of the 

https://www.sciencedirect.com/topics/physics-and-astronomy/grain-size
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overpotential which promotes the nucleation rate and produces coatings with finer grain structure 

and higher compaction degree. [52–53] 
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Figure 6.19 XRD spectra from the surface of DC and PRC electrodeposited NiW–SiC (as–deposited 

and heat–treated at 350oC and 500oC). 

Table 6.8 Crystallite sizes of DC and PRC deposited Ni, NiW, and NiW–SiC 

Coatings Peak position of 

(111) 

[°2Th] 

FWHM 

[°2Th] 

Crystallite size 

[Å] 

DC–Ni (as–deposited)  44.744       0.393 223 

DC–Ni (heat–treated at 350oC ) 44.757       0.354 248 

DC–Ni (heat–treated at 500oC) 44.733       0.059 1684 

PRC–Ni (as–deposited) 44.712       0.443 197 

PRC–Ni (heat–treated at 350oC ) 44.810       0.315 280 

PRC–Ni (heat–treated at 500oC) 44.651       0.079 1210 

DC–NiW (as–deposited) 44.600       0.551 158 

DC–NiW (heat–treated at 350oC) 44.319       0.433 202 

DC–NiW (heat–treated at 500oC) 44.140       0.216 412 

PRC–NiW (as–deposited) 44.220      0.630 138 

PRC–NiW (heat–treated at 350oC) 44.319      0.433 202 

PRC–NiW (heat–treated at 500oC) 44.130      0.386 222 

DC–NiW–SiC (as–deposited) 44.235      0.865 100 

DC–NiW–SiC (heat–treated at 350oC) 44.052      0.787 110 

DC–NiW–SiC (heat–treated at 500oC) 44.124      0.70 124 

PRC–NiW–SiC (as–deposited) 44.205      0.945 92 

PRC–NiW–SiC (heat–treated at 350oC) 44.236      0.866 100 

PRC–NiW–SiC (heat–treated at 500oC) 44.072      0.864 100 

6.4. Conclusions 

Various composite coatings of Ni, NiW and NiW–SiC were successfully fabricated on brass 

substrates by DC and PRC current electrodeposition. From the results of PP test, it can be concluded 

that the incorporation of SiC into the alloy matrix, significantly improved the corrosion resistance 
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of the coatings and NiW–SiC composites deposited by PRC waveform had the highest corrosion 

resistance among all other DC and PRC electrodeposited coatings. The improvement in corrosion 

resistance is attributed to the SiC particles acting as physical barriers to initiation and development 

of defects such as crevices, gaps and micron holes in the composite coatings. SiC particles were also 

evenly distributed in the alloy matrix and shifted the corrosion potential of the composite coatings 

to more positive values resulting in restriction of localized corrosion. It was also observed that, the 

coatings prepared using PRC, exhibited outstanding corrosion resistance when exposed to corrosive 

liquid compared to that of DC waveform. 

Following the PP tests, the optical micrographs were taken from the corroded surfaces of the DC–

Ni, DC–NiW, DC–NiW–SiC and PRC–NiW–SiC and it was found that DC–Ni deposit was 

completely corroded and pulled off the surface, whereas the surface of PRC–NiW–SiC showed 

significantly small discoloration. A slight damage was observed on the surface of DC–NiW–SiC 

deposit after the PP test.  

TOFF–SIMS spectra taken from the surface of DC–NiW deposit showed that the Ni layer was not 

completely removed after the PP test and no exposure of substrate was realized (i.e., no peaks related 

to Cu and Zn are seen). Similar observations were noticed for the DC–NiW–SiC and PRC–NiW–

SiC deposits. However, in the latter deposits, new positively charged species were observed. These 

new species were more likely related to oxidation of SiC during the PP test. The oxide form of silicon 

species might be responsible for further surface passivation and the observed improvement in 

corrosion resistance of the DC and PRC–NiW–SiC composites compared to DC–NiW deposit. As 

well, it was found that the majority of tungsten species on the sample surface exhibited the higher 

oxidation states of tungsten in the case of PRC electrodeposited NiW–SiC than in the case of DC–

NiW–SiC. This explains the better corrosion performance of PRC deposited NiW–SiC compared to 

DC deposited NiW–SiC.  

XPS spectra was taken from the surface of PRC deposited Ni, NiW, and NiW–SiC to measure the 

average atomic concentration (%) and element valence state of all coatings before and after the PP 

test. In Ni coating, Cu peak was observed and the intensity of metallic Ni peaks were smaller and 

atomic concentration of Ni2p was lower after the pp test. Similar observation was made in NiW 

coating. However, no Cu peak was observed on the NiW XPS spectra which demonstrates no visible 

inter diffusion of Cu from the substrate into the NiW coating or exposure of the substrate to the 
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surface of the coating. As well, in the PRC deposited NiW–SiC, no significant difference was 

observed in atomic concentrations of the Ni2p before and after the pp test. It was speculated that 

formation of NiWO4 and SiO2 barrier layers on the surface of NiW–SiC could be responsible for 

high corrosion performance of the coatings which is in agreement with TOF–SIMS results. 

The XRD results obtained from the surfaces of the as–deposited and annealed DC and PRC 

electrodeposited Ni, NiW, and NiW–SiC at 350°C and 500°C also revealed that the intensity of the 

peaks and the average crystallite size increased with the annealing temperature up to 500°C. PRC 

deposited coatings revealed finer grain size compared to the coatings produced by DC method. As 

well, Incorporation of SiC in DC and PRC deposited NiW also reduced the crystallite size compared 

to DC and PRC deposited NiW by providing more nucleation sites and refining the microstructure. 

The smaller crystallite size promotes the number of nucleation sites and formation of compact and 

well–adherent passive films with a lower defect density due to a higher amount of active surface 

atoms. This can enhance the resistance to chloride ion adsorption on the surface of the coating and 

remarkably improve the anti–corrosion and wear performance of the coatings. 
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Abstract 

The electrochemical corrosion and mechanical properties of direct current and pulsed reverse 

current electrodeposited nickel and nickel–tungsten were investigated by using cyclic polarization 

measurement and nano–indentation techniques. Direct and pulsed reverse current electrodeposited 

nickel–tungsten coatings revealed a significant higher resistance to pitting corrosion when 

compared to direct and pulsed reverse current deposited nickel. Furthermore, pulsed reverse current 

electrodeposited nickel–tungsten displayed the most noble corrosion potential and higher corrosion 

resistance compared to direct current electrodeposited nickel–tungsten. This was attributed to the 

more nano–crystalline structure of the pulsed–reverse current deposited coatings when compared 

to that of the direct current electrodeposited nickel–tungsten. The average modulus for both direct 

and pulsed reverse current deposited nickel–tungsten were found to be similar but the average 

hardness of direct current deposited nickel–tungsten was slightly higher than that of pulsed reverse 

current deposited nickel–tungsten. This was attributed to the higher tungsten content in the direct 

current deposited nickel–tungsten coating (35 wt.%) compared to the pulsed reverse current 

deposited nickel–tungsten (25 wt.% ) and is supported by our energy dispersive x–ray spectroscopy 

results. 

Keywords: Nickel–tungsten coating, direct current, pulsed reverse current, electrodeposition, 

cyclic polarization. 
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7.1 Introduction 

Electrochemical deposition methods have been widely used to produce various coatings of nickel 

(Ni) alloys such as nickel–tungsten (NiW) in various engineering applications due to their simplicity 

and affordability [1]. In recent years, pulsed reverse current (PRC) electrodeposition method has 

gained considerable interest owing to its unique mechanical and corrosion properties. PRC technique 

has unique ability to produce coatings with greater uniformity, and finer grain size than the coatings 

obtained by using direct current (DC). 

It has been also reported that deposits with high tungsten content produced by means of PRC are 

superior with respect to being crack–free with lower defects compared to those produced by DC with 

the same tungsten content. Formation of residual tensile stress as a result of hydrogen evolution over 

the cathode was reported as the main cause for cracking of DC deposited NiW with high tungsten 

content, whereas in PRC technique, the reverse or anodic current consumes evolved hydrogen 

through its re–oxidation on the surface of cathode [1–3]. 

In general, electrodeposited NiW coatings have demonstrated high hardness and high wear 

resistance. Therefore, improving their corrosion performance in various environments is in high 

interest. It is also imperative to investigate their corrosion behavior as well as corrosion mechanism 

and correlate them with their microstructures [1–6]. There are a limited number of published articles 

about electrochemical investigation on corrosion behavior of electrodeposited NiW alloys [7–12] 

Majority of such studies are on investigation of general corrosion behavior of NiW alloys and their 

composites using potentiodynamic polarization technique in various corrosive environments and there 

is also not much information available regarding their pitting behavior [7–8, 13–17]. For example, 

Sriraman et al. [7] studied the influence of the tungsten content of the coatings on the corrosion 

resistance of the Ni–W and Ni–W–Fe alloys in 3.5 wt. % NaCl and sulfuric acid solution using 

polarization and electrochemical impedance spectroscopy techniques. They found that Ni–W with 

7.54 at.%. tungsten and Ni–W–Fe with 9.20 at.% tungsten had the highest corrosion resistance.   

Yao et al. [13] investigated the general corrosion behavior of NiW–SiC composite by using anodic 

polarization and electrochemical impedance spectroscopy (EIS) techniques. They reported that the 

inclusion of SiC nano–particulates into the NiW alloy matrix increased the general corrosion 

resistance. The enhancement of corrosion resistance was explained by physical barrier behavior of 

the SiC particles to the corrosion process.  Hosseini et al. [14] reported the corrosion characteristics 



99 

of DC electrodeposited NiW–SiC composite coatings by using mass loss and electrochemical 

measurements, including open circuit potential, electrochemical impedance spectroscopy and 

potentiodynamic polarization in a 3.5 wt. % NaCl solution. The results showed that the addition of 

SiC particle to the deposition bath of NiW significantly increased the corrosion resistance. To the best 

of our knowledge, no research has been reported to investigate the pitting corrosion   behavior of pulsed 

reverse (PRC) electrodeposited nanostructure NiW and to compare them with those of 

electrodeposited by DC current waveform.  

Pitting corrosion is a localized form of corrosion that occurs through localized acceleration of 

dissolution of the material. The formation of passive films on many engineering metallic materials 

reduces the corrosion rate substantially [4–5]. However, the passive films can be broken locally 

resulting in accelerated dissolution of the underneath metal. The tendency of materials towards the 

localized corrosion in a corrosive environment can be evaluated by using cyclic polarization (CPP) 

technique. During the cyclic polarization test, the applied potential to the specimen is swept linearly 

in anodic direction [4–6].The direction of the sweep is then reversed (cathodic) once the measured 

current density approaches a certain value. The formation and the size of a hysteresis represent the 

pitting formation and the tendency of the specimen towards the pitting, respectively. In CPP 

technique, pitting or breakdown potential (Ep or Eb), protection or re–passivation potential (Eprot or 

Erep), passivation current density (ip), anodic to cathodic transition potential, hysteresis, and anodic 

nose or active–passive transition potential can be used to evaluate the corrosion behavior of materials 

[4–5]. Pitting, re–passivation, and anodic to cathodic transition potentials are based on the difference 

in corrosion potential (Ecorr). In fact, the most important parameters for investigating of pitting 

resistance are the relative locations of pitting and protection potentials to corrosion potential. 

In this work, we report for the first time on the pitting corrosion behavior of DC and PRC 

electrodeposited Ni and NiW coatings using cyclic polarization as well as their mechanical 

properties by nano–indentation technique. 
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7.2 Material and methods  

 Electrolyte components 

The Ni electrodeposition electrolyte was composed of nickel sulfate (NiSO4.6H2O) as a source of 

nickel ions, citric acid as complexing agent, o– benzoic sulfimide (sodium saccharin, C7H5NO3S) as 

stress reducer, propargyl–oxopropane– 2,3–dihydroxy  as  a  grain  refiner  and  brightener, and 

DuPont Capstone fluorosurfactant FS–63 as a wetting agent. The NiW electrodeposition bath was 

prepared by adding sodium tungstate dehydrate (Na2WO4.2H2O) as a source of tungstate ions into 

Ni electrodeposition bath. The composition and operating conditions used for electrodeposition 

condition of NiW is summarized in Table 7.1. 

In this formulation, citric acid is used as a complexing agent to form complexes with both tungstate 

(WO4
2-) and nickel (Ni2+) ions to prevent direct reaction between nickel and tungstate ions. Such 

direct reaction could result in the formation of an insoluble nickel tungstate compound in the plating 

bath [18–19]. Sodium saccharin was used as a stress removal agent to reduce the accumulated stress 

within the electrodeposited coating. [20] 

We used propargyl–oxo–propane-2, 3–dihydroxy as a grain refiner and brightening agent to 

produce uniform deposit with mirror–finish surface. This compound increases the active nucleation 

sites on the electrode surface leading to the refinement of the grain size of the nickel [21]. Finally 

we used, Capstone fluoro–surfactant FS–63 (DuPont) as a wetting agent to facilitate separation of 

adsorbed hydrogen gas bubbles covering the electrode surface during the electrodeposition process. 

[22] 

 

 Substrate preparation 

The surface of brass substrates was degreased, activated and rinsed prior to electrodeposition 

process. Substrates were immersed into 50 g.L-1 alkaline soap solution (TEC1001; Technic Inc.) at 

temperature of about 50oC for approximately 1 min followed by rinsing with deionized (DI) water. 

The substrate was then activated by immersing into dilute sulfuric acid (10% v/v) at room temperature 

for about 10 sec followed by rinsing with DI water. In order to determine the cleanliness of the 

substrate, water break test was performed. In this testing protocol, the substrate was gently rinsed 



101 

with deionized water following the final rinse step. The substrate was considered clean if the water 

completely wets the surface. 

Electrodeposition bath setup 

The electrodeposition setup was composed of an electrodeposition tank containing electrolyte, a 

pump (Flo King Filter System Inc.) to provide adequate agitation, an anode made of platinized 

titanium mesh, a cathode made of brass as a substrate being electrodeposited, and a pulsed reverse 

plating power supply. The electrodeposition bath was placed inside a water circulating bath 

operating at 60oC temperature. A typical composition of the electrochemical bath for the 

electrodeposition of NiW is displayed in Table 7.1. 

 Table 7.1 Electrodeposition electrolyte ingredients and experimental parameters 

Chemical Compound Concentration 

Nickel sulfate 29.5–30   (g.L-1) 

Sodium tungstate 58–60      (g.L-1) 

Citric acid 63–67      (g.L-1) 

Ammonia 58           (ml.L-1) 

Sulfuric acid As needed 

Propargyl–oxo 

propane-2,3– dihydroxy 

0.9–1        (g.L-1) 

DuPontTM Capstone® 

Fluoro–surfactant FS– 63 

1.8-2        (g.L-1) 

Sodium saccharin 0.5–1     (g.L-1) 

Polyethyleneimine branched, Mn~600 by GPC 0.5          (g.L-1) 

Experimental parameters 

pH 7.8–8.0 

Temperature 58–61          oC 

Time 30 min 

Figure 7.1 represents the general schematic diagram of electrodeposition setup used for 

electrodeposition. A pulse reverse power supply (Model pe8005, Plating Electronic GmbH, 
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Germany) was used to apply direct current (DC) and pulse reverse current (PRC) waveforms to 

electrodeposition bath. DC–Ni and DC–NiW coatings were electrodeposited by applying of DC 

waveform (0.14 A.cm-2 for duration of 30 min) from Ni and NiW baths, respectively. Whereas, 

PRC–Ni, and PRC–NiW coatings were electrodeposited by applying of PRC waveform (forward 

current density of 0.15 A.cm-2 for 16 ms and reverse current density of 0.11 A.cm-2 for 9 ms) from 

Ni, and NiW baths, respectively. 

Figure 7.1 Electrodeposition bath setup. 

Characterization of deposits 

The grain size and surface morphology of the deposits were characterized by energy scanning 

transmission electron microscopy (STEM, Hitachi Model HT7700) and scanning electron 

microscopy (SEM, Joel 7600 TFE ), respectively.  

The hardness and elastic modulus were evaluated by using a nano–indenter (Nanomechanics, Inc) 

with a conical diamond indenter tip (90 degrees, 5 µm radius spherical end). The pre–test parameters 

are displayed in Table 7.2. The nano–indentation technique is commonly used for the measurement 

of mechanical properties of the coating such as hardness and elastic modulus. In a typical nano–

indentation, load and displacement are recorded as the indenter is pressed into the surface of the 
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testing material under a fixed load. The response of interest is the load–displacement curve which is 

often called the P–h curve. [23–25] 

 

 

 

 

 

 

 

 

 

In Nano–indentation process, target load specifies the load at which the indentation test will 

terminate. This value also determines the load at which the average results will be reported. Poisson’s 

ratio of the sample was used in calculating the elastic modulus from indentation data. Target 

Indentation Strain Rate method attempts to maintain a constant indentation strain rate during loading 

and this value sets that strain rate. The loading algorithm of a constant indentation strain rate test 

follows a constant 
dp/dt

P
, where P is load and t is time. The result is an exponential load rate. This is 

an important loading condition for strain rate sensitive materials. In order to obtain reliable statistics, 

100 indents on various locations for each specimen were performed. [26–28] 

Potentiostat (Princeton Applied Research Potentiostat/Galvanostat Model 273A) was used for 

studying of pitting corrosion behaviors of the deposits. The potentiostat was equipped with 

CorrWare software enabling to apply potential scans remotely through the software. The Cyclic 

potentiodynamic polarization (CPP) scans were performed from -0.6 to 1.0 V in forward scan at 

room temperature and 5 mV.s-1 scan rate and from 1.0 to -1.0 V in reversed scan with 5 mV.s-1 scan 

rate. For all the CPP experiments, silver/silver sulfate electrode and graphite rod were used as 

reference and counter electrodes, respectively. The surface of the specimen was covered with an 

Parameters Value 

Target load (mN) 200 

Target depth (nm) 5000 

Poisson's Ratio of Sample 0.3 

Target Indentation Strain Rate (s-1) 

Target Frequency (Hz)                              

Surface Approach Velocity (nm.s-1) 

Hold Maximum Load Time (s) 

0.2 

100 

100 

1 

Table 7.2 Pre–test parameters for nano–indentation 



104 

insulating 3M tape to expose 1 cm2 of the surface to corrosive liquid (artificial sea water). The 

composition of the artificial sea water is summarized in Table 7. 3. 

Table 7.3 Electrodeposition electrolyte ingredients and experimental parameters 

7.3 Results and discussion 

Cyclic potentiodynamic polarization (CPP) 

The cylic potentiondynamic polarization (CPP) curve of the DC electrodeposited Ni is shown is 

Figure 7.2. As it can be seen, during the anodic polarization scan, the potential scanning begins from 

the corrosion potential (Ecorr). The rapid increase in current density before approaching the oxygen 

evolution potential can be due to the following factors: 1) formation of metastable pitting within the 

pore at the passive potential due to local dissolution of the active regions; 2) existence of defects 

on the surface of passive layer that can cause instability of the passivation film throughout the 

passive region. These defects are active and can propagate resulting in the increase of the current 

density; 3) breakdown of the passive layer and occurrence of pitting corrosion in the presence of 

corrosive ions [29–31].These values of the current density can be also related to their corresponding 

Ingredients 
Concentration    

wt.% 

NaCl 58.49 

Na2SO4 9.75 

CaCl2 2.765 

KCl 1.645 

NaHCO3 0.477 

KBr 0.238 

H3BO3 0.071 

SrCl2.6H2O 
0.095 

NaF 0.007 

MgCl2 26.46 
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potential values. The potential in which this sudden increase in current density occurs is named as pitting 

corrosion (Ep), breakdown or rupture potential. In other words, pitting potential is the minimum 

potential at which the material tends to the pitting corrosion. Above the pitting potential, new pits 

will initiate and develop. Pitting corrosion resistance (Rp) can be calculated from Rp =|Ecorr – Ep|/di, 

where di is the corresponding variation of the current density. After increasing the current density at 

pitting potential, the direction of potential scanning is reversed. During the reversed scan, the current 

density is higher than the current density in the forward scan resulting in positive hysteresis which is 

indicative of pitting corrosion. Re–passivation or protection potential is the potential at intersection 

between reversed and forward polarization curves. At this potential, the anodic current density 

decreases to the smallest value on the reversed scan. This is in agreement with the results published 

elsewhere. [4, 29–31] 

  

 

Figure 7.2 Cyclic potentiodynamic polarization (CPP) curves of Direct Current (DC) 

electrodeposited Ni. 

 

The CPP curves of DC–Ni, PRC–Ni, DC–NiW, and PRC–NiW are shown in Figure 7.3, 

respectively. The curves of the DC and PRC electrodeposited Ni samples (Figure 7.3a) display a 

relatively large positive hysteresis compared to those of the DC and PRC deposited NiW (Figure 
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7.3b). The difference between Ep and Erep for Ni deposit is larger compared to that NiW. In other 

words, the deposited NiW displays higher pitting resistance (almost no pitting) than Ni deposit.  

This conclusion is supported by the following explanation of difference between the value of the 

pitting (Ep) potential and that of the protection or repassivation potential (Erep). At the protection or 

repassivation potential, the growth of pits is stopped. The size of hysteresis is indicative of the degree 

of pitting corrosion and it is determined by the difference between pitting potential and protection 

potential (Ep–Erep). At the potential between Ep and Erep, only old pits propagate and there is no 

nucleation of new pits. The relative location of re–passivation potential (Erep) with respect to corrosion 

potential (Ecorr) determines the resistance of the material to localized or pitting corrosion. In other 

words, if Erep is nobler than Ecorr, the propagation of active pits is reduced or stopped and at potentials 

region between Erep and Ecorr, the passive layer is stable and pits will not initiate or grow. As well, in 

this region (perfect passivity region) crack initiation and propagation will not occur. [17]    

Figure 7.3 (a) CPP of electrodeposited DC–Ni and PRC–Ni (b) CPP of electrodeposited DC–NiW 

and PRC–NiW. 

The corrosion potential values for DC–Ni, PRC–Ni, DC–NiW, and PRC–NiW extracted from 

Figures 7.3 (a) and 7.3 (b) are displayed in Figure 7.4. As it can be seen, PRC–NiW demonstrated 

the more noble corrosion potential. It was speculated that the difference in grain structures of DC–

NiW and PRC–NiW resulting from the applied current waveforms (DC and PRC) were mainly 
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responsible for different corrosion behaviors. Ghavidel et al. [32] investigated the pitting corrosion 

behavior of nano and microcrystalline Ni coatings deposited by direct and pulse current (PC) 

waveforms. They found that nano–crystalline coatings possessed higher breakdown potential than 

that of microcrystalline coating. 

Figure 7.4 Comparison of DC–Ni, PRC–Ni, DC–NiW and, PRC–NiW coatings with respect to 

their corrosion potential. 

STEM analysis 

STEM observations were conducted on DC–NiW and PRC–NiW electrodeposited samples to 

examine the crystalline and/or amorphous structure of NiW coatings deposited on brass substrates. 

The samples for STEM analysis were thinned to <50 nm in thickness by FIB lift–out procedure to 

enable the analyzing beam of electrons to pass through the samples. The grains at region adjacent to 

brass substrate (Figures 7.5a and 7.6a) exhibit preferentially oriented nano–twinned structure while 

all the grains in other region further from the substrate such as middle section of the coating (Figures 

7.5b and 7.6b), appear to be amorphous. In this region, numerous sub–domains are also visible which 

display various types of mass–thickness contrast (resulting from increased/decreased W content) or 

diffraction contrast. Different magnifications from middle section of the coatings are displayed in 

Figures 7.5c, 7.5d, 7.6c, and 7.6d. 
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Figure 7.5 BF–STEM micrographs of DC electrodeposited NiW; (a) the field of view is close to 

the substrate; (b) the field of view is near the middle section of the deposit; (c) and (d) different 

magnification images from deposit. 
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Figure 7.6  DF–STEM micrographs of DC electrodeposited NiW; (a) the field of view is close to 

the substrate; (b) the field of view is further from the substrate; (c) and (d) images with different 

magnifications. 

 

BF and DF STEM images of PRC–NiW are displayed in Figure 7.7. Although BF–STEM has higher 

contrast than DF–STEM, DF–STEM provides better view from too small or out of view crystalline 

structures. Densely packed coherent nano–twins can be clearly seen throughout the deposits in DF–

STEM image (Figures 7.7c and 7.7d). 
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Figure 7.7 (a) and (b) BF–STEM of PRC electrodeposited NiW; (c) and (d) DF–STEM of PRC 

electrodeposited NiW. 

To investigate the influence of DC and PRC electrodeposition on microstructure of NiW coating, 

the BF–STEM images were taken from the DC (Figures 7.8a, 7.8b, and 7.8c) and PRC–NiW (Figures 

7.8d, 7.8e, and 7.8f) at different locations of adjacent to the substrate, smaller than 100 nm and 

greater than 500 nm from the substrate. It was noticed that, in the case of DC–NiW, only few twinned 

grains are visible at regions close to the substrate. However, in the case of PRC–NiW, preferentially 

orientated twinned grains are visible at different locations of PRC–NiW deposit which could be the 

possible reason for high pitting resistance of the PRC deposited coatings compared to DC 

electrodeposited ones. As well, some amorphous regions are still visible in locations smaller than 

100nm and greater than 500 nm from the substrate. It was reported that high pitting corrosion 

resistant of coatings with smaller grain size were attributed to the reduced absorption of chloride 
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ions on the surface of the coating, which prevented the incorporation of chloride ions into the passive 

film. Recent studied have also shown that, nano–twins promote the formation of thin and compact 

passive film that improves the corrosion resistance of the coating. [33–34] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8 BF–STEM comparison of DC and PRC electrodeposited NiW; (a), (b), and (c) are related 

to DC electrodeposition; (d), (e), and (f) are related to PRC electrodeposition. 
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SEM and EDS analysis 

A uniform and defect–free coating was observed in surface and cross–section of SEM micrographs 

of DC–NiW and PRC–NiW (Figures 7.9a and 7.9b). Furthermore, EDS from different locations of 

DC and PRC–NiW coated substrates suggest that Ni and W are the main elements present in the 

coatings (Figure 7.9c). 

Figure 7.9 SEM micrographs from (a) cross section of DC–NiW, (b) surface of DC–NiW 

electrodeposited on brass substrate, and (c) EDS spectra from surface of DC–NiW. 

Similar to DC–NiW coatings, PRC–NiW coated samples were very smooth and crack–free 

throughout the surface and across the coatings (Figure 7.10). 
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Figure 7.10 SEM micrographs from (a) cross section of PRC–NiW, (b) surface of PRC–NiW 

electrodeposited on brass substrate, and (c) EDS spectra from surface of PRC–NiW. 

Mechanical properties 

7.3.4.1 Nano–hardness results 

Nanoindentation provided information on mechanical properties by calculation from indenter load 

and displacement. The first information on mechanical properties was obtained from a simple load–

unload test, which provided a general idea and basic characteristics such as hardness and elastic 

modulus and also informed about irreversible processes. Load–displacement (depth) curves for DC–

NiW, PRC–NiW, and brass substrate are shown in Figure 7.11, respectively. They display typical 

load–depth curves of indentation into elastic–plastic materials. The curve for brass substrate was 
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typical for a soft elastoplastic material, whereas those of DC–NiW and PRC–NiW were more typical 

of hard elastoplastic materials. Also, neither of the displayed curves display any cracks formation 

during loading, no phase transformation during unloading and no delamination of the indented 

coatings from brass substrate. 

In general, the indentation response of a coating material is influenced by the properties of the 

coating. Therefore, to minimize the effect of the substrate, the indentation depth should be confined 

to less than 10% of the coating thickness. However, this 10% rule is not always reliable, especially 

if there is a large elastic mismatch between the film and the substrate and if the films are too thin 

that makes it difficult to obtain accurate results for very shallow indentations. [35–36] 

The hardness and elastic modulus of brass substrate, DC–NiW and PRC–NiW coatings were 

evaluated by nano–indentation test from the load–displacement curves using the standard analysis 

procedure proposed by Oliver and Pharr [37]. 

Hardness (H) was calculated from: 

H = 
Pmax

A
 

Elastic modulus was calculated as follows: 

E = 
S√π

2β√A
 

where Pmax is the maximum load applied during nano–indentation, A is the contact surface area, β is 

a geometrical constant of the indenter, and S is the stiffness of contact and is the defined as the slope 

of the curve upon unloading. 

 

The hardness values calculated from load–depth curves for each material (i.e., Brass substrate, DC–

NiW, and PRC–NiW) are demonstrated in Figure 7.12. As it can be seen, the average hardness of 

DC–NiW was slightly higher than that of PRC–NiW. This is expected since the content of co–

deposited tungsten during pulse reverse electrodeposition step is reduced from 35 wt.% W down to 

about 25 wt.% W. The tungsten content of the electrodeposited layers was measured by using EDS. 
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Figure 7.11 Load vs. depth profiles for (a) DC–NiW deposited on brass substrate, (b) PRC–NiW 

deposited on brass substrate, and (c) Brass substrate. 



116 

Figure 7.12 Nano–hardness measurements at various locations on (a) DC–NiW electrodeposited on 

brass substrate, (b) PRC–NiW electrodeposited on brass substrate, and (c) brass substrate. 

7.3.4.2 Elastic–modulus results 

The variation of the modulus on the applied load for DC–NiW, PRC–NiW, and brass substrate was 

investigated (Figure 7.13). From these figures, there is no significant effect of the rate of the loading 

on the modulus for DC–NiW and PRC–NiW based coatings. The average modulus values for 100 

measurements at different location on each sample was reported in Figure 7.14. We may conclude 

that the average modulus for both DC–NiW and PRC–NiW is approximately independent of loading 

rate. The current mode (DC or pulse reverse) of electrodeposition of NiW has no significant effect 

on the modulus of the electrodeposited sample. 
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Figure 7.13 Modulus vs. load profiles for (a) DC–NiW deposited on brass substrate, (b) PRC–NiW 

deposited on brass substrate, and (c) Brass substrate. 
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Figure 7.14 Modulus measurements at various locations on (a) DC–NiW electrodeposited on brass 

substrate, (b) PRC–NiW electrodeposited on brass substrate, and (c) Brass substrate. 

7.4 Conclusion 

The corrosion potential obtained from CPP graphs for DC–Ni, DC–NiW, PRC–Ni, and PRC–NiW 

were increased towards less anodically active (i.e. nobler) region as follows: DC–Ni < DC–NiW < 

PRC–Ni < PRC–NiW. As well, CPP graphs showed that the difference between Ep and Erep for DC 

and PRC–Ni deposit was larger compared to DC and PRC–NiW. In other words, the NiW displayed 

higher pitting resistance compared to Ni deposit.  

It was speculated that the difference in grain structures of DC–NiW and PRC–NiW resulting 

from the applied current waveforms (DC and PRC) were mainly responsible for different corrosion 
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behaviors. The pulse reverse current waveform produced grains in nanometer sizes whereas the 

deposits formed by applying DC displayed amorphous structure. 

The influence of the current waveform (DC and PRC) on nano–hardness and elastic modulus of 

NiW coating was also investigated. The average hardness of DC–NiW was slightly higher than that 

of PRC–NiW. However, the elastic modulus of the both coatings was approximately similar with 

increase of the loading rate. 
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Abstract 

The precise control of tungsten content of electrodeposited nickel–tungsten (NiW) on brass 

substrate was achieved by applying a well–designed pulse reverse current waveform. A crack–

free, uniform and, mirror–like finish surface was obtained by using a novel derivative of 

propargyl compound, propargyl–oxopropane–2,3–dihydroxy, as a brightener and grain refiner 

into the electrodeposition bath. This study indicates that the electrodeposited nickel–tungsten 

alloys with an optimum tungsten content (32 wt%) possesses outstanding mechanical and, wear 

performance, also with very low friction of coefficient of 0.2. 

Keywords: Nickel–tungsten coating, pulsed reverse current electrodeposition, direct current 

electrodeposition, friction coefficient, mechanical and wear properties. 

8.1  Introduction 

 In automobile, electronic, energy, marine and construction–based applications, brass is mainly 

used due to its low cost, machinability, high thermal and electrical conductivity. However, brass 

is very susceptible to wear and corrosion especially in moist environments producing toxic 
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corrosion products which can become a health hazard to biological systems. On the other hand, 

the low mechanical strength of the brass substrate can lead to short life–span of devices 

resulting in energy and economical losses. This has been a challenge for both academic and 

industrial research. [1–4] Therefore, various barrier coatings were developed to improve the 

mechanical and corrosion performance of brass. Although nickel (Ni) and cobalt have health 

related concerns and they can cause allergic reactions in some people, they are in industrial use 

for various applications especially nickel and its alloys since there are no alternative options 

among elements in periodic table. However, among all electroplated Ni alloys, nickel–tungsten 

(NiW) coatings are in great deal of interests due to their excellent corrosion and wear resistance, 

high hardness, and enhanced ductility. Moreover, NiW electrolytes used in this research activity 

has only 30 g.L-1 Nickel sulfate hexahydrate (equivalent to 6.7 g.L-1 Ni) which is considered 

low concentrated Ni based solution. [5–10] Various techniques such as vacuum–based methods, 

physical and chemical vapor deposition, and electrodeposition have been used to produce NiW 

coatings. The main advantages of using electrodeposition method are simplicity and low cost 

[9–16]. In recent years, electrodeposited NiW coatings have been reported to have better wear 

and corrosion performance compared to other electrodeposited coatings such as conventional 

hard chromium [12, 17]. The influences of the addition of various additives into NiW bath 

electrolyte have been investigated and it has been reported the addition of such additives can 

alter the texture, uniformity, and properties of the electrodeposited NiW significantly. As well, 

the type and characteristics of the applied current pulse waveform can have significant impact 

on the microstructure, uniformity, as well as properties of the deposited NiW alloy. [18–21] 

Wu and et al. investigated the influence of brightener, 2–butyne–1, 4–diol on plating process 

and structures of NiW electrodeposit. The resultant coatings were fully bright and smooth. 

However, the addition of 2–butyne–1, 4–diol into electrodeposition bath, resulted in gradual 

decrease of W content followed by rapid drop of current efficiency with increase of its 

concentration. [19] 

The applied current waveform can be either direct current (DC), pulse current (PC), or pulse 

reverse current (PRC) [17, 22]. During the DC electrodeposition process, the negatively 

charged layer formed around the cathode charges to a certain thickness preventing the approach 

of ions towards the substrate, whereas in PC electrodeposition process, this layer is discharged 

periodically during the TOFF. The discharge of the layer allows the ions pass through the layer 

and approaches the substrate. The locations in electrodeposition bath with higher current 

density are depleted from the ions faster than the locations with lower current densities. The
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OFF–time of the pulse allows the ions to migrate towards the depleted areas. Therefore, ions 

with more uniform distribution will be available for reduction during the TON. [14, 17, 21–23] 

In PC method, the three independent parameters (i.e. TOFF, TON, and Ip) can be varied to obtain 

a deposit with desired properties. In PC method, the duty cycle (γ) is described as the percentage 

of total time of a cycle [17, 24]: 

 

Duty cycle = 
TON

TON+TOFF
 = TON × f                          (1) 

 

Where f is frequency or the reciprocal of the cycle duration (T): 

 

f = 
1

TON+TOFF
 = 

1

𝑇
                                  (2) 

 

The deposition rate of the PC and DC will be the same if the average applied current density 

(IA) in PC is equivalent to the applied current density in DC electrodeposition process. The 

average applied current density in PC is described by equation (3): 

 

IA = IP × γ                                                               (3) 

 

In PRC method, the applied current is interrupted and a reversed current is introduced into the 

electrodeposition cycle for a certain duration. The diffusion layer is replenished in similar to 

PC process. As well, the protrusions on the surface selectively are dissolved during the reverse 

resulting in more uniform deposit. The introduction of PRC waveform with high frequency may 

reduce or eliminate the use of additives in electrodeposition bath chemistry. Some of these 

additives may have negative impact on ductility and electrical conductivity of electrodeposited 

material. 

It should be stated that there are two notable parameters in PRC process: average current and 

duty cycle. Average current density (I*
A) is described by the following equation [18, 24]:
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I*
A = 

I(f) x t(f)−I(r) x t(r)

t(f) + t(r)
(4 

Where I(f) is the forward current density, I(r) is the reversed current density, t(f) is the duration 

of forward pulse, and t(r) is the duration of the reversed pulse. The duty cycle in PRC 

electrodeposition is calculated by the following equation [24–25]: 

Y* = 
t(f)

t(f)+t(r)
    (5) 

Although PRC electrodeposition process has lower current efficiency compared to PC method, 

PRC electrodeposition process has gained a great deal of interest in obtaining of better control 

on composition and the microstructure of deposited materials. The PRC changes the 

concentration of ions by adsorption and desorption at the interface of cathode and electrolyte. 

Deposition and dissolution occur during the cathodic and anodic cycle, respectively.  Therefore, 

the composition, microstructure and properties of the deposited material are altered. [24–25] In 

comparison with DC and PC, the PRC method provides better control on the composition and 

the properties of the electrodeposited materials and produces coatings with higher hardness, 

wear resistance, more compact surfaces and finer grain size. [24–25] 

In this work, NiW coating with outstanding mechanical, wear performance, and very low 

coefficient of friction was produced by the precise control of the tungsten (W) content of the 

deposit through applying a well–designed PRC waveform and using a novel derivative of 

propargyl compound as a grain refiner and brightener into the deposition bath.  

8.2 Methodology 

 Electrolyte components 

The electrodeposition electrolyte was composed of nickel sulfate (NiSO4.6H2O) as a source of 

nickel ions, citric acid as complexing agent, sodium tungstate dehydrate (Na2WO4.2H2O) as a 

source of tungstate ions, o–Benzoic sulfimide (sodium saccharin,  C7H5NO3S) as stress reducer, 
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propargyl–oxopropane–2,3–dihydroxy as a grain refiner and brightener, and DuPont Capstone 

Fluorosurfactant F–63 as a wetting agent. Table 8.1 displays the ingredients of the bath 

chemistry as well as the optimized experimental parameters to obtain uniform and defect–free 

NiW coating with desired mechanical and tribological performance. 

In this formulation, citric acid is used to form stable complexes with tungstate (WO2
+4) and 

nickel (Ni2+) ions to prevent direct interaction between nickel and tungstate ions. Such direct 

interaction would result in irreversible precipitation of non–soluble nickel tungstate compound 

in electrodeposition bath solution [26, 27]. Sodium saccharin was used as a stress removal agent 

to reduce the internal stress within the electrodeposited coating materials. [28] We used 

propargyl–oxo–propane–2, 3–dihydroxy as a brightener and grain refiner. This compound is a 

specific type of propargyl derivative containing a carbon–carbon triple bond (i.e. –C≡C–H) at 

the end of its molecular chain which has a tendency to deposit preferentially at high current 

density areas on the substrate such as sharp areas during electrodeposition to control the nickel 

ion diffusion towards the cathode. Therefore, a uniform and crack–free deposit with mirror like 

finish surface was obtained. This organic compound can also enhance the nucleation sites for 

initiating the first stages of the metal deposition process on the surface of substrate leading to 

the decrease in grain size of the nickel. Unlike other brighteners such as sodium citrate–sulfonic 

acid used in Ni electrodeposition or Thiourea, this propargyl based brightener does not contain 

sulfur compound. Co–deposition of sulfur with Ni could deteriorate the corrosion properties of 

the coating [29]. Finally, Capstone fluoro–surfactant FS–63 (DuPont) was selected as a wetting 

agent to release the hydrogen gas bubbles from the substrate surface. FS–63 (DuPont) is a low 

foaming type anionic fluoro–surfactant which is soluble in water and provides low surface 

tensions. [31] 
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Table 8.1 Electrodeposition bath ingredients and optimized experimental parameters 

Substrate preparation 

The surface of brass substrate was degreased, activated, and rinsed prior to electrodeposition 

process. Substrate was immersed into 50 g.L-1 alkaline soap solution (TEC1001; Technic Inc.) 

at temperature of about 50oC for approximately 1 min followed by rinsing with deionized (DI) 

water. The substrate was then activated by immersing into dilute sulfuric acid (10% v/v) at room 

temperature for about 10 sec followed by rinsing with DI water. Water break test was performed 

to determine the cleanliness of the substrate. In this testing protocol, the substrate was gently 

rinsed with deionized water following the final rinse step. The substrate was considered clean 

if the water completely wets the surface. 

Electrodeposition setup 

A schematic diagram of an electrodeposition setup is displayed in Figure 8.1. The 

electrodeposition setup was composed of an electrodeposition tank containing electrolyte, a 

pump (Flo King Filter System Inc.) to provide adequate agitation, an anode made of platinized 

titanium mesh, a cathode made of brass as a substrate being electrodeposited, and a reversed 

Name of chemicals Concentration 

Nickel sulfate 29.5–30      (g.L-1) 

Sodium tungstate 58–60         (g.L-1) 

Citric acid 63–67         (g.L-1) 

Ammonia 58 (ml.L-1) 

Sulfuric acid As needed 

Propargyl–oxo–propane–2,3–

dihydroxy (POPDH) 

0.9–1           (g.L-1) 

DuPont™ Capstone® Fluoro–

surfactant FS–63 

1.8–2           (g.L-1) 

Sodium saccharin 0.5–1           (g.L-1) 

    Experimental parameters 

pH 7.8–8.0 

Temperature 58–61 oC 

Duration of electrodeposition 30 min 



128 

pulse plating power supply. The electrodeposition bath was placed inside a water circulating 

bath operating at 60oC temperature. An immersion heater connected to temperature controller 

was used to keep the solution temperature at optimized value. A filter pump (Flo King Filter 

System Inc.) connected to polypropylene filter was used to provide adequate agitation and to 

keep the solution free of particulates during the deposition. Platinized titanium mesh was used 

as anode. 

Hull cell (Figure 8.2) equipped with heater, thermostat air agitation and air pump was used to 

perform the initial electrodeposition experiments to characterize and improve the current 

density distribution throughout the substrate surface. A brass substrate was used as cathode and 

a platinized titanium mesh sheet was used as anode. 

Figure 8.1 Schematic diagram of electrodeposition setup. 
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      Figure 8.2 Schematic diagram of hull cell equipped with thermostat and air agitation. 

 

 Optimization of PRC waveform 

The PRC current waveform was designed with regards to its forwards and backward current 

densities and pulse durations. Figure 8.3 displays the schematic diagram of the applied PRC 

waveform. 

 

Figure 8.3 Reverse pulse waveform; if = 0.15 A.cm-2; ir = 0.11 A.cm-2; tf = 16 ms; tr = 9 ms; 

and total time = 30 min. if = forward current density; ir = reverse current density; tf = forward 

pulse duration; tr = reverse pulse duration. 

 

 Characterization of deposits 

The tungsten content, grain structure and surface morphology of the deposits were characterized 

by energy–dispersive X–ray spectroscopy (EDS), transmission electron microscopy (TEM, Jeol 

JEM–2100F) and scanning electron microscopy (SEM, Joel 7600 TFE), respectively. A 

Gallium Focused Ion Beam (Ga–FIB, Hitachi FB–2000A) was also used to extract from the 

NiW coated samples, the thin lamellae (~100 nm) that were observed with the TEM. 

The hardness of the coatings was evaluated by using a nano–indenter (Nanomechanics, Inc) 

with a conical diamond indenter tip (90 degrees, 5 µm radius spherical end). Pin–on–disk tests 

(Rtec Instruments) were performed to evaluate the wear resistance and measure the coefficient 

of friction. The tests were performed under dry air conditions and ambient  temperature.
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Spherical AISI 52100 steel balls with a diameter of 1.6 mm were used for the pin specimen. 

The coefficients of friction were measured according to ASTM Standard G99–05 (2010). The 

sliding velocity and the sliding distance were 100 mm/s and 1000 m, respectively. For all of the 

experiments, the applied load was 2 N. The coefficients of friction were continuously recorded 

with respect to the sliding distance. Each friction experiment was repeated six times and the 

average results were reported. The volume of the worn tracks was measured using a 3D 

profilometer (Bruker ContourX–100). The wear constant increases with increasing wear 

volume, which is the volume of removed material. 

 

8.3 Results and discussion 

 Influence of experimental parameters on W content of DC– and PRC–

NiW  

The effect of applied current density on the W content of the DC electrodeposited NiW coatings 

was investigated (Figure 8.4). It was noticed that, varying the current density from 0.02 to 0.1 

A.cm-2 did not significantly affect the tungsten content of the DC electrodeposited NiW coating. 

This study was important in order to make sure that the substrate with complex shape that may 

experience varying applied current density during the DC electrodeposition process, will have 

similar tungsten content throughout the deposit. 

                        

                       Figure 8.4 Effect of applied current density on W content of DC–NiW.
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On the other hand, the content of the tungsten in PRC electrodeposited NiW coating was 

decreased upon increasing the current density and duration of the reversed portion of the applied 

PRC waveform (Figure 8.5). In general, the increase in tungsten content of electrodeposited 

NiW decreases the grain size due to the segregation of tungsten atoms to the nickel grain 

boundaries in order to stabilize the grain structure. During the forward portion of the applied 

PRC waveform, the specimen acts as cathode resulting in electrochemical reduction of nickel–

citrate–tungstate complex and deposition of NiW. During the reversed portion of the applied 

PRC current waveform, the specimen acts as anode resulting in oxidation of tungsten followed 

by dissolving back into the solution hence preferential removing of tungsten atoms from the 

deposit. Therefore, the increase in pulse duration and its current density during the reversed 

portion results in the decrease in tungsten content of the deposit. Similar observations have been 

reported in literature [14, 23, 31] for other electrodeposition bath chemistries of NiW that are 

different from our newly formulated chemistry with respect to grain refiner, stress reducer as 

well as the PRC waveform characteristics.  

7. 

8. 

9. 

10. 

11. 

12. 

Figure 8.5 Effect of reversed pulse current density on W content of PRC–NiW. 

Another important parameter that greatly influence the W content of the deposit is the 

electrodeposition bath temperature. As demonstrated in Figure 8.6, the tungsten content in 

deposit reached to 40 wt% at 85oC, almost 2.5 times higher than when the operating bath was 

kept at 45oC. As a matter of fact, increase of bath temperature, increases the movement of 
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particles in the solution towards the cathode surface and more tungsten species will be co–

deposited with Nickel.  

It was also noticed that, the increase of bath temperature up to 60oC resulted in obtaining 

brighter deposits due to increase of the current efficiency. However, at temperature greater than 

60°C a quick degradation of the electroplating bath was observed leading to less bright coatings 

containing pores. This was possibly due to the fast growth of the grains at elevated 

temperatures, leading to decrease of the nucleation rate on the surface of the substrate and 

creating less bright, lower quality coating. Therefore the optimal bath temperature to maintain 

the stability of the deposition bath and to obtain pores–free bright deposit was 60oC. 

 

 

Figure 8.6 Effect of bath temperature on W content of PRC–NiW. 

 

 Effect of W content on the hardness, and wear rate of PRC–NiW 

Ni by itself has limitations in applications where properties such as thermal stability, corrosion 

resistance, mechanical strength, hardness, and wear resistance are needed. Obvious alternative 

options to pure Ni is to use Ni alloys since their properties can be adjusted through various 

combinations of Ni and other metallic components such as formation of NiW alloys [32]. NiW 

alloys can improve hardness and wear resistance of pure Ni significantly. Tungsten itself has 

unusual properties such as highest melting point (3410oC), highest tensile strength (410 

Kg/mm2) and Vickers hardness of 3430 MPa (compared to Ni 638 MPa). Tungsten can render 

its properties to its alloys with Ni [32–34].  The amount of improvements in the hardness and 
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wear resistance properties of NiW alloys mainly depend on the chemical composition of plating 

electrolyte as well as operating conditions such as temperature, applied current density, etc [33]. 

Transmission electron microscopy (TEM) studies reported in literature showed that only solid 

solution of tungsten in nickel existed in NiW (7–12 at%W) alloy which is in agreements with 

NiW phase diagram [33, 34]. The influence of W content of the PRC electrodeposited NiW on 

the hardness, and wear rate of the deposit was investigated (Figure 8.8). As it was displayed, 

the increase in W content, increased the hardness and wear resistance of the deposit. This is 

possibly due to the decrease of the grain size with the increase in W content which could be 

explained by the segregation of the W atoms to grain boundaries of nickel matrix. In this work, 

with increase of the tungsten content up to 35 wt%, hardness reached to 10 GPa and then 

suddenly decreased. However, the wear rate still decreases beyond the tungsten content of 35 

wt%. Therefore, optimal W content to obtain the highest hardness and wear resistance was 

estimated 35 wt% which beyond this amount, the coating performance deteriorates. As defined 

by Hall–Petch principle, there is a relationship between hardness and grain size and according 

to this principle, metals and alloys coatings with finer grain size display significant increase in 

hardness and strength compared to coarser–grained coatings. However, there is an inverse Hall–

Petch relation below a critical grain size which the hardness decreases and is due to grain 

softening which occurs below a certain critical grain size. The increase of hardness by decrease 

of the grain size up to critical grain size, could be explained by presence of larger volume of 

grain boundaries in finer grain coatings which could effectively hinder the dislocation motion 

by providing strong barriers for dislocation transmission from one grain to the next [35]. Giga 

and et al. investigated the inverse Hall–Petch relationship in electrodeposited nano–crystalline 

NiW coatings with grain sizes of 20, 12, 8 and 5 nm through tensile testing. They observed the 

inverse Hall–Petch relation below 8 nm of grain size [36].  Furthermore, another report on NiW 

electrodeposits by Srirman and et al. indicated that, NiW alloys electrodeposited at 75oC 

followed direct Hall–Petch relation, while NiW alloys electrodeposited at 85oC displayed an 

inverse Hall–Petch relation below a grain size of 15 nm. [37] 
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Figure 8.7 NiW phase diagram. [25] 
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Figure 8.8 Effect of W content on hardness and wear volume and wear profiles related to the 

coatings with tungsten contents of 5 (a), 25 (b), 33 (c), and 43 (d) wt%. 

 

 Influence of current waveform on coefficient of friction 

Figure 8.9 displays the variation in the average coefficient of friction for DC–NiW and 

PRC–NiW electrodeposited materials on brass substrate. As it can be seen, the PRC–NiW 

demonstrated a lower coefficient of friction (0.2) compared to the DC–NiW deposit (0.5). The 

low friction coefficient of the PRC–NiW coating can be attributed to the formation of stable 

tungsten oxide layer during the reverse pulse on the coating surface which will effectively 

reduce the contact between the sliding surfaces.
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Figure 8.9 Coefficient of friction and partial wear scars for the DC–NiW (a) and PRC–NiW 

(b) electrodeposited on the brass substrate at room temperature. 

 

 SEM/EDS results 

To examine any possible defects and delamination at the surface and interface of DC 

electrodeposited NiW, the SEM micrographs were taken from the surface (Figure 8.10a) and 

cross–section of DC–NiW and brass substrate (Figure 8.10b). As it is displayed, the coating is 

smooth throughout the surface and across the coating and no delamination can be observed. 

Similar to DC–NiW coatings, PRC–NiW coated sample was smooth and crack–free on the 

surface (Figures 8.11a, 8.11b, and 8.11c) and cross–section of the substrate–coating system 

(Figure 8.12a). 

A uniform distribution of approximately 18 μm DC–deposited NiW and 6 μm PRC–deposited 

NiW coating was also observed on DC and PRC–NiW coated substrates (Figures 8.10b and 

8.12a). Furthermore, EDS from different locations on the surface of DC and PRC–NiW suggest 

that Ni and W are the main elements present in the coatings (Figures 8.10c and 8.11d) and the 

reported contents for DC–NiW were 64.3% and 35.7% and for PRC–NiW were reported 66% 

and 34% accordingly. EDS mappings (Figures 8.10d and 8.11e) and EDS line scan (Figure 

8.12c) from the surface and cross–section of the coating and brass substrate also revealed that 

the coatings were homogeneous and uniform. Other than tungsten content, surface morphology 
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of the coatings can also have a significant influence on the lifespan and performance of the 

coating in terms of contact stress, friction and wear.  

Figure 8.10 SEM micrograph (a), EDS spectra (b), and X–ray mapping (c) taken from the 

surface of NiW coating. 
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Figure 8.11 SEM micrograph (a, b, c), EDS spectra (d), and EDS mapping (e) of the elemental 

components from the surface of PRC–NiW deposit. 
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Figure 8.12 SEM micrograph (a), EDS spectra (b) of the elemental components, and line scan 

(c) from across the PRC–NiW deposit on brass substrate. 

 

 

 TEM analysis 

Bright–field (BF) TEM observations were carried out on the surface of DC and PRC 

electrodeposited NiW samples (Figure 8.13) to examine the crystalline and/or amorphous 

structure of the coatings. The samples for TEM analysis were thinned to a thickness of ~100 

nm by FIB lift–out method to enable the electron beam to pass through the samples. The Sample 

coated by DC method displayed a dominant amorphous phase structure, while the samples 

coated by PRC method exhibited mostly crystalline structure. Figures 8.13d, 8.13e, and 8.13f 

revealed plenty of nanotwin bundles with average inter–plane distance of 0.65 nm formed
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across the surface of PRC–NiW coating. However few nano–twin bundles with average inter–

plane distance of 0.4 nm can be observed on the surface of DC–NiW coating (Figures 8.13a, 

8.13b, and 8.13c).  Presence of nanotwins in the coating can greatly enhance the tribological 

performance of the coatings by acting as strong dislocation barriers. Figure 8.13c is the HR–

TEM image showing the presence of two nanograins (grain I and grain II), that are oriented in 

different directions. In between two nanograins, there is an existence of amorphous region.

Figure 8.13 BF–TEM images of DC (a, b, c) and PRC–NiW (d, e, f) at different resolutions. 

Figure 8.14 displays the selected area electron diffraction (SAED) pattern of DC and PRC–

NiW coatings, respectively. DC–NiW reveals a halo feature suggesting the presence of 

dominant amorphous phase, while the PRC–NiW exhibits the consecutive and continuous rings, 

which is a typical characteristic of polycrystalline structure. The radius of these circular rings 

represents the interplanar spacings between the atoms. The value of miller indices or the phase 

structure of the coatings can be obtained by comparing the interplanar spacings with the 

standard values found in JCPDS data cards. According to the standard values, the major 

constituent phase is FCC Ni which are randomly oriented throughout the surface of the coatings.



141 

 

 

 

                Figure 8.14 SAED patterns from DC (a) and PRC (b) electrodeposited NiW. 

 

 

8.4 Conclusion 

NiW deposit was fabricated by using PRC electrodeposition process through applying a unique 

pulsed reverse current waveform on the electrodeposition bath chemistry containing specially 

selected ingredients. It was found that the tungsten content of the PRC–NiW deposit decreased 

with the increase in current density and duration of the reversed portion of the applied pulsed 

reverse current waveform. As well, the increase in bath temperature, increased the W content 

of the electrodeposited material. It was also found that the increase in tungsten content resulted 

in the increase in hardness and wear resistance of the PRC–NiW deposit. The increase in 

hardness and wear resistance was attributed to decrease of grain size due to segregation of the 

tungsten atoms to grain boundaries of nickel matrix. It was also revealed that, the PRC–NiW 

possessed a lower coefficient of friction compared to the DC–NiW deposit.  According to BF–

TEM results, plenty of nanotwin bundles were formed across the surface of PRC–NiW coating. 

However few nano–twin bundles were observed on the surface of DC–NiW coating. Nanotwins 

can effectively hinder the dislocation motion, and therefore enhance the tribological 

performance of the coatings.
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Abstract 

Crack–free and uniform NiW coatings and their composite coatings filled with ceramic particles 

such as SiC and hBN were deposited on brass substrates by applying direct current (DC) 

waveforms. Among all coatings, NiW–SiC–hBN coatings displayed the noblest corrosion 

potential (-0.49 V) and lowest current density (4.36 ×10-6 A.cm-2). It also seems that addition 

of hBN and SiC ceramic particles to NiW matrix significantly enhanced the wear resistance of 

the NiW coatings. However, NiW–hBN exhibited the lowest wear volume (48.84 ×103 µm3) 

and the friction coefficient of 0.1 due to ultra–low friction coefficient of hBN particles.  

 

Keywords: Nickel–tungsten coating, pulsed reverse current electrodeposition, direct current 

electrodeposition, friction coefficient, corrosion, and wear resistance. 

 

9.1 Introduction 

Brass has been used in a wide variety of demanding applications such as aerospace, automotive, 

electronics, construction, marine, and many others. This material has low cost, good    
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machinability, high electrical, and thermal conductivity. However, it is very susceptible to 

corrosion and wear after exposure to humid environment at any pH including marine medium 

producing harmful corrosion products that can have adverse effect on the biological systems. 

The low mechanical strength of the brass can also negatively influence the performance, shorten 

the lifespan of equipment resulting in expensive downtime, extra maintenance, power and 

economical losses [1–4]. Therefore, an attempt has been made to develop various barrier 

coatings to enhance the mechanical, wear and corrosion performance of brass. 

Recently, development of solid lubricant coatings has been the major topic of interest in 

fabrication of corrosion and wear resistant coatings for various industries. Among various solid 

lubricants, hexagonal–boron nitride (hBN) has attracted significant attention from researchers 

due to its chemical inert properties and its ultra–low coefficient of friction. The anisotropic 

structure of hBN consisting of covalently bonded boron and nitrogen intra–layers stacked 

together by weak interlayer van der Waals forces provides efficient inter–layer sliding and long 

wear life [5–7]. The schematic structure of hBN is displayed in Figure 9.1. [8] 

Recently, metal matrix composites (MMCs) with superior performance, have shown a great 

potential in aerospace, automotive, military, and electronic applications. In these materials, the 

properties of a metallic matrix are modified through incorporating of a different material type 

(second phase). Electrodeposition is one of the most important techniques for producing MMC. 

During this process, insoluble particles are dispersed in the plating electrolyte and tapped in the 

growing metal layer in order to form a composite coating. Nickel, copper, gold, and silver are 

commonly used as the continuous metallic phase. The dispersed phase can be hard oxides such 

as alumina (Al2O3), titanium oxide (TiO2) and silicon dioxide (SiO2), carbides such as tungsten 

carbide (WC), boron carbide (B4C) and silicon carbide (SiC), diamond or polymers such as 

polytetrafluoroethylene (PTFE) and polyethylene terephthalate (PET) [9–14]. Nickel–boron 

nitride (Ni–BN) composites have become increasingly attractive for various industrial 

applications due to their high hardness and wear performance. [15–18] Electrodeposition of 

nickel–boron nitride (Ni–hBN) composites was reported. It was found that Microhardness and 

wear resistance of the composites were impacted by the content of the co–deposited boron 

nitride particles [14]. Gyawali et al. [19] reported successful fabrication of Ni–hBN composite 

coating by using pulse electrodeposition technique. They investigated grain structure as well as 

corrosion behavior of the deposit in 3.5 wt% NaCl solution. They found that the coatings had 

smooth surface compared to pure Ni coating and had mixed orientations of crystallite unlike 
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pure Ni. As well, they found that the addition of hBN particles within Ni matrix improved 

corrosion performance of the coating in 3.5 wt% NaCl solution. [19] 

The properties of eletrodeposited Ni–based composites can be further improved through 

alloying with other transition metals such as tungsten (W). [20–25] Sangeetha et al. [26] 

reported DC and pulse electrodeposition of NiW–hBN composites on mild steel. They 

investigated corrosion and tribological performances of the composites. They reported uniform 

surface finish, higher microhardness, and excellent corrosion performance of pulse 

electrodeposited composites compared to DC electrodeposits [26]. Li et al. [27] investigated 

pulse electrodeposition of functionally graded NiW–hBN nano–composite coatings where the 

amount of co–deposited hBN particles varied along the coating thickness. They found that the 

wear resistance, corrosion resistance and microhardness of coatings were improved 

substantially compared to that of non–graded NiW–hBN coatings.  

In another study, NiW–hBN nano–composite coatings were fabricated by using DC 

electrodeposition method.  Morphology, phase structure, roughness, grain size, wear resistance 

and corrosion resistance of deposited composites were investigated. It was found that the 

increase of co–deposited hBN increases corrosion resistance. This was attributed to grain 

refinement and porosity reduction due to the fact that the hBN particles could perform as 

nucleation sites hence preventing crystal growth. It was also reported that, the wear resistance 

and hardness increased with the increase of hBN content to a certain level in composites. [28] 

To the best of our knowledge, there is no research activities reported on electrodeposition of 

NiW–SiC–hBN composites and investigation on their microstructure and properties. 

In this paper, the influence of hBN on wear performance and corrosion resistance of DC 

deposited NiW and NiW–SiC was investigated. It was found that the addition of hBN to NiW 

matrix enhanced the wear resistance significantly due to high lubricity of hBN. Also, addition 

of SiC to NiW–hBN improved corrosion resistance significantly by shifting of corrosion 

potential to more positive values and lowering the corrosion current density.
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Figure 9.1 Crystal structure representation of the hexagonal boron nitride (hBN). 

9.2 Methodology 

Electrolyte components and substrate preparation 

The substrates used for plating were made of brass (65% Cu, remaining Zn) having dimension 

of 2.5×1.5 cm2. The surface of substrate was degreased through immersion into 50 g.L-1 alkaline 

soap solution (TEC1001; Technic Inc, Cranston, RI, USA) at 50 (± 5oC) for  1 min followed 

by rinsing with deionized (DI) water. The cleaned substrate was then sensitized by immersing 

into dilute sulfuric acid (10% v/v) at room temperature for  10 sec followed by rinsing with 

DI water. Electrodeposition process was accomplished in electroplating bath containing nickel 

sulfate (NiSO4.6H2O) as a source of nickel ions, citric acid as a complexing agent [25, 26], 

sodium tungstate dehydrate (Na2WO4.2H2O) as a source of tungstate ions, o–Benzoic sulfimide 

(sodium saccharin,  C7H5NO3S) as stress reducer to reduce the internal stress within the 

electrodeposited coating materials [27], propargyl–oxopropane–2,3–dihydroxy as a grain 

refiner and brightener, and DuPont Capstone Fluorosurfactant F–63 as a wetting agent. Bath 

electrolyte composition and optimized operating conditions are summarized in Table 9.1.
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Finally, NiW–SiC, NiW–hBN, and NiW–hBN–SiC baths were made by adding hBN (20 g·L-

1), SiC particles (20 g·L
-1) and a dispersant agent such as polyethyleneimine branched, Mn~600 

by GPC (0.5 g·L-1) as dispersing agent. SiC and hBN particles are transported to the 

electrodesurface through the diffusion layer by convective–diffusion and then are adsorbed onto 

thegrowing surface. The adsorbed particles get physically entrapped into the metallic 

matrixwithout forming any molecular bonding only if their residence time is large relative to 

theburial time. Burial time is inversely proportional to the rate of metal electrodeposition 

andproportional to the particle size. Larger particles require longer time to be engulfed in the 

depositing metal. [28, 29] 

 

Table 9.1 Electrodeposition bath ingredients and optimized experimental parameters. 

Name of Chemicals    Concentration 

Nickel sulfate 29.5–30 (g.L-1) 

Sodium tungstate 58–60 (g.L-1) 

Citric acid 63–67 (g.L-1) 

Ammonia 58 (ml.L-1) 

Sulfuric acid as needed 

Propargyl–oxo–propane–2,3–dihydroxy 

(POPDH) 

0.9–1 (g.L-1) 

DuPont™ Capstone® Fluoro–surfactant FS–

63 

1.8–2 (g.L-1) 

Sodium saccharin 0.5–1 (g.L-1) 

Experimental Parameters 

pH 7.8–8.0 

Temperature 58–61 °C 

Duration of electrodeposition 30 min 

Applied current density 0.14 A.cm-2 

 

 

 Electrodeposition setup 

The electrodeposition bath setup is displayed in Figure 9.2. The electrodeposition setup was 

composed of an electrodeposition tank containing electrolyte, a pump (Flo King Filter System 

Inc. Longwood, FL, USA) to provide adequate agitation, two anodes made of stainless steel 

mesh, a cathode made of brass as a substrate being electrodeposited, and a reversed pulse 
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plating power supply (Model pe8005, Plating Electronic GmbH, Sexau, Berlin, Germany). The 

electrodeposition bath was placed inside a water circulating bath operating at 60oC temperature. 

A water circulating bath with temperature controller was used to keep the solution temperature 

at optimized value. A filter pump (Flo King Filter System Inc.) connected to polypropylene 

filter was used to provide adequate agitation and to keep the solution free of particulates during 

the deposition. Platinized titanium mesh was used as anode. 

Figure 9.3 displays the Hull cell setup equipped with heater, thermostat, and air pump. Hull 

cell was used to perform the initial electrodeposition tests and to optimize the conditions of the 

electrodeposition. A platinized titanium mesh was used as anode and brass substrate was used 

as cathode. 

 

Figure 9.1. Image of the electrodeposition bath setup. 
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Figure 9.2 Image of the Hull cell setup equipped with thermostat and air pump. 

Characterization of deposits 

Surface morphology and elemental composition of the deposits were characterized by using 

scanning electron microscopy and energy dispersive spectroscopy (SEM–EDS, Joel 7600 TFE, 

JEOL Ltd, Akishima, Tokyo, Japan) with an acceleration voltage of 20 kV. The observations 

of surfaces were performed without any specific sample preparation. Grain size analysis were 

also performed using X–ray diffraction (XRD, Bruker D8 Advance, Bruker AXS, Madison, 

WI, USA) with Cu–Kα radiation (λ= 0.154 nm) and transmission electron microscopy (TEM, 

Jeol JEM–2100F, JEOL Ltd, Akishima, Tokyo, Japan) at 200 kV, respectively. The samples 

were thinned to the thickness of ~100 nm using a Gallium Focused Ion Beam (Ga–FIB, Hitachi 

FB–2000A, Hitachi High–Tech Kyushu Corporation, Tegama, Omuta–shi, Fukuoka, Japan) at 

30 kV. Various electrochemical corrosion tests including potentiodynamic polarization (PP) 

and cyclic potentiodynamic polarization (CPP) tests were performed to evaluate the corrosion 

performance of the deposits. The potentiostat was operated by a PC equipped with corrosion 

software (CorrWare) enabling the test parameters to be set and the experiments to be conducted. 

Potentiodynamic polarization (PP) measurements were performed in the potential range of -0.6 

to 1.0 V vs. Ecorr at room temperature and scan rate of 5 mV·s-1. Similarly, cyclic 

potentiodynamic polarization (CPP) scans were performed in the potential range of -0.6 to 1.0 

V in forward direction and from 1.0 to -1.0 V in reversed direction at room temperature and 5 

mV·s-1 scan rate. For all the PP and CPP experiments, graphite rod was employed as reference 
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electrode and silver/silver sulfate was used as reference electrode. The coated specimens were 

sealed with an insulating adhesive tape and 1 cm2 of the surface was exposed to artificial sea 

water. The composition of the artificial seawater is displayed in Table 9.2. 

Table 9.2 Composition of artificial seawater 

Ingredients Concentration (wt%) 

NaCl 58.49 

Na2SO4 9.75 

CaCl2 2.765 

KCl 1.645 

NaHCO3 0.477 

KBr 0.238 

H3BO3 0.071 

SrCl2.6H2O 0.095 

NaF 0.007 

MgCl2 26.46 

Wear tests were performed using a custom–built pin–on–disk wear testing machine under dry 

air conditions and room temperature. The pin specimens were spherical with a diameter of 1.6 

mm and were made of steel (AISI). ASTM G99–05 (2010) was used as a standard to conduct 

the tests. The applied load was 1 N for all the experiments and the sliding speed and the number 

of revolutions were 100 mm·s-1 and 3500, respectively. The friction experiments were 

continuously recorded and repeated three times with regard to the sliding distance. Profilometer 

(Bruker Dektak XT, Bruker Corporation, Billerica, MA, USA) was used to measure the volume 

of the worn tracks. 

9.3 Results and discussion 

SEM/EDS analysis 

The  SEM  images  were  taken  from  the  surface  of  NiW  electrodeposited  on  brass substrate 

(Figure 9.4a). The micrograph shows that the coating surface is smooth and free of any cracks 

or defects. This can have a great influence on the durability and on the performance of the 

coating in terms of corrosion since such surface can greatly prevent the penetration of corrosive 

agents from reaching the substrate.  EDS spectra and X–ray mapping (Figure 9.4 b,c) were also 

taken from different locations of the DC–deposited NiW. Accordingly, Ni (~65.9 wt%) and W
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 (~34.1 wt%) were the main elements of the coatings (Figure 9.4b) and were distributed 

uniformly across the coating surface (Figure 9.4c). The homogeneous microstructure and 

elemental distributions can remarkably improve the corrosion and wear performance of the 

coating. SEM  micrographs  (Figure  9.5a)  were  taken  from  the  surfaces  of  the  DC–

deposited NiW–SiC to examine any possible defects at the surface of coatings. No defect or 

delamination was observed on the surface of the coatings and SiC particles with average size 

of 60 μm were uniformly distributed across the surface.  Furthermore, EDS spectra and X–ray 

mapping (Figure 9.5 b,c) taken from various locations on the surface suggest that the elemental 

composition of the coatings Ni (~45.6 wt%), W (~20.7 wt%), Si (~32.5 wt%), and C (~1.2 wt%) 

were uniformly distributed throughout the surface. Surface roughness of the coatings can have 

a remarkable influence on the longevity and performance of the coatingin terms of contact 

stress, friction, and wear. Higher surface roughness may result in a lower contact area and lower 

adhesion between contact surfaces, minimizing the friction and adhesive wear. [30, 31]  
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Figure 9.3 SEM micrograph (a), EDS spectra (b), and X–ray mapping (c) taken from the surface 

of the NiW coating; EDS spectra and EDS map of the area are highlighted with white rectangles 

in the SEM image. 

. 

 

Figure 9.4 SEM micrograph (a), EDS spectra (b), and X–ray mapping (c) taken from the 

surface of the NiW–SiC coating; EDS spectra and EDS map of the area are highlighted with 

white rectangles in the SEM image. 

 

SEM micrograph (Figure 9.6a) was taken from the surfaces of the DC–deposited NiW–hBN. 

No crack or delamination was observed on the surface of the coating and hBN particles with 

average size of 44μm were uniformly distributed across the surface. Furthermore, EDS spectra 

and X–ray mapping (Figure 9.6 b,c) taken from various locations on the surface suggest that 
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the elemental composition of the coatings Ni (~66.2 wt%), W (~24.2 wt%), B(~8.5 wt%), and 

N (~1.1 wt%) were homogeneously distributed throughout the surface. 

Figure 9.5 SEM micrograph (a), EDS spectra (b), and X–ray mapping (c) taken from the 

surface of the NiW–hBN coating; EDS map of the area is highlighted with a white rectangle 

in the SEM image. 

SEM micrograph, EDS spectra, and X–ray mapping (Figure 9.7) were taken from the surfaces 

of the electrodeposited NiW–SiC–hBN. The coating surface was crack–free without any 

delamination and coating elements were homogeneously distributed across the surface. As well, 

EDS spectra and X–ray mapping results suggest that the elemental composition ofthe coatings 

Ni (~69.6 wt%), W (~9.3 wt%), Si (~8.6 wt%), C (~5.1 wt%), B (~5.8 wt%), and N (~1.1 wt%) 

were homogeneously distributed throughout the surface.
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Figure 9.6 SEM micrograph (a), EDS spectra (b), and X–ray mapping (c) taken from the surface 

of the NiW–SiC–hBN coating; EDS spectra and EDS map of the area are highlighted with white 

rectangles in the SEM images
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 Potentiodynamic polarization of DC electrodeposited NiW, NiW–hBN, 

and NiW–hBN–SiC 

Potentiodynamic polarization (PP) tests (Figure 9.8) were performed on the surface of various 

DC–deposited NiW, NiW–hBN, and NiW–hBN–SiC composites. The intersecting point of the 

anodic and cathodic polarization curves (Ecorr) showed a significant shift toward the nobler 

values from -0.92 VAg/AgCl to -0.49 VAg/AgCl and lower current density values were 

obtained with the addition of SiC, hBN, and mixture of SiC and hBN, respectively (Table 8.3). 

 

Figure 9.7 Potentiodynamic polarization of DC electrodeposited NiW, NiW–SiC, NiW–hBN, 

and NiW–hBN–SiC performed at room temperature (∼25 °C) and pH of ∼8.
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Table 9.3 Corrosion potential and current density values extracted from potentiodynamic 

polarization graph. 

Name of Coatings       Corrosion Potential (V)       Current Density (A·cm-2) 

NiW -0.92 2.38 × 10-5 

NiW–SiC -0.70 2.04 × 10-5 

NiW–hBN -0.60 2 × 1-5 

NiW–hBN–SiC -0.49 4.3 × 10-6 

The increase in corrosion potential of NiW towards positive values with the addition of SiC 

could be attributed to uniform distribution of SiC particles within the NiW, surface oxidation 

of SiC particles or presence of SiO2 in the interplanar layers of individual SiC [32, 33]. As well, 

formation of double layer of NiWO4 and SiO2 on coating surface when exposed to corrosive 

media. These protective layers will act as physical barriers to initiation and propagation of 

cracks or defect corrosion and thus hinder the matrix dissolution. Similar observations were 

reported by Yao and et al, Jin and et al, Li and et al. [22–24] 

The formation of NiWO4 and SiO2 barrier layers might be attributed to the following reactions 

[34–36]: 

Ni2++WO4
2- → NiWO4 (1) 

SiC + 4H2O → SiO2 + 8H+ + CO2 + 8e-  (2) 

The formations of NiWO4, SiO2 and CO2 are supported by the zone of stabilities of m potential 

vs pH diagrams of Ni–H2O, W–H2O, Si–H2O and C–H2O at 25°C. [37] 

Moreover, the corrosion resistance enhancement in NiW with the addition of hBN could be 

explained by its chemical inertness due to its wide band gap (Eg~5.15 eV) [38] and strong in–

plane covalent bond, preventing corrosive ion diffusion to the surface of the electrode. 

The results are in agreement with those reported by Sangeetha and et al. [26]. They found that 

the inclusion of hBN nanoparticles within in the NiW matrix could decrease the cracking, 

porosity, and pinholes of the coating, improving the shielding effect.
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Further improvement of corrosion performance in NiW by incorporating a mixture of SiC and 

hBN could be related to taking advantage of the properties of both ceramic particles for example 

combination of chemical inertness of hBN together with the formation of protective layers of 

NiWO4 and SiO2. Similar to hBN, SiC is also a wide band gap semiconductor (Eg~3.26 eV). 

[39] 

According to potentiodynamic polarization (PP) graphs, NiW–SiC–hBN coatings displayed 

active–passive transitions, and relatively small passive regions were observed that could be 

attributed to slightly defective passive films. Presence of active–passive transitions in the anodic 

curve indicates that the time used to scan the potential range where passivation is expected to 

occur is much longer than the natural timescale required to obtain the passive film. If the 

material does not go under active–passive transition, it would corrode at much higher rate in the 

corrosive environment. Formation of a passive layer offers a great protection against the ionic 

and electronic diffusions and lowers the corrosion rate of the metal. It also has self–repairing 

ability after the rupture. The performance of passive layer in corrosive media is affected by 

many factors, such as pH, temperature, and dissolved oxygen content. [40–43] 

  

 
 

 Cyclic polarization of DC electrodeposited NiW, NiW–hBN, and NiW–

hBN–SiC 

Figure 9.9 displays the CPP graphs for DC electrodeposited NiW, NiW–SiC, NiW–hBN, and 

NiW–hBN–SiC coatings. In the anodic polarization scan, the potential scanning begins from 

the corrosion potential (Ecorr). A rapid rise in anodic current density at the potential below the 

potential of oxygen evolution can be due to: (1) Local dissolution of passive films and formation 

of metastable pits in the presence of aggressive Cl- ions; (2) presence and propagation of active 

defects on the surface of passive layer. The potential at which current density increases sharply 

is called critical pitting potential, pitting potential, rupture potential, or breakdown potential 

[44–46]. In order to investigate the materials’ response to the pitting corrosion, the scanning 

direction of the potential was changed at the pitting potential from positive values toward the 

negative values.  It can be observed that DC–deposited NiW exhibits a zero hysteresis loop, 

while NiW–hBN, NiW–SiC, and NiW–hBN–SiC indicate negative hysteresis loop, depicting 

repassivation of pits. In fact, reverse anodic curve is shifted to lower current densities in contrast 

to the forward anodic scan. This indicates the uniform corrosion and reconstruction of the 

damaged passive layer at higher potentials. As well, the corrosion potential for the 
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electrodeposited NiW–hBN and NiW–hBN–SiC appeared to be similar and nobler compared 

to NiW and NiW–SiC coatings due to hBN’s chemical inertness. As it is seen in Figure 9.9, all 

deposits displayed anodic to cathodic transition potential.  During the reversal scan, the rapid 

decrease in corrosion current density at anodic nose or active–passive transition potential was 

observed at more positive potentials compared to Ecorr.  Therefore, the potential of the corroded 

region is nobler than the un–corroded area. This behavior is usually characteristics of materials 

that are susceptible to passivation or the materials that are not susceptible to pitting corrosion. 

[40–43] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.8 CPP of DC electrodeposited NiW, NiW–hBN, and NiW–hBN–SiC.
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Tribological analysis 

Figure 9.10 displays the variation in the average coefficient of friction for DC deposited Ni, 

NiW, NiW–hBN, and NiW–hBN–SiC electrodeposited materials on brass substrate using pin–

on–disc wear testing equipment. As it can be seen, the DC–NiW–hBN demonstrated a lower 

coefficient of friction (0.04) compared to the DC–NiW–hBN–SiC (0.15), DC–NiW–SiC (0.4), 

and DC–NiW deposits (0.6). This is attributed to the ultra–low coefficient and anisotropic 

structure of h–BN consisting of covalently bonded boron and nitrogen intra–layers stacked 

together by weak interlayer van der Waals forces providing efficient inter–layer sliding effect. 

As well, presence of SiC particles in the NiW matrix will effectively reduce the contact between 

the sliding surfaces due to formation of stable SiO2. Figure 9.11 displays the wear volume rate 

of each coating after the friction test. 

Figure 9.9 Coefficient of friction for the respective DC electrodeposited of NiW, NiW–SiC, 

NiW–hBN, and NiW–hBN–SiC electrodeposited from an optimized electrolyte on the brass 

substrate for3500 revolutions at room temperature and normal applied load of 1 N.
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Figure 9.10 Wear volume for the respective DC electrodeposited coatings of NiW, NiW–SiC, 

NiW–hBN, and NiW–hBN–SiC. 

 

 XRD analysis (Influence of Annealing on Crystallite Sizes of DC 

Electrodeposited NiW, NiW–hBN, and NiW–hBN–SiC) 

Curves (a), (b) and (c) of Figure 9.12 display, respectively, the XRD patterns obtained from the 

surfaces of as–deposited and heat–treated NiW, NiW–hBN, and NiW–SiC–hBN at 350 and 

500◦C on brass substrates. No significant differences were found between the XRD patterns of 

heat–treated and as–deposited coatings. However, crystallite size and peak intensity of the as–

deposited coatings were lower than those of the annealed coatings. The increase in peak 

intensity and crystallite size as a function of annealing temperature can be attributed to FCC 

crystal grain growth, phase transformation from amorphous type to crystalline structure, and 

reduction in internal micro–strains. The crystal grain growth, phase transformation from 

crystalline to amorphous structure, and reduction in internal micro–strains. 

The crystallites size (D) of the coatings were calculated (Table 9.4) from the broadening of the 

(111) peaks using Scherrer equation. [47] 

D = Kλ/βcosθ                    (1) 

Where D is the crystallite size (nm), K is the Scherrer constant (0.9), λ is the wavelength of the 

x–ray source (0.15406 nm), 𝛽 is the FWHM (radians), and θ is the peak position (radians).
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Table 8.4 Crystallite sizes of DC–deposited NiW, NiW–hBN, and NiW–hBN–SiC. 

Coatings Peak Position 

of (111)         

[°2Th] 

FWHM 

[°2Th] 

Crystallite 

Size 

[Å] 

DC–NiW (as–deposited) 

DC–NiW (heat–treated at 350 °C) 

DC–NiW (heat–treated at 500 °C) 

43.931 

44.011 

44.213 

0.720 

0.673 

0.413 

120 

129 

212 

DC–NiW–hBN (as–deposited) 

DC–NiW–hBN (heat–treated at 350 °C) 

DC–NiW–hBN (heat–treated at 500 °C) 

44.226 

44.056 

43.851 

1.260 

1.102 

0.336 

68 

78 

261 

DC–NiW–hBN–SiC (as–deposited) 

DC–NiW–hBN–SiC (heat–treated at 350 °C) 

DC–NiW–hBN–SiC (heat–treated at 500 °C) 

43.940 

43.949 

43.772 

0.960 

0.630 

0.528 

90 

138 

165 

 

As we can see in Figure 9.12b, the diffraction peaks of DC–deposited NiW–hBN were assigned 

to the Ni (111), Ni (200), Ni (220), Ni (311), Ni (222), hBN (002), hBN (100), hBN (101), and 

hBN (004) planes, respectively. The intensity of the peaks and average crystallite size as 

displayed in Table 9.4 increases from 68 Å up to 261 Å with rising the annealing temperature. 

This was attributed to an increase in crystallinity of the coating and hence increase in number 

of the crystallites with the increase of the temperature. 
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Figure 9.11 XRD spectra from the surface of, respectively, as–deposited, heat–treated at 350 

°C and heat treated at 500°C of DC electrodeposits: NiW(a), NiW–hBN (b), and NiW–hBN–

SiC (c). 

 

It was noticed that the intensity of the Ni (111) was increased and additional peak of hBN (101) 

and Ni (200) were formed after heat treatment at 500oC. Furthermore, the average crystallite 

size increased with increase of the temperature. The results of the average grain size before and 

after annealing at 350oC and 500oC are presented in Table 9.4. Similar results are obtained from 

Figure 9.2c which shows the XRD spectra from the surface of as–deposited and annealed 

electrodeposited NiW–hBN–SiC at 350 and 500 ◦C. 

As presented in Table 9.4, incorporation of SiC and hBN in the DC electrodeposited NiW 

matrix resulted in a decrease in the crystallite size compared to DC–NiW due to micro–strain, 

lattice distortion of the Ni (W) matrix and grain refinement effect of SiC and hBN particles. 

The smaller grain size promotes the formation of highly dense and stable passive films with a 

lower defect density due to a higher amount of active surface atoms. This can repel the 

adsorption of chloride ions on the surface of the coating and remarkably improves the pitting 

corrosion and wear performance of the coatings. [48–51] 

It was also observed that intensity of Ni (111), Ni (200) were higher with the increase of 

the annealing temperature. However, some peaks of SiC (101) disappeared after annealing at 
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500 °C which could be attributed to the decomposition of SiC at high temperatures. 

Furthermore, the influence of annealing temperature on average crystallite size was 

investigated. It was found that the average grain size increased from 90 to 165 Å by increase of 

the annealing temperature from 350 °C up to 500 °C. 

 

 TEM Analysis 

Crystal structure of the DC–electrodeposited NiW, NiW–SiC, NiW–hBN, and NiW–hBN–SiC 

samples was investigated by TEM at 200 kV in bright–field (BF) imaging mode (Figure 9.13). 

TEM samples were cut at the thickness of ~100 nm by focused ion beam (FIB) at normal 

operating parameters to allow the electron beam to transmit through the ultra–thin samples to 

form an image. The DC–NiW sample presented mainly a dominant amorphous phase structure, 

while the DC–deposited NiW–SiC, NiW–hBN, and NiW–hBN–SiC samples exhibited mostly 

crystalline structure with high crystallographic texture. Figure 9.13 (d–l) revealed plenty of 

nanotwin bundles for DC electrodeposited NiW–SiC, NiW–hBN, and NiW–hBN–SiC with an 

average inter–plane distances of 0.63, 0.53, and 0.43 nm formed throughout the surface of the 

samples. However, DC–NiW coating (Figure 9.13 (a–c)) displayed only few nano–scale twin 

bundles with average inter–plane distance of 0.47 nm. Nanograins and nanotwins in the 

coatings can remarkably improve the mechanical, tribological, as well as corrosion properties 

of coatings by serving as strong dislocation barriers, altering the microstructure, and 

semiconducting response of the passive film [52, 53]. Figure 9.13b is the high resolution TEM 

(HRTEM) image revealing the presence of two nanograins with different orientations (marked 

in dotted box). In between two nanograins, there is a presence of amorphous structure. 

Figure 9.14 shows the selected area of the electron diffraction (SAED) pattern of DC–

electrodeposited NiW, NiW–SiC, NiW–hBN, and NiW–hBN–SiC coatings, respectively. DC–

NiW reveals diffused ring patterns suggesting the existence of dominant amorphous phase, 

while the DC electrodeposited NiW–hBN and NiW–hBN–SiC exhibit the noncontinuous rings, 

which is indicative of a crystalline structure with preferred orientation in the microstructure. 

The interplanar spacings between the atoms can be calculated by measuring the radius of these 

circular rings. The value of miller indices (hkl) or the phase structure of the materials can be 

obtained by comparing the estimated values of interplanar spacings derived from SAED rings 

with the standard values available from JCPDS data cards. According to these values, the 

primary constituent phase is FCC Ni with random grain orientation. Therefore, the diffraction 
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pattern analysis from Tem confirms the XRD results. 

Figure 9.12 BF–TEM images of DC–electrodeposited NiW (a–c); NiW–SiC (d–f); NiW–hBN 

(g–i), and NiW–hBN–SiC (j–l) at different resolutions.
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Figure 9.13 SAED patterns from DC–deposited NiW (a); NiW–SiC (b); NiW–hBN (c); NiW–

hBN–SiC (d). 

 

9.4 Conclusion  

In this research work, NiW filled with hBN and SiC nanocomposite coatings were successfully 

fabricated via DC electrodeposition and their morphological features, grain structure, 

electrochemical and wear properties of the coatings were investigated, and the following results 

were obtained: 

 Inclusion of wide band gap semiconductors particles such as hBN and SiC 

within NiW is shown to enhance the corrosion and wear performance of 

electrodeposited NiW coatings by altering the morphological features, 

composition, grain structure, and surface properties of the coatings.
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 The coatings were uniform, compact without defects or any cracks. Elemental 

distribution map also confirmed that the SiC and hBN particles were 

homogeneously distributed within the NiW matrix.  

 Incorporation of hBN and SiC ceramic particles within the NiW matrix 

enhanced the corrosion performance of the NiW coating. Several sets of 

experiments were performed to investigate the corrosion performance of the 

NiW coatings reinforced with hBN and SiC ceramic particles. It was observed 

that that reinforcement of hBN within NiW and NiW–SiC significantly 

improved the corrosion performance of the coating and NiW–SiC–hBN 

exhibited the highest corrosion performance compared to DC–deposited NiW, 

NiW–SiC, and NiW–hBN. According to potentiodynamic polarization test 

results, the corrosion resistance improves in the following for deposits. 

NiW < NiW–SiC < NiW–hBN < NiW–SiC–hBN 

 According to wear performance results, NiW–hBN demonstrated the lowest 

wear rate and coefficient of friction (0.04) compared to NiW–SiC–hBN (0.15), 

DC–NiW–SiC (0.4), and DC–NiW deposits (0.6).  

• The XRD results obtained from the surfaces of the as–deposited and annealed 

DC–deposited NiW, NiW–hBN, and NiW–SiC–hBN at 350 and 500◦C also 

revealed that the intensity of the peaks and the average crystallite size increased 

with the annealing temperature up to 500 ◦C. Inclusion of hBN and SiC within 

NiW also reduced the grain size due to micro–strain and lattice distortion of the 

Ni (W) matrix.  

• According to BF–TEM results, plenty of nanotwin bundles were formed across 

the surface of DC–deposited NiW–hBN and NiW–hBN–SiC coatings. However 

few nano–twin bundles were observed on the surface of DC–NiW coating. 

Nanotwins can effectively hinder the dislocation motion, and therefore enhance 

the tribological performance of the coatings.
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Abstract 

Crack–free and uniform NiW composite coatings filled with ceramic particles such as SiC and 

CeO2 were deposited on brass substrates by applying direct current (DC) and a well–designed 

pulse reverse current waveforms (PRC). PRC coatings displayed the noblest corrosion potential 

and lowest current density compared to DC electrodeposited coatings. Among all PRC coatings, 

PRC–NiW–SiC–CeO2 demonstrated the highest corrosion resistance and the lowest current 

density. It also seems that addition of ceramic particles to NiW matrix enhanced the wear 

resistance of the coatings and the lowest wear volume of about (14.119 ×103 µm3) and the 

friction coefficient of 0.25 were obtained due to the formation of the uniform, void free and 

packed structures with high content of SiC and CeO2 particles in the deposit. 

 

Keywords: Nickel–tungsten composite, pulsed reverse current electrodeposition, direct 

current electrodeposition, friction coefficient, corrosion, and wear resistance. 

 

10.1  Introduction 

In recent years, metal matrix composites (MMCs) with an excellent performance, have been 

widely used in aerospace, automotive, and electronics, applications. These materials are 
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prepared by adding various reinforcing phases [1–3]. Among MMCs, nickel–based alloys have 

been widely used in different industrial applications due to their outstanding performance and 

low cost [1]. Among various fabrication techniques, electrodeposition is one of the most 

common method of producing various metal matrix coatings [1–7]. The reinforcing phases 

(insoluble materials) are suspended in a conventional electrodeposition bath and co–deposited 

within the metal matrix during the electrodeposition process. These insoluble components can 

be in the form of powder, fiber or encapsulated particles. Electrodeposition of various Ni based 

composites have been reported in which one or more of various metallic oxides such as ZrO2, 

Al2O3, TiO2, MoO2 and carbides such as SiC were added into Ni based electrodeposition baths 

[1–17]. Substantial improvements in material properties such as microhardness, wear, and 

corrosion resistance as a result of codeposition of reinforcements phase(s) into Ni matrix [18–

19]. The degree of improvements in the properties depends on various factors such as the type 

and content of the reinforcements particles as well as their uniformity in distribution within the 

Ni based matrix, electrodeposition parameters such as operating temperature, agitation modes, 

applied current density, plating duration, and electrolyte formulation (i.e., type and 

concentration of ingredients). [1–20] 

The addition of CeO2 particles into Ni matrix could enhance hardness, wear– and oxidation 

resistance of the matrix [1, 4–6]. However, inclusion of CeO2 within Ni matrix is required to be 

dispersed uniformly without agglomeration. Therefore, electrodeposition parameters including 

applied current density and operating temperature as well as plating electrolyte need to be well–

designed and optimized [1, 7].  Zhou et al. [8] reported that well dispersion of CeO2 in Ni matrix 

enhances mechanical, wear and corrosion properties of the Ni–CeO2 coating compared to bare 

Ni. They attributed the enhancement to grain refining effect of CeO2 on Ni matrix and formation 

of passivation layer on the surface. [8] 

Extensive research works have been reported on electrodeposition of Ni–SiC composites and 

their applications as protective coatings in friction parts and combustion engines due to their 

improved properties compared to Ni pure metal deposits [21–30]. It was found that the size and 

the content of co–deposited SiC particles had significant influence on microstructure as well as 

corrosion behavior of electrodeposited Ni–SiC composites. [31] 

The properties of eletrodeposited Ni–based composites can be further improved through 

alloying   with other transition metals such as tungsten (W) [32]. NiW alloy was developed as 

one of the surface treatments to replace hard chromium coating for its excellent properties. 

Among various reinforcement particles, SiC was investigated extensively and applied for 
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various applications due to its enhanced properties such as high hardness, good corrosion 

resistance and excellent chemical stability [32–36]. The influence of the content of co–

deposited SiC particles as well as electrodeposition parameters such as applied current density 

and agitation speed on the amount of co–deposited SiC particles within NiW matrix was 

reported. As well, Microhardness, corrosion and wear performance of NiW–SiC composites 

were investigated. [32] 

To the best of our knowledge, there is no research activities reported on electrodeposition of 

NiW–CeO2 and NiW–SiC–CeO2 composites and investigation on their microstructure, 

corrosion, and tribological properties. 

In this research work, NiW–SiC–CeO2 deposit was fabricated by using DC and PRC process 

through applying a unique pulsed reverse current waveform on electrodeposition bath chemistry 

containing specially selected ingredients. It was found that the incorporating of CeO2 and SiC 

ceramic particles within the NiW matrix enhanced the corrosion and tribological performance 

of the deposit and PRC–NiW–SiC–CeO2 possessed superior corrosion and wear performance 

compared to the DC and PRC electrodeposited NiW and NiW–SiC coatings. 

10.2  Methodology 

  Electrolyte components 

Electrodeposition of Ni and NiW alloys were accomplished in electroplating bath containing 

source of metals to be plated, complexing agent (Citric acid), stress reducer (o–Benzoic 

sulfimide), brightener/grain refiner (propargyl –oxopropane –2,3 –dihydroxy), and wetting 

agent (DuPont™ Capstone® Fluorosurfactant F–63). 

The NiW electrodeposition bath was prepared by adding a source of tungstate ions (sodium 

tungstate dehydrate) into the same electroplating bath that was used for Ni electrodeposition. 

NiW–SiC–CeO2 bath was made by adding SiC and CeO2 particles and a dispersant agent such 

as polyethyleneimine into NiW electrodeposition solution. Table 10.1 summarizes the 

ingredients plating electrolyte and optimized operating conditions to obtain uniform and defect–

free NiW coating with desired mechanical and tribological performance. 
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Table 10.1 Electrodeposition bath ingredients and optimized experimental parameters 

Name of chemicals Concentration 

Nickel sulfate 29.5–30   (g.L-1) 

Sodium tungstate 58–60      (g.L-1) 

Citric acid 63–67      (g.L-1) 

Ammonia 58           (ml.L-1) 

Sulfuric acid As needed 

Propargyl–oxo–propane–2,3–

dihydroxy (POPDH) 

0.9–1    (g.L-1) 

DuPont™ Capstone® Fluoro–

surfactant FS–63 

1.8–2     (g.L-1) 

Sodium saccharin 0.5–1     (g.L-1) 

Experimental parameters 

pH 7.8–8.0 

Temperature 58–61      oC 

Duration of electrodeposition 30           min 

The role of citric acid was to form stable complexes with tungstate (WO2
+4) and nickel (Ni2+) 

ions to prevent direct interaction between nickel and tungstate ions. Such direct interaction 

would result in irreversible precipitation of non–soluble nickel tungstate compound in 

electrodeposition bath solution [37–38]. Sodium saccharin was used as a stress removal agent 

to reduce the internal stress within the electrodeposited coating materials [39]. We used 

propargyl–oxo–propane–2, 3–dihydroxy as a brightener and grain refiner. This compound is a 

specific type of propargyl derivative containing a carbon–carbon triple bond (i.e. –C≡C–H) at 

the end of its molecular chain which has a tendency to deposit preferentially at high current 

density areas on the substrate such as sharp areas during electrodeposition to control the nickel 

ion diffusion towards the cathode. Therefore, a uniform and crack–free deposit with mirror like 

finish surface was obtained. This organic compound can also enhance the nucleation sites for 

initiating the first stages of the metal deposition process on the surface of substrate leading to 

the decrease in grain size of the nickel. Unlike other brighteners such as sodium citrate–sulfonic 

acid used in Ni electrodeposition or Thiourea, this propargyl based brightener does not contain 

sulfur compound. Co–deposition of sulfur with Ni could deteriorate the corrosion properties of 

the coating [40]. Finally, Capstone fluoro–surfactant FS–63 (DuPont) was selected as a wetting 

agent to release the hydrogen gas bubbles from the substrate surface. FS–63 (DuPont) is a low 
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foaming type anionic fluoro–surfactant which is soluble in water and provides low surface 

tensions. [41] 

In these experiments, platinized titanium mesh sheet was used as anode and brass (68 wt% Cu, 

remaining Zn) having dimension of 2.5 × 1.5 cm2 was used as substrate. The surface of substrate 

was pretreated before electroplating. The pretreatment was composed of six steps: i) degreasing 

by immersing into 50 g.L-1 alkaline soap solution (TEC1001; Technic Inc.) at  50oC for 1 

min; ii) rinsing with DI water for 30 sec; iii) activation/sensitization by immersing into i dilute 

sulfuric acid (10% v/v) at room temperature for 10 sec; iv) rinsing with DI water for 30 sec. 

A hull cell (Figure 10.1) setup equipped with heater, thermostat air agitation and air pump 

was used to characterize, optimize, and improve applied current density distribution throughout 

the substrate surface. A brass substrate was used as cathode and a platinized titanium mesh 

sheet was used as anode. 

 

Figure 10.1 Schematic diagram of hull cell equipped with thermostat and air agitation. 

 

The optimized reversed pulse waveform was composed of forward pulse current density of (If) 

of 0.15 A.cm-2 with forward pulse duration (tf ) of 16 ms and reversed  pulse current density (Ir) 

of  0.11 A.cm-2 with reversed pulse duration (tr) of 9 ms. The total plating duration for all 

experiment was 30 min.
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 Characterization of deposits 

The elemental composition, grain size, and surface morphology of the deposits were 

characterized by energy dispersive spectroscopy (EDS), X–ray diffraction (XRD, Bruker D8 

Advance), and scanning electron microscopy (SEM, Joel 7600 TFE), respectively.  

Pin–on–disk (Custom–built) and Profilometer (Bruker Dektak XT) tests were performed 

to measure the coefficient of friction and volume of the worn tracks. The tests were performed 

under dry air conditions and ambient temperature. Spherical Al2O3 balls with a diameter of 4.7 

mm were used for the pin specimen. The sliding velocity and the number of revolutions were 

100 mm/s and 3500, respectively. For all the experiments, the applied load was 2 N. The 

coefficients of friction were continuously recorded with respect to the sliding distance. Each 

friction experiment was repeated three times and the average results were reported. Potentiostat 

(Princeton Applied Research Potentiostat/Galvanostat Model 273A) was used to investigate the 

corrosion behavior of the deposits. The potentiostat was equipped with CorrWare software 

enabling to apply potential scans remotely through the software. Potentiodynamic polarization 

(PP) scans were performed from -0.6 to 1.0 V vs. Ecorr at room temperature and 5 mV.s-1 scan 

rate. For all the PP experiments, silver/silver sulfate electrode and graphite rod were used as 

reference and counter electrodes, respectively. The surface of the specimen was covered with 

an insulating 3M tape to expose 1 cm2 of the surface to corrosive liquid (artificial sea water). 

Table 10.2 shows the composition of the artificial seawater. 

 

                                          Table 10.2 Composition of Artificial Sea Water                                             

Ingredients 
Concentrations 

(wt%) 

 NaCl 58.49 

 Na2SO4 9.75 

 CaCl2 2.765 

 KCl 1.645 

 NaHCO3 0.477 

 KBr 0.238 

 H3BO3 0.071 

 SrCl2.6H2O 0.095 

 NaF 0.007 

 MgCl2 26.46 
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10.3 Results and discussion 

  Corrosion analysis 

10.3.1.1 Cyclic potentiodynamic polarization (CPP) 

Figure 10.2 displays the CPP graphs for DC and PRC electrodeposited Ni, NiW, and NiW–

SiC–CeO2 composite coatings. As it can be seen, NiW and composite coatings exhibit 

resistance to pitting corrosion. In fact, during the potential scan, when the forward curve 

coincides with the reverse curve, the hysteresis loop is not formed meaning that the localized 

corrosion does not occur. However, this does not prove any resistance to general corrosion. As 

well, the corrosion potential for the PRC plated NiW–SiC–CeO2 appears to be nobler compared 

to other coatings. 

As it can be seen from Figure 10.2, all deposits display anodic to cathodic transition potential. 

At anodic to cathodic transition potential, the anodic current density changes to the cathodic 

current density. At reverse scan, the rapid decrease in corrosion current density at anodic nose 

or active–passive transition potential occurs at nobler potentials compared to Ecorr. This 

behavior is usually characteristics of materials that are susceptible to passivation and restore 

the damaged passivation layer or the materials that are not susceptible to pitting corrosion [42]. 

For these type of materials, the difference between the anodic to cathodic transition potential 

and Ecorr are used to determine the stability of the passivation layer. In fact, the stability of 

passivation layer is determined by the location of anodic to cathodic transition potential with 

respect to the Ecorr. If the anodic to cathodic transition potential is nobler than Ecorr during the 

reverse scan, the passivation layer will be stable; whereas, if Ecorr is nobler than the anodic to 

cathodic transition potential, the passivation film will be then unstable. [43] 
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Figure 10.2 Cyclic potentiodynamic polarization (CPP) of (a) DC–Ni; (b) PRC–Ni; (c) DC–

NiW; (d) PRC–NiW; (e) DC–NiW– SiC–CeO2; and (f) PRC–NiW–SiC–CeO2. 

The corrosion potential values for DC and PRC deposited Ni, NiW, and NiW–SiC–CeO2 

extracted from Figure 10.2 are displayed in Figure 10.3. As it can be seen, PRC–NiW–SiC–

CeO2 demonstrated the more noble corrosion potential. It was also speculated that the difference 

in grain structures of coatings deposited by various current waveforms (DC and PRC), and 

outstanding corrosion properties of CeO2, were mainly responsible for different corrosion 

behaviors. 
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Figure 10.3 Comparison of DC–Ni, PRC–Ni, DC–NiW and, PRC–NiW coatings with respect 

to their corrosion potential. 

 

10.3.1.2 Potentiodynamic polarization (PP) 

Potentiodynamic polarization graphs of the electrodeposited DC–Ni, PRC–Ni, DC–NiW, PRC–

NiW, DC–NiW–SiC–CeO2, and PRC–NiW–SiC–CeO2 are shown in Figure 10.4. The 

parameters of corrosion potential (Ecorr) and corrosion current density (Icorr) extracted from the 

polarization graphs in Figure 10.4 are demonstrated in Table 10.3 for all the deposits. As it can 

be seen, the corrosion resistance improves in the following order for deposits: 

DC–Ni < PRC–Ni < DC–NiW < PRC–NiW < DC–NiW–SiC–CeO2 < PRC–NiW–SiC–CeO2. 

Following the PP tests, the masking tapes were removed from DC and PRC electrodeposited 

Ni, NiW, and NiW–SiC–CeO2 specimens and optical micrographs were taken from the surface 

of specimens. Figure 10.5a displays the schematic diagram of the specimen after masking the 

surface with tape and exposing 1 cm2 unmasked surface area. Optical micrographs (Figure 

10.5b) were taken from the surface of specimens after performing PP tests. As it can be seen, 

the DC and PRC Ni deposits were completely corroded and pulled off the surface, whereas the 

surface of DC and PRC PRC–NiW–SiC–CeO2 displayed significantly small discoloration. 

There was a slight damage on the surface of DC and PRC NiW deposit after the PP test. The 

optical micrographs in Figure 10.5b are correlated to the PP test results as demonstrated in 

Figure 10.4.
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Figure 10.4 Potentiodynamic polarization (PP) of DC–Ni, PRC–Ni, DC–NiW, PRC–NiW, 

DC–NiW–SiC–CeO2, and PRC–NiW–SiC–CeO2. 

 

Table 10.3 Corrosion potential and current density values extracted from potentiodynamic 

polarization graph. 

          

 

 

 

 

 

 

Name of coatings Corrosion potential 

(V) 

Current density 

(A. cm-2) 

DC–Ni                                          -0.85 8.05 ×10-5 

PRC–Ni                                          -0.79 6.21 ×10-5 

DC–NiW -0.78 1.18 ×10-5 

PRC–NiW -0.61 1.19 ×10-5 

DC–NiW–SiC–CeO2 -0.48 1.02 ×10-5 

PRC–NiW–SiC–CeO2 -0.40 5.34 ×10-7 
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Figure 10.5 (a) schematic diagram of the specimen masked with 3M insulating tape with 1cm2 

exposed circular area; (b) Optical micrographs taken from the exposed area of various deposits 

after potentiodynamic polarization of the deposits in artificial sea salt solution; 

  SEM/EDS analysis 

EDS spectra and map taken from different locations on the surface of the DC and PRC deposited 

NiW–CeO2–SiC coatings suggest that Ni, W, Ce, O, Si, and C are the main elements present in 

the coatings (Figures 10.6 and 10.7). EDS mapping from the surface of the DC and PRC 

deposited coatings also revealed that the coatings were homogeneous and uniform which 

demonstrates that ceramic particles were successfully embedded into NiW alloy and evenly 

distributed in the coating, however it seems that the higher content of SiC and CeO2 are 

embedded within NiW matric in PRC deposited coating than DC deposited sample.  

NiW–CeO2–SiC composite was DC and PRC electrodeposited from the NiW bath containing 

dispersed 20 g.L-1 CeO2 and 20 g.L-1 SiC particles. The applied current density was 0.0405 



183 

A.cm-2 and the electrodeposition duration was 30 min for DC electrodeposition.  In PRC, the 

forward current density of 0.15 A.cm-2, reverse current density of 0.11 A.cm-2, forward pulse 

duration of 16 ms, reverse pulse duration of 9 ms, and total time of 30 min were applied. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10.6 SEM micrograph and EDS mapping from the surface of electrodeposited DC–

NiW–SiC–CeO2 composite; The concentration of CeO2 and SiC particles dispersed into the 

plating solution were 20 g.L-1 each and the duration of deposition was 30 min. 
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Figure 10.7 (a) EDS spectra and mapping taken from the surface of PRC–NiW–SiC–CeO2 

composite; concentration of SiC and CeO2 in electrolyte was 20 g.L-1; Current density: 0.0405 

A.cm-2; Duration of electrodeposition was 30 min. 

 

EDS mapping results were collected from the cross–section of PRC coating as illustrated in 

Figure 10.8. The EDS–Mapping reveals uniform distribution of the CeO2 and SiC particles in 

the whole cross–section area of the coating.
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Figure 10.8 EDS mapping taken from the cross–section of PRC–NiW–SiC–CeO2 composite; 

Reverse pulse waveform; If = 0.15 A.cm-2; Ir = 0.11 A.cm-2; tf = 16 ms; tr = 9 ms; and total time 

= 30 min. If = forward current density; Ir = reverse current density; tf = forward pulse duration; 

tr = reverse pulse duration. 

  Tribological analysis 

Figure 10.9 displays the variation in the average coefficient of friction for DC and PRC 

deposited Ni, NiW, and NiW–SiC–CeO2 electrodeposited materials on brass substrate using 

pin–on–disc wear testing equipment. As it can be seen, the DC and PRC–NiW–SiC–CeO2 

demonstrated a lower coefficient of friction (0.2) compared to the DC–NiW (0.1), PRC–NiW 

(0.4), DC–NiW deposits (0.5), DC–Ni (0.7), and PRC–Ni (0.6). The low friction coefficient of 
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the DC and PRC–NiW–SiC–CeO2 coatings compared to the DC and PRC deposited Ni and 

NiW can be attributed to reduction of the contact between the Al2O3 ball and the coating. 

Ahmadiyeh et al. [45] also studied the corrosion and wear performance of pulse plated Ni–W–

B/SiC composite coatings. They found that the main reason for improving the corrosion 

resiatnce and wear performance of the composite coating was attributed to the dense structure 

of the coating with higher amounts and uniform distribution of SiC particles. 

The low friction coefficient of the DC and PRC deposited NiW compared to Ni could be 

associated with the solid solution strengthening mechanism by tungsten of nickel matrix. As 

well, the formation of stable nickel oxide and tungsten oxide layer during the reverse pulse on 

the coating surface will effectively reduce the contact between the sliding surfaces. Figure 10.10 

displays the wear volume rate of each coating after the friction test. 

Figure 10.9 Coefficient of friction for the DC and PRC deposited Ni, NiW, NiW–SiC–CeO2

electrodeposited from an optimized electrolyte on the brass substrate for 3500 revolutions at 

room temperature and normal applied load of 1 N.
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Figure 10.10 Wear volume for the DC and PRC deposited Ni, NiW, and NiW–SiC–CeO2 

electrodeposited coatings. 

 

  XRD analysis  

XRD (Figure 10.11) patterns were taken from the surfaces of as–deposited and heat–treated DC 

and PRC electrodeposited NiW–SiC–CeO2 at 350oC and 500oC on brass substrates. Coating 

produced by DC and PRC method contained the peaks of Ni (111), SiC (113), SiC (311), SiC 

(220), and CeO2 (220). As well, some additional peaks of Ni (200), Ni (220), Ni (222), CeO2 

(111), and CeO2 (200) were appeared on XRD pattern of the coating produced by PRC method. 

It was also observed that the peak intensity of the heat–treated DC and PRC deposited coatings 

were higher than that of the as–deposited coating, and hence the crystallite size increased with 

increase of the annealing temperature (Table 10.4) which was possibly attributed to FCC crystal 

grain growth, and reduction in internal micro–strains. Furthermore, the crystallite size of the 

coatings produced by PRC method were smaller than that of the coatings deposited by DC 

method. This was due to the grain refinement and promotion of the grain nucleation on the 

surface by applying the high instantaneous current density during the PRC electrodeposition. It 

is noteworthy to mention that, the coatings with refined grain structure tend to decrease the 

adsorption rate of chloride ions on the surface due to formation of highly compact, stable, and 

well–adherent passive films. This will significantly enhance the anti–corrosion and tribological 

performance of the coatings.
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The crystallites size of the coatings were calculated (Table 10.4) from the broadening of the 

(111) peaks using Scherrer equation. [45–47] 

D = Kλ/βcosθ                    (1) 

Where D is the crystallite size (nm), K is the Scherrer constant (0.9), λ is the wavelength of the 

x–ray source (0.15406 nm), 𝛽 is the FWHM (radians), and θ is the peak position (radians).  

As it is displayed in Figure 10.11, no peaks of W can be observed in XRD spectra. This can be 

attributed to formation of single–phase solid solutions (W in Ni) with face–centered cubic 

(F.C.C) structure as a result of partial replacement of Ni by W atoms. Replacement of Ni by W 

atoms also resulted in broadening of the peaks and decrease in average crystallite size due to 

lattice distortion and decrease of the Ni content of the coating. [45–47] 
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Figure 10.11 XRD spectra from the surface of DC and PRC electrodeposited NiW–SiC–CeO2

(as–deposited and heat–treated at 350oC and 500oC). 

Table 10.4 Crystallite sizes of DC and PRC deposited NiW–SiC–CeO2 

Name of coatings Peak position 

of (111) 

[°2Th] 

FWHM 

[°2Th] 

Crystallite size 

          [Å] 

DC–NiW–SiC–CeO2 (as–deposited) 44.121 0.709 122 

DC–NiW–SiC–CeO2 (heat–treated at 

350oC ) 

43.890 0.709 122 

DC–NiW–SiC–CeO2 (heat–treated at 

500oC) 

44.100 0.433 202 

PRC–NiW–SiC–CeO2 (as–deposited) 43.746 1.578 53.7 

PRC–NiW–SiC–CeO2 (heat–treated at 

350oC ) 

43.713 1.303 65 

10.4. Conclusion 

Incorporation of CeO2 and SiC ceramic particles within the NiW matrix along with applying 

the PRC waveform to the electrodposition bath, enhanced the corrosion performance of the 
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NiW coating. Several sets of experiments were performed to investigate the corrosion 

performance of the NiW coatings reinforced with CeO2 and SiC ceramic particles. It was 

observed that, the coatings prepared using PRC, exhibited outstanding corrosion resistance 

when exposed to corrosive liquid compared to that of DC waveform. It was also revealed that 

reinforcement of CeO2 within NiW–SiC significantly improved the corrosion performance of 

the coating and PRC–NiW–SiC–CeO2 exhibited the highest corrosion performance compared 

to DC deposited Ni, NiW, NiW–SiC, DC–NiW–SiC–CeO2 and PRC deposited Ni, NiW, NiW–

SiC. According to pp test results, the corrosion resistance improves in the following order for 

deposits: 

DC–Ni < PRC–Ni < DC–NiW < PRC–NiW < DC–NiW–SiC–CeO2 < PRC–NiW–SiC–CeO2. 

Following the PP tests, the optical micrographs were taken from the corroded surfaces of the 

DC–Ni, DC–NiW, DC–NiW–SiC–CeO2 and PRC–Ni, PRC–NiW, PRC–NiW–SiC–CeO2 and 

it was found that DC–Ni deposit was completely corroded and pulled off the surface, whereas 

the surface of DC and PRC–NiW showed significantly small discoloration. The surface of DC 

deposited NiW–SiC–CeO2 and PRC deposited NiW–SiC–CeO2 deposit were remained almost 

unaffected after the PP test.  

The XRD results obtained from the surfaces of the as–deposited and annealed DC and PRC–

NiW–SiC–CeO2 at 350oC and 500oC also revealed that the intensity of the peaks and the 

average crystallite size increased with increase of the annealing temperature up to 500oC. As 

well, coatings produced by PRC had finer crystallite size compared to those that were produced 

by DC method. 
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Abstract 

Compact and uniform NiW composite coatings filled with ceramic particles such as CeO2 were 

electrodeposited on brass substrates using direct current (DC) and a well–designed pulse reverse 

current waveforms (PRC). PRC coatings exhibited the noblest corrosion potential and lowest 

current density compared to DC electrodeposited coatings. Among all PRC coatings, PRC–

NiW–CeO2 demonstrated the highest corrosion potential (-4.72×10-1 V) and the lowest current 

density (5.32×10-6 V). It also seems that addition of CeO2 particles to NiW matrix enhanced the 

wear resistance of the coatings and the lowest wear volume of (133.10×103 µm3) and the friction 

coefficient of 0.25 were obtained due to the formation of the uniform, void free and compact 

structures with high content of CeO2 particles in the coating. 

 

Keywords: Nickel–tungsten coating, pulsed reverse current electrodeposition, direct current 

electrodeposition, friction coefficient, corrosion and wear resistance.
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11.1 Introduction 

In recent years, metal matrix composites (MMCs) with an excellent performance, have been 

widely used in aerospace, automotive, and electronics applications. These materials are 

prepared by adding various reinforcing phases [1–3]. Among MMCs, nickel–based alloys have 

been widely used in different industrial applications due to their outstanding performance and 

low cost [1]. Among various fabrication techniques, electrodeposition is one of the most 

common method of producing various metal matrix coatings [1–7]. The reinforcing phases 

(insoluble materials) are suspended in a conventional electrodeposition bath and co–deposited 

within the metal matrix during the electrodeposition process. These insoluble components can 

be in the form of powder, fiber or encapsulated particles. Electrodeposition of various Ni based 

composites have been reported in which one or more of various metallic oxides such as CeO2, 

ZrO2, Al2O3, TiO2, MoO2 and carbides such as SiC were added into Ni based electrodeposition 

baths [1–17]. Substantial improvements in material properties such as microhardness, wear, and 

corrosion resistance as a result of co–deposition of reinforcements phase(s) into Ni matrix [18–

19]. The degree of improvements in the properties depends on various factors such as the type 

and content of the reinforcements particles as well as their uniformity in distribution within the 

Ni based matrix, electrodeposition parameters such as operating temperature, agitation modes, 

applied current density, plating duration, and electrolyte formulation (i.e., type and 

concentration of ingredients). [1–20] 

Among various metal oxides reinforcement particles, CeO2 can be attractive due to its special 

physical and chemical characteristics. CeO2 particles have been used as fillers for fabricating 

of polytetrafluoroethylene–based composites where the tribological properties of the fabricated 

composites were improved significantly at high temperatures. [21–23] Co–deposition of CeO2 

particles with Ni have been reported in few articles. It was found that the addition of cerium 

oxide particles into Ni matrix enhances hardness, wear and oxidation resistance of the matrix 

[1, 4–6]. However, inclusion of cerium oxide particles within Ni matrix is required to be 

dispersed uniformly without agglomeration. Therefore, electrodeposition parameters including 

applied current density and operating temperature as well as plating electrolyte need to be well–

designed and optimized [1, 7].  Zhou et al. [8] reported that well dispersion of CeO2 in Ni matrix 

enhances mechanical, wear and corrosion properties of the Ni–CeO2 coating compared to bare 

Ni. They attributed the enhancement to grain refining effect of CeO2 on Ni matrix and formation 

of passivation layer on the surface [8]. The properties of electrodeposited Ni–based composites 

can be further improved through alloying   with other transition metals such as tungsten (W) 
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[24–30]. To the best of our knowledge, there is no research activities reported on 

electrodeposition of NiW–CeO2 composites and investigation on their microstructure and 

properties. 

In this research work, NiW–CeO2 deposit was fabricated by using DC and PRC process through 

applying a unique pulsed reverse current waveform on electrodeposition bath chemistry 

containing specially selected ingredients. It was found that the incorporating of CeO2 ceramic 

particles within NiW matrix enhanced the corrosion and wear performance of the deposit and 

PRC–NiW–CeO2 possessed superior corrosion and wear performance compared to the DC and 

PRC electrodeposited Ni and NiW coatings.  

11.2  Methodology 

  Electrolyte components 

The Ni electrodeposition bath was composed of nickel sulfate (NiSO4.6H2O), citric acid, o–

Benzoic sulfimide (sodium saccharin, C7H5NO3S), propargyl–oxopropane–2,3–dihydroxy, and 

DuPont Capstone Fluorosurfactant F–63. NiW electrodeposition electrolyte was prepared by 

adding sodium tungstate dehydrate (Na2WO4.2H2O) as a source of tungstate ions into the same 

electrodeposition bath that was used for electrodeposition of Ni. And finally, NiW–CeO2 bath 

was made by adding CeO2 particles and a dispersant agent such as polyethyleneimine into NiW 

plating solution. Table 11.1 displays the ingredients of the bath chemistry as well as the 

optimized experimental parameters to obtain uniform and void–free NiW coating with desired 

mechanical and tribological performance. 
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Table 11.1 Electrodeposition bath ingredients and optimized experimental parameters 

Name of chemicals Concentration 

Nickel sulfate 29.5–30      (g.L-1) 

Sodium tungstate 58–60         (g.L-1) 

Citric acid 63–67         (g.L-1) 

Ammonia 58              (ml.L-1) 

Sulfuric acid  as needed 

Propargyl–oxo–propane–2,3–dihydroxy 

(POPDH) 

0.9–1          (g.L-1) 

DuPont™ Capstone® Fluoro–surfactant FS–63 
1.8–2          (g.L-1) 

Sodium saccharin 0.5–1          (g.L-1) 

Experimental parameters 

pH 7.8–8.0 

Temperature 58–61             oC 

Duration of electrodeposition 30                 min 

            

 

 In this formulation, to prevent direct interaction between nickel and tungstate ions, citric acid 

is used to form stable complexes with tungstate (WO2
+4) and nickel (Ni2+) ions. Such direct 

interaction would result in formation of non–soluble nickel tungstate compound in 

electrodeposition bath [31, 32]. Sodium saccharin was used to decrease the internal stress within 

the coating [33]. We used propargyl–oxo–propane–2, 3–dihydroxy as a brightener and grain 

refiner to control the Ni ion diffusion towards the cathode. This type of compound is a specific 

type of propargyl derivative containing a carbon–carbon triple bond (i.e. –C≡C–H) at the end 

of its molecular chain which has a tendency to deposit preferentially at high current density 

areas ( sharp areas) on the substrate during electrodeposition. Therefore, a uniform, mirror–

finish surface and crack–free deposit was obtained [34]. Finally, Capstone fluoro–surfactant 

FS–63 (DuPont) which is a low foaming type anionic fluoro–surfactant was utilized as a wetting 

agent to remove hydrogen gas bubbles from the substrate surface and to reduce the surface 

tensions. [35] 

 

  Substrate preparation 

The surface of brass substrates were degreased, activated, and rinsed prior to electrodeposition 

process followed by immersion into 50 g.L-1 alkaline soap solution (TEC1001; Technic Inc, 
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Rhode Island, USA) at temperature of about 50oC for approximately 1 min. Then the substartes 

were rinsed with deionized (DI) water and activated by immersing into dilute sulfuric acid (10% 

v/v) at room temperature for about 10 sec followed by rinsing with DI water. Water break test 

was performed to evaluate the cleanliness of the substrates. In this testing protocol, the brass 

substrates were gently rinsed with DI water following the final rinse step. The substrates were 

considered clean if the water completely wets the surface. 

  Electrodeposition setup 

The electrodeposition bath setup is displayed in Figure 11.1 The electrodeposition setup was 

composed of an electrodeposition tank containing electrolyte, a filter pump (Flo King Filter 

System Inc.) to provide adequate agitation, two anodes made of stainless steel mesh, a cathode 

made of brass as a substrate being electrodeposited, and a reversed pulse plating power supply 

(Model pe8005, Plating Electronic GmbH, Sexau, Berlin, Germany). The electrodeposition 

bath was placed inside a water circulating bath operating at 60oC temperature.  

Figure 11.1 Schematic diagram of electrodeposition setup
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Figure 11.2 Schematic diagram of hull cell equipped with thermostat and air agitation. 

A Hull cell (Figure 11.2) equipped with heater, thermostat air agitation and air pump was used 

to perform the initial electrodeposition experiments to characterize and improve the current 

density distribution throughout the substrate surface. A brass substrate was used as cathode and 

a platinized titanium mesh sheet was used as anode. 

  Optimization of PRC waveform 

The PRC current waveform was designed with regards to its forward and reverse current 

densities (If and Ir) and pulse durations (tf  and tr). The schematic diagram of the applied PRC 

waveform is displayed in Figure 11.3. 
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Figure 11.3 Reverse pulse waveform; if = 0.15 A.cm-2; ir = 0.11 A.cm-2; tf = 16 ms; tr = 9 ms; 

and total time = 30 min. if = forward current density; ir = reverse current density; tf = forward 

pulse duration; tr = reverse pulse duration. 

 

  Characterization of deposits 

The tungsten content, surface morphology of the deposits, and grain size were characterized by 

energy dispersive spectroscopy (EDS), scanning electron microscopy (SEM, Joel 7600 TFE), 

and X–ray diffraction (XRD, Bruker D8 Advance) respectively.  

Potentiostat (Princeton Applied Research Potentiostat/Galvanostat Model 273A) was used to 

investigate the corrosion behavior of the deposits. The potentiostat was equipped with 

CorrWare software enabling to apply potential scans remotely through the software. 

Potentiodynamic polarization (PP) scans were performed from -0.6 to 1.0 V vs. Ecorr at room 

temperature and 5 mV.s-1 scan rate. For all the PP experiments, silver/silver sulfate electrode 

and graphite rod were used as reference and counter electrodes, respectively. The surface of the 

substrate was covered with an insulating 3M tape to expose 1 cm2 of the surface to corrosive 

media (artificial sea water). Table 11.2 displays the composition of the artificial sea water. 
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Table 11.2 Composition of Artificial Sea Water 

Ingredients  Concentrations

(wt%) 

  NaCl 58.49 

  Na2SO4 9.75 

  CaCl2 2.765 

  KCl 1.645 

  NaHCO3 0.477 

  KBr 0.238 

  H3BO3 0.071 

  SrCl2.6H2O 0.095 

  NaF 0.007 

  MgCl2 26.46 

Pin–on–disk (Custom–built) and Profilometer (Bruker Dektak XT) were performed to measure 

the coefficient of friction and wear volume of removed material. The tests were performed 

under dry air conditions and ambient temperature. Spherical Al2O3 steel balls with a diameter 

of 4.7 mm were used for the friction test. The sliding velocity and the number of revolutions 

were 180 mm/s and 3500, respectively. For all of the experiments, the applied load was 1N. 

The coefficients of friction were continuously recorded with respect to the number of 

revolutions. Each friction experiment was repeated three times and the average results were 

obtained. 

11.3 Results and discussion 

11.3.1. Corrosion analysis 

11.3.1.1 Cyclic potentiodynamic polarization (CPP)

Figure 11.4 displays the CPP graphs for DC and PRC electrodeposited Ni, NiW, and NiW–

CeO2 coatings. As it can be observed, in anodic polarization scan, potential scanning starts from 

the corrosion potential (Ecorr) after reaching the steady state value. The rapid rise in current density 

before reaching the oxygen evolution potential could be attributed to the following factors: 1) 

local dissolution of the oxide film in the presence of corrosive ions; 2) defective passive layer 

that can lead to the instability of the passive film over the passive region. Below the oxygen 
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evolution potential, these defects are active and will begin to extend resulting in the rise of the 

current density [36–38]. In order to investigate the material’s response to the pitting or localized 

corrosion after increase of the current density at the pitting corrosion, the scanning direction of 

potential is changed from positive values towards the negative values. It can be observed that, 

both DC and PRC deposited NiW–CeO2 exhibited negative hysteresis loop, depicting 

repassivation of pits compared to DC and PRC coated Ni and NiW with positive or zero 

hysteresis loops. In fact, during the reversal scan, reversed anodic curve shifted to lower current 

densities, in contrast to forward scan. This indicates the uniform corrosion and restoration of 

the damaged passive film at higher potentials.  

 

 

Figure 11.4. Cyclic potentiodynamic polarization graphs of DC and PRC deposited (a) Ni; (b) 

NiW; and (c) NiW–CeO2 exposed to artificial sea salt solution.
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The corrosion potential values for DC and PRC deposited Ni, NiW, and NiW–CeO2 extracted 

from Figure 11.4 are displayed in Figure 11.5. As it can be seen, PRC–NiW–CeO2 demonstrated 

the more noble corrosion potential. It was also speculated that the difference in grain structures 

of coatings deposited by various current waveforms (DC and PRC), and outstanding corrosion 

properties of CeO2, were mainly responsible for different corrosion behaviors.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.5 Comparison of DC and PRC deposited Ni, NiW, and NiW–CeO2 coatings with 

respect to their corrosion potential determined in artificial sea salt solution. 

 

11.3.1.2 Potentiodynamic polarization (PP) 

Potentiodynamic polarization graphs of the electrodeposited DC and PRC deposited Ni, NiW, 

and NiW–CeO2 are displayed in Figure 11.6. The parameters of corrosion potential (Ecorr) and 

corrosion current density (Icorr) extracted from the polarization graphs in Figure 11.6 are 

demonstrated in Figure 11.7 for all the deposits. As it can be observed, the corrosion resistance 

improves in the following order for deposits: 

DC–Ni < PRC–Ni < DC–NiW < DC–NiW–CeO2 < PRC–NiW< PRC–NiW–CeO2 

The sharp increase in anodic current density with increasing potential is attributed to the pitting 

corrosion that can be seen for all samples. For DC and PRC deposited Ni and NiW coatings, no 

passive region was established before pitting. However, for DC and PRC coatings, two wide 
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passive regions were observed. This could be due to higher corrosion resistance and stability of 

the coatings in the corrosive media. Furthermore, for all coatings, sudden increase of the anodic 

current density can be observed at higher positive potentials due to local breakdown or 

dissolution of the passive film which can lead to the failure of the coating. This could be 

attributed to non–stability of the passive film in corrosive media at higher positive potentials. 

Following the PP–tests, the masking tapes were removed from DC and PRC electrodeposited 

Ni, NiW, NiW, and NiW–CeO2 specimens and optical micrographs (Figure 11.8 b) were taken 

from the surface of specimens. Figure 11.8a displays the schematic diagram of the specimen 

after masking the surface with tape and exposing 1 cm2 unmasked surface area. As it can be 

seen from the optical micrographs, the DC and PRC deposited Ni deposits were completely 

corroded and pulled off the surface, whereas the surface of DC and PRC electrodeposited NiW 

showed discoloration. This could be due to formation of passive films such as NiWO4 which 

can act as physical barriers in initiation and propagation of corrosion. No damages were also 

observed on the surface of DC and PRC deposited NiW–CeO2 after the PP–test. The optical 

micrographs in Figure 11.8b are correlated to the PP–test results as demonstrated in Figure 11.6. 

Figure 11.6 Potentiodynamic polarization (PP) of DC–Ni, PRC–Ni, DC–NiW, PRC–NiW, 

DC–NiW–CeO2, and PRC–NiW–CeO2 obtained in artificial sea salt solution.
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Figure 11.7 Corrosion current density and corrosion potential obtained from potentiodynamic 

polarizations graphs obtained in artificial sea salt solution for various deposits of DC–Ni, PRC–

Ni, DC–NiW, PRC–NiW, DC–NiW–SiC, and PRC–NiW–SiC, DC–NiW–SiC–CeO2, and 

PRC–NiW–SiC–CeO2. 
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Figure 11.8 (a) schematic diagram of the specimen masked with 3M insulating tape with 1 cm2 

exposed circular area; (b) Optical micrographs taken from the exposed area of various deposits 

after potentiodynamic polarization of the deposits in artificial sea salt solution. The non–

exposed area was protected by applying a masking tape. 

  SEM/EDS analysis 

11.3.2.1 DC and PRC Deposited Ni 

SEM micrographs (Figures 11.9 and 11.10) were taken from the surfaces of DC– and PRC–

electrodeposited Ni before and after corrosion. No cracks or delamination were observed on the 

surface of the Ni coatings before corrosion, whereas after corrosion, the DC– and PRC–
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electrodeposited Ni were completely corroded and brass substrates were exposed to the surface 

(Figure 11.9b and 11.10b). 

In addition, EDS spectra taken from the surface of the DC– and PRC–electrodeposited Ni 

before corrosion suggest that Ni was the main element present in the coatings (Figures 11.9a 

and 11.10a). The reported contents for DC–Ni deposits after corrosion (Figures 11.9b and 

11.10b) were 0.2% (Ni), 21.3% (Cu), 59.5% (Zn), and 19% (O) and for the PRC–deposited 

coating the contents were 1.4% (Ni), 28% (Cu), 52.7% (Zn), and 17.9% (O) accordingly. X–

ray mapping results displayed a homogeneous distribution of the coating elements throughout 

the deposit before and after corrosion (Figures 11.9b and 11.10b). 
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Figure 11.9 SEM micrograph and EDS spectra from the surface of DC−Ni before corrosion. (a) 

SEM micrograph, EDS spectra and X–ray mapping from the surface of DC−Ni after corrosion.
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Figure 11.10 SEM micrograph and EDS spectra from the surface of PRC−Ni before corrosion. 

(a) SEM micrograph, EDS spectra and X–ray mapping from the surface of PRC−Ni after

corrosion. 

11.3.2.2  DC and PRC Deposited Ni–W 

SEM micrographs (Figures 11.11 and 11.12) were taken from the surface of DC– and PRC–

electrodeposited NiW before and after corrosion. Before corrosion, the surface of the coatings 
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were smooth and free of any cracks or defects. However, after corrosion, many defects and pits 

were observed on the surface of DC–NiW. A few pits were also observed on the surface of 

PRC–NiW after corrosion (Figures 11.11b and 11.12b). 

Moreover, EDS spectra and X–ray mapping taken from the surface of the DC– and PRC–

electrodeposited NiW before corrosion suggest that Ni and W are the main elements present in 

the coatings (Figures 11.11a and 11.12a). The reported contents for DC–NiW deposits were 

64.6% (Ni), and 35.4% (W) and for PRC–deposited NiW coatings they were 70% (Ni), and 

30% (W) accordingly. 

EDS spectra taken from the surface of the DC– and PRC–electrodeposited NiW after corrosion 

revealed that the coatings contained peaks associated with Ni, W, O, Cu, and Zn (Figures 11.11b 

and 11.12b). The reported contents for DC–NiW deposits were 5.1% (Ni), 5% (W), 5.8% (Cu), 

13.3% (Zn), and 70.8% (O) and for PRC–deposited NiW coating the content were 61.2% (Ni), 

33.2% (W), 2.8% (Zn), 2.4% (O), and 0.4% (Cu), respectively. 
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Figure 11.11 SEM micrograph, EDS spectra, and X–ray mapping from the surface of DC–

NiW before corrosion. (a) SEM micrograph, EDS spectra, and X–ray mapping from the 

surface of DC–NiW after corrosion.
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Figure 11.12 SEM micrograph, EDS spectra, and X–ray mapping from the surface of PRC–

NiW before corrosion (a); SEM micrograph, EDS spectra, and X–ray mapping from the surface 

of PRC–NiW after corrosion.
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11.3.2.3 DC and PRC Deposited NiW–CeO2 Composite 

SEM micrographs (Figures 11.13 and 11.14) were taken from the surfaces of DC– and PRC–

electrodeposited NiW–CeO2 before and after corrosion. No cracks or delamination were 

observed on the surface of the coatings. It can be also observed in SEM micrographs that, in 

PRC–NiW–CeO2, the majority of the co–deposited CeO2 particles were embedded within the 

NiW matrix, while in DC–NiW–CeO2, the CeO2 particles were mainly electrodeposited on the 

surface of the coating. This is due to the fact that in the PRC method, during the anodic pulse 

(reverse current), greater opportunity will be provided for the arrival of CeO2 particles on the 

surface of the cathode and their embedment within the NiW matrix. 

Additionally, the EDS spectra taken from the surface of the DC– and PRC–electrodeposited 

NiW–CeO2 before and after corrosion suggest that Ni, W, Ce, and O are the main elements 

present in the coatings (Figures 11.13a and 11.14a). The reported contents for DC deposited 

coatings before corrosion were 61.4% (Ni), 21.7% (W), 10.9% (Ce), and 3.2% (O) and for PRC 

deposited coating before corrosion the contents were 55.5% (Ni), 23.9% (W), 15.5% (Ce), and 

5.1% (O), accordingly. The higher contents of cerium and oxygen in PRC–NiW–CeO2 

compared to the DC–NiW–CeO2 could be also related to the increased density of embedded 

CeO2 particles in the NiW matrix during the application of the anodic current. The increase in 

the amount of the particles favors the nucleation rate resulting in the grain refinement of the 

deposits. This greatly impacts the corrosion resistance of the coating by decreasing the 

antiparticle distance and formation of highly continuous protective film on the surface of the 

coating when exposed to the corrosive media. 

EDS spectra results from both surfaces of the DC– and PRC–deposited NiW–CeO2 (Figures 

11.13b and 11.14b) after corrosion revealed that the contents for DC–NiW–CeO2 deposits were 

58.6% (Ni), 24.5% (W), 12.9% (Ce), and 4% (O) and for the PRC–NiW–CeO2 coating the 

contents were 56.3% (Ni), 26.4% (W), 13.6% (Ce), and 3.7% (O), respectively. The contents 

of DC– and PRC–deposited NiW–CeO2 were almost similar before and after corrosion. This 

could be due to presence of CeO2 particulates within the NiW matrix covering the surface 

defects, refining the grains, and acting as a physical barrier to protect the metallic layer 

underneath from further corrosion. X–ray mapping results displayed a homogeneous 

distribution of the coating elements throughout the deposit before and after corrosion.
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Figure 11.13 SEM micrograph, EDS spectra, and X–ray mapping from the surface of DC–

NiW–CeO2 before corrosion. (a) SEM micrograph, EDS spectra, and X–ray mapping from the 

surface of DC–NiW–CeO2 after corrosion. Concentration of CeO2 in electrolyte was 40 g.L-1.
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Figure 11.14 SEM micrograph, EDS spectra, and X–ray mapping from the surface of PRC–

NiW–CeO2 before corrosion. (a) SEM micrograph, EDS spectra, and X–ray mapping from the 

surface of PRC–NiW–CeO2 after corrosion. Concentration of CeO2 in electrolyte was 40 g.L-1.
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  Tribological analysis (coefficient of friction and wear rate) 

Figure 11.15 displays the variation in the average coefficient of friction for DC and PRC 

deposited Ni, NiW, and NiW–CeO2 electrodeposited materials on brass substrates using pin–

on–disc wear testing facility. As it can be observed, PRC–NiW–CeO2 demonstrated the lowest 

coefficient of friction (0.25) compared to DC–NiW–CeO2 (0.35), DC–NiW (0.45), PRC–NiW 

deposits (0.42), DC–Ni (0.67), and PRC–Ni (0.62). The low friction coefficient of PRC–NiW–

CeO2 coating compared to the DC–NiW–CeO2 and PRC deposited Ni and NiW can be 

attributed to reduction of the contact between the Al2O3 ball and the coating.  As well, the 

formation of stable nickel oxide and tungsten oxide layer during the reverse pulse on the coating 

surface will effectively reduce the contact between the sliding surfaces.  

The low coefficient of friction of the DC and PRC deposited NiW compared to Ni could be 

related to the solid solution strengthening mechanism by tungsten of nickel matrix. Figure 11.16 

displays the wear volume rate of removed material after the friction test.  

Figure 11.15 Coefficient of friction for the DC and PRC deposited Ni, NiW, and NiW–CeO2 

electrodeposited from an optimized electrolyte on the brass substrate for 3500 revolutions at 

room temperature and normal applied load of 1N.
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Figure 11.16 Wear volume for the DC and PRC deposited Ni, NiW, and NiW–CeO2 

electrodeposited coatings. 

  XRD analysis (effect of heat treatment on crystallite sizes of PRC deposited Ni, 

NiW and NiW–CeO2) 

XRD results were taken from the surfaces of as–deposited and heat–treated PRC 

electrodeposited Ni, NiW, and NiW–CeO2 at 350oC and 500oC on brass substrates (Figure 

11.17). It was observed that the peak intensity of the heat–treated coatings were higher than that 

of the as–deposited coating, and hence the crystallite size increased with increase of the 

annealing temperature which might be attributed to FCC crystal grain growth, and decrease of 

the internal micro–strains. The crystallites size of the coatings were measured (Table 11.3) from 

the broadening of the (111) peaks using Scherrer equation.  [39]  

D = Kλ/βcosθ   (1) 

Where D is the crystallite size (nm), K is the Scherrer constant (0.9), λ is the wavelength of the 

x–ray source (0.15406 nm), 𝛽 is the FWHM (radians), and θ is the peak position (radians).  

XRD spectra taken from the surfaces of as–deposited and heat–treated PRC–Ni (Figure 11a) 

contained diffraction peaks of Cu (111), Ni (111), Cu (200), Ni (200), Cu (220), Ni (220), Cu, 

(311), Ni (311), and Ni (222) planes. This demonstrated that PRC–Ni is a polycrystalline 

coating material. It was also observed that peak intensity and average crystallite size increased 

from 197 Å up to 1210 Å with increase of the annealing temperature. This was attributed to 
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increase in degree of coating crystallinity and number of the crystallites. As well, presence of 

the Cu peaks in XRD spectra indicated its diffusion and segregation from the substrate outward 

to the coating surface due to higher tendency of Cu for oxidization compared to Ni. [39] 

Figure 11.17b displays the XRD spectra taken from the surfaces of as–deposited and annealed 

PRC–NiW. The XRD spectra contained the peaks of Ni(111), Ni (200), Ni (220), Ni (311), and 

Ni(222), respectively. It was observed that, the peak intensity of the Ni (111) and Ni (220) was 

increased and additional peaks of Ni (200) and Ni (311) were formed after annealing at 500oC. 

Unlike PRC–Ni, no peaks of Cu was observed, indicating better shielding effect of NiW against 

diffusion of Cu from substrate to Ni. This can have a great influence on the corrosion 

performance of the coating. 

XRD spectra taken from the surfaces of as–deposited and annealed PRC–NiW–CeO2 at 350oC 

and 500oC (Figure 11.17c) contained the peaks of Ce (111), Ce (200), Ni (111), Ce (220), Ni 

(200), Ni (220), Ce (311), and Ni (311). It is worth mentioning that the introduction of CeO2 

into NiW matrix resulted in a decrease in crystallite size of Ni (Table 11.3) which was due to 

grain refinement effect of CeO2 particles on the alloy matrix.  This can lead to the more compact 

deposits with improved corrosion and wear performance. It was also noticed that, the intensity 

of Ce (111), Ni (111), Ni (220), Ni (311) increased with increase of the annealing temperature. 

As well, some additional peaks of Ce (200), Ni (200), and Ce (311) were appeared after 

annealing at 500oC. XRD results also revealed that, the average grain size of Ni increased from 

110 Å to 158 Å by increase of the annealing temperature up to 500oC. 

In all XRD graphs, the peaks of W were not observed. This was due to partial replacement of 

Ni by W atoms and forming a single–phase solid solutions (W in Ni) with face–centered cubic 

(F.C.C) structure. Addition of the alloying element of W in Ni, also resulted in peak broadening 

and reduction in average crystallite size due to decrease of Ni content and lattice distortion. 

These results on the lattice distortion are in agreement with the results published elsewhere. 

[43, 44]  
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Figure 11.17 XRD spectra from the surface of PRC electrodeposited NiW–CeO2 (as–deposited 

and heat–treated at 350oC and 500oC). 

Table 11.3 Crystallite sizes of PRC deposited Ni, NiW and NiW–CeO2 

Coatings Peak position 

of (111) 

[°2Th] 

FWHM 

[°2Th] 

Crystallite size 

[Å] 

 PRC–Ni (as–deposited) 44.712        0.443 197 

 PRC–Ni (heat–treated at 350oC) 44.810        0.315 280 

 PRC–Ni (heat–treated at 500oC) 44.651        0.079 1210 

 PRC–NiW (as–deposited) 44.220         0.630 138 

PRC–NiW (heat–treated at 350oC) 44.319         0.433 202 

 PRC–NiW (heat–treated at 500oC) 44.130         0.386 222 

 PRC–NiW–CeO2 (as–deposited) 44.261         0.779 110 

 PRC–NiW–CeO2 (heat–treated at 350oC ) 44.075         0.692 124 

 PRC–NiW–CeO2 (heat–treated at 500oC) 44.214         0.543 158 
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11.4 Conclusion  

Incorporation of CeO2 ceramic particles within the NiW matrix along with applying the PRC 

waveform to the electrodposition bath, enhanced the corrosion performance of the NiW coating. 

Several sets of experiments were performed to investigate the corrosion performance of the 

NiW coatings reinforced with CeO2 ceramic particles. It was observed that, the coatings 

prepared using PRC, exhibited outstanding corrosion resistance when exposed to corrosive 

media compared to that of DC waveform. It was also revealed that reinforcement of CeO2 

within NiW significantly improved the corrosion performance of the coating and both DC and 

PRC–NiW–CeO2 exhibited the highest corrosion performance compared to DC and PRC 

deposited Ni and NiW. According to pp–test results, the corrosion resistance improved in the 

following order for deposits: 

DC–Ni < PRC–Ni < DC–NiW < DC–NiW–CeO2 < PRC–NiW< PRC–NiW–CeO2 

From the optical micrographs of the corroded surfaces of DC and PRC electrodeposits, it was 

found that DC and PRC Ni were completely corroded and pulled off the surface, whereas the 

surface of DC and PRC–NiW showed discoloration. On the other hand, DC and PRC deposited 

NiW–CeO2 were remained almost unaffected after the PP–test.  

DC and PRC electrodeposited NiW–CeO2 demonstrated the lowest coefficient of friction and 

wear rate compared to other DC and PRC deposited coatings. 

Based on the XRD results, as–deposited and annealed PRC electrodeposited Ni, NiW, and 

NiW–CeO2 at 350oC and 500oC also revealed that the intensity of the peaks and the average 

crystallite size increased with increase of the annealing temperature up to 500oC.  
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CHAPTER 12 GENERAL DISCUSSION 

12.1  General discussions 

  The role of PRC waveform on corrosion and tribological properties 

              In this research work, we fabricated a crack–free, uniform and, mirror–like finish 

surface NiW coatings by using a novel derivative of propargyl compound, propargyl–

oxopropane–2,3–dihydroxy, as a brightener and grain refiner into the electrodeposition bath 

utilizing DC and PRC waveforms. However, a precise control of W content in the coatings 

was achieved by applying PRC waveform in the electrodeposition bath. Controlling the W 

content in the coating will enable us to achieve the coating with desired mechanical and 

tribological properties. This study indicated that the coatings with highest mechanical and 

wear performance were fabricated when the W content in the coating was 32 wt%. 

As well, we demonstrated that both DC and PRC electrodeposited NiW coatings revealed a 

significant higher resistance to pitting corrosion compared to DC and PRC deposited Ni. 

Furthermore, PRC electrodeposited NiW displayed the most noble corrosion potential and 

higher corrosion resistance compared to DC electrodeposited NiW which was attributed to 

the nano–crystalline structure of the PRC deposited coatings.  

 

   The influence of codeposition of ceramic particles on corrosion and tribological 

properties of NiW 

               In another study, the influence of incorporation of ceramic particles such as SiC and 

CeO2 into NiW matrix on corrosion and tribological properties was studied. NiW–SiC, NiW–

CeO2, and NiW–SiC–CeO2 deposits were fabricated by using DC and PRC process through 

applying a unique PRC waveform on electrodeposition bath chemistry containing specially 

selected ingredients. It was found that the incorporating of CeO2 and SiC ceramic particles 

within the NiW matrix enhanced the corrosion and wear performance of the deposits and PRC–

NiW–SiC–CeO2 possessed superior corrosion and wear performance compared to the DC and 

PRC electrodeposited NiW, NiW–CeO2, and NiW–SiC coatings. 

Finally, the influence of hBN on corrosion and tribological performances of DC–NiW and DC–

NiW–SiC was investigated. We found that hBN had a significant influence on the corrosion 

performance of NiW and NiW–SiC coatings by shifting the corrosion potential to more positive 
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value and lowering the corrosion current density. It was also noticed that, NiW–hBN 

demonstrated the lowest wear rate and coefficient of friction compared to Ni, NiW–SiC, and 

NiW–SiC–hBN deposits. 
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CHAPTER 13 CONCLUSION AND RECOMMANDATIONS 

13.1 Conclusions 

Various coatings of Ni, NiW, and NiW reinforced SiC, CeO2, and hBN were successfully 

fabricated on brass substrates by applying DC and PRC currents on electrodeposition bath 

chemistry formulated with specially selected ingredients.  

It was found that the tungsten content of the PRC–NiW deposit decreased with the increase in 

current density and duration of the reversed portion of the applied pulsed reverse current 

waveform. As well, the increase in bath temperature, increased the W content of the 

electrodeposited material. It was also found that the increase in W content resulted in the 

increase in hardness and wear resistance of the PRC–NiW deposit. The increase in hardness 

and wear resistance was attributed to decrease of grain size due to segregation of the tungsten 

atoms to grain boundaries of nickel matrix. It was also revealed that, the PRC–NiW–SiC 

possessed a lower coefficient of friction compared to the DC–NiW, PRC–NiW, and DC–NiW–

SiC deposits. 

We also investigated the mechanical properties of DC and PRC electrodeposited NiW using 

nano–indentation techniques. The average modulus for both DC and PRC deposited NiW 

were found to be similar but the average hardness of samples from DC deposited NiW was 

slightly higher than those of PRC deposited NiW. This is possibly due to the higher W content 

in the DC–NiW coating (35 wt.%) compared to that of PRC–NiW (25 wt.% ) reported by 

EDS results. A relationship between the corrosion resistance and the materials microstructure 

and chemical composition was shown.  

Incorporation of CeO2, SiC, and h–BN ceramic particles within the NiW matrix enhanced the 

corrosion performance of the NiW coating. Several sets of experiments were performed to 

investigate the corrosion performance of the NiW coatings reinforced with CeO2, SiC, and hBN 

ceramic particles. In the first set of experiment, from the results of PP test, it is concluded that 

the incorporation of SiC into the alloy matrix, significantly increased the corrosion resistance 

of the coatings and NiW–SiC composites deposited by PRC waveform had the highest 

corrosion resistance among all other DC deposited Ni, NiW, NiW–SiC and PRC deposited Ni 

and NiW coatings. The improvement in corrosion resistance is attributed to the SiC particles 

acting as physical barriers to initiation and development of defects such as crevices, gaps and 

micron holes in the composite coatings. SiC particles were also evenly distributed in the alloy 
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matrix and shifted the corrosion potential of the composite coatings to more positive values 

resulting in restriction of localized corrosion. It was also observed that, the coatings prepared 

using PRC, exhibited outstanding corrosion resistance when exposed to corrosive liquid 

compared to that of DC waveform. In another set of experiment, it was revealed that 

reinforcement of CeO2 within NiW–SiC significantly improved the corrosion performance of 

the coating and PRC–NiW–SiC–CeO2 exhibited the highest corrosion performance compared 

to DC deposited Ni, NiW, NiW–SiC, NiW–SiC–CeO2 and PRC deposited Ni, NiW, NiW–SiC. 

Potentiodynamic polarization results revealed that, all coatings experience an active–passive 

transition, and a relatively small passive range are observed which is due to slightly defective 

passive film.  

Following the PP tests, the optical micrographs were taken from the corroded surfaces of the 

DC–Ni, DC–NiW, DC–NiW–SiC, DC–NiW–SiC–CeO2 and PRC–Ni, PRC–NiW, PRC–

NiW–SiC, PRC–NiW–SiC–CeO2 and it was found that DC–Ni deposit was completely 

corroded and pulled off the surface, whereas the surface of DC and PRC–NiW showed 

significantly small discoloration. The surface of DC deposited NiW–SiC, NiW–SiC–CeO2 and 

PRC deposited NiW–SiC, NiW–SiC–CeO2 deposit were remained almost unaffected after the 

PP test. 

The corrosion potential obtained from CPP graphs for DC–Ni, DC–NiW, PRC–Ni, and PRC–

NiW were increased towards less anodically active (i.e. nobler) region as follows: DC–Ni < 

DC–NiW < PRC–Ni < PRC–NiW. As well, CPP graphs showed that the difference between 

Ep and Erep for DC and PRC–NiW–SiC–CeO2 deposit was smaller compared to other DC and 

PRC deposited coatings. In other words, the NiW–SiC–CeO2 displayed higher pitting 

resistance compared to Ni deposit.  

It was speculated that the difference in grain structures of DC–NiW and PRC–NiW resulting 

from the applied current waveforms (DC and PRC) were mainly responsible for different 

corrosion behaviors. The pulse reverse current waveform produced grains in nanometer sizes 

whereas the deposits formed by applying DC displayed amorphous structure. 

Finally, in the last set of experiment, various coatings of DC–NiW reinforced SiC and h–BN 

were successfully fabricated on brass substrates. The influence of hBN on corrosion 

performance of the DC deposited NiW and NiW–SiC was investigated. It was found that, DC–

NiW–hBN exhibited nobler corrosion potential compared to NiW. Furthermore, DC–NiW–

hBN and DC–NiW–SiC–hBN had similar corrosion potentials. However, DC–NiW–hBN 
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exhibited lower corrosion current density compared to the DC–NiW–hBN–SiC coating. This 

was attributed to the chemical inert propertied of the h–BN particles.  

In order to study the possible corrosion products formed on the surface of deposits and to obtain 

information about the species responsible for corrosion behaviors observed during the PP tests, 

TOFF–SIMS spectra was taken from the surface of DC and PRC deposited Ni, NiW, and NiW–

SiC coatings before and after PP tests. In DC and PRC deposited Ni, the nickel layer was 

completely removed after the PP test and the surface of substrate was exposed. However, in 

the case of DC–NiW deposit, the Ni layer was not completely removed after the PP test and no 

exposure of substrate was realized (i.e., no peaks related to Cu and Zn are seen).  

Similar observations were noticed for the DC–NiW–SiC and PRC–NiW–SiC deposits. 

However, in the latter deposits, new positively charged species were observed. These new 

species were more likely related to oxidation of SiC during the PP test. The oxide form of 

silicon species might be responsible for further surface passivation and the observed 

improvement in corrosion resistance of the DC and PRC–NiW–SiC composites compared to 

DC–NiW deposit. As well, it was found that most of the tungsten containing species was based 

on the higher oxidation states of tungsten in the case of PRC electrodeposited NiW–SiC. This 

explains better corrosion performance of PRC deposited NiW–SiC compared to DC deposited 

NiW–SiC. 

The corrosion potential obtained from CPP graphs for DC deposited Ni, NiW, NiW–SiC, NiW–

SiC–CeO2 and PRC deposited Ni, NiW, NiW–SiC, NiW–SiC–CeO2 were increased towards 

less anodically active (i.e. nobler) region as follows: DC–Ni < DC–NiW < PRC–Ni < PRC–

NiW < DC–NiW–SiC < PRC–NiW–SiC < DC–NiW–SiC–CeO2 < PRC–NiW–SiC–CeO2. As 

well, CPP graphs showed that the difference between Ep and Erep for DC and PRC–Ni deposit 

was the largest among all coatings. In other words, the NiW–SiC–CeO2 displayed higher pitting 

resistance compared to among all coatings.  

In order to confirm the TOF–SIMS results and to measure, and compare the surface chemical 

composition and element valence state before and after the PP test, XPS spectra was taken from 

the surfaces of PRC deposited Ni, NiW, and NiW–SiC coatings. Results demonstrated that, in 

all the XPS spectras, the metallic Ni peaks after the pp test were disapeared and other peaks 

such as NiO, NiWO4, NiOOH, and Ni (OH)2 became more intense and visible. XPS spectra 

from the surface of NiW–SiC also confirmed the formation of NiWO4 and SiO2 barrier layers, 

which could possibly protect the coatings against corrosion.      
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XRD results were also taken from the surfaces of as–deposited and heat–treated PRC 

electrodeposited Ni, NiW, NiW–SiC, and PRC–NiW–CeO2 at 350oC, and 500oC on brass 

substrate. It was found that the intensity of the peaks and the average crystallite size increased 

with increase of the annealing temperature. However, in the case of the PRC–NiW–SiC, further 

increase of the annealing temperature from 350oC up to 500oC did not have any effect on the 

average grain size of the Ni.   

In the tribological section of the experiments, the influence of the current waveform (DC and 

PRC) on nano–hardness, elastic modulus, and friction coefficient of NiW coating was 

investigated. The average hardness of DC–NiW was slightly higher than that of PRC–NiW. 

However, the elastic modulus of the both coatings was approximately similar with increase of 

the loading rate. It was also revealed that, the DC and PRC–NiW–SiC–CeO2 possessed a lower 

coefficient of friction compared to the DC and PRC deposited NiW, NiW–SiC, NiW–CeO2 

deposits due to the reduction of the contact between the Al2O3 ball and metal matrix. 

Furthermore, influence of hBN on tribological performance of DC deposited NiW and NiW–

SiC were investigated. Among all, DC–NiW–hBN exhibited the lowest friction of coefficient 

and wear rate. 

13.2 Recommendations  

This thesis primarily focuses on developing high corrosion and wear protective NiW coatings 

with their composites by controlling the composition and structure of the coatings by applying 

a well–designed PRC waveform on an electrodeposition bath containing specially selected 

ingredients. It provides guidelines for controlling the composition, structure, and accordingly 

the coating properties, which may be of great interest in many industrial applications such as 

automotive, aerospace, mining, etc.  

It is speculated that improving control over the size of reinforcing particles could lead to 

uniform distribution of particles within the NiW matrix and thus enhances the corrosion and 

tribological performances of the coatings. This can be attributed to the formation of a uniform 

and compact passive layer on the surface of the coating after exposure to the corrosive 

environment.  

It is also noteworthy to mention that, the type of current and co-depositing of NiW with ceramic 

particles could highly affect the grain structure and thus the properties of the coatings. 
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Therefore, it is suggested to further study the influence of these particles and the type of current 

on the grain structure of the NiW using characterization techniques such as TEM. 

NiCu alloys are amongst the most corrosion-resistant materials, especially in seawater 

environments. The high corrosion performance of these coatings can be attributed to the 

formation of an adherent and stable protective passive layer on the underlying metal by the 

added alloying element. It is suggested to make a comparison between the corrosion 

performance of this coating material and NiW composite coatings. 
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