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GENERAL INTRODUCTION 

1. OVERVIEW   

The term “tribology” (coming from the Greek: “τριβος or tribo” which means “friction or 

attrition” [1]) is defined as the science and technology of interactions between solid surfaces in 

relative motion [1,2]. This term was first used in 1966 by a British government committee that 

examined the amount of annual losses due to friction and wear and actually refers to the study 

of friction, wear and lubrication [1–3]. Friction may be interpreted as a process of dissipation 

of energy, and wear as one of dissipation of a surface structure and/or mass. Lubrication may 

be considered as a process by which the load between two solid bodies moving relatively to 

each other is dissipated, with the dissipation of energy and mass concentrated more or less on 

the lubricant itself [4]. Tribology is therefore pluridisciplinary in nature and covers mechanical 

engineering, materials science, physics and chemistry, as well as the relatively young 

disciplines of tribology, namely biotribology and nanotribology [2,4].  

In 1977, a report financed by the United States government suggested that up to US$16.25 

billion could be saved through the correct use of tribological knowledge [2]. Likewise, in 1986, 

Rabinowicz estimated that 6% of the United Kingdom's gross product was lost because of poor 

knowledge or misapplication of tribology [5]. Similar studies have also been carried out in other 

countries and similarly important potential savings have been estimated as shown in Table 1 

for the year 2008 [2]. It is then easy to imagine the economic impact of even a small 

improvement in this area. 

Table 1: Potential cost savings through an appropriate use of tribological knowledge (1.6% of 

Gross Domestic Product (GDP), 2008) [2]. 

Country Potential savings (US $ billion) 

European Union 

United States 

China 

Japan 

Germany 

France 

United Kingdom 

303 

186 

68 

63 

50 

48 

36 
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Friction in machinery and mechanical applications is of considerable importance, as it is 

necessary for motion and motion translation systems such as gears, clutches, belts, pulleys and 

in the case of braking systems. However, the increased friction is one of the main causes of 

energy dissipation in mechanical systems where greater fuel consumption is required in the 

presence of friction to do the same work performed in its absence, especially under conditions 

of insufficient or no lubrication [6,7]. The energy losses caused by friction in industrial 

countries are estimated to be between 5 and 7% of their gross domestic product [8].  

Most of the time, friction is accompanied by the wear phenomenon, which is one of the major 

causes of performance loss as well as component failure and equipment destruction (Figure 1). 

Where, 50 to 60% of all mechanical system failures worldwide are due to severe wear of these 

systems, and for industries with wear problems, the costs were typically 0.25% of their turnover 

[9]. Therefore, any reduction in wear leads to significant material savings, but also contributes 

to the protection of the environment by limiting the emission of particles that can be harmful, 

and by limiting equipment waste on the other hand. Reduced wear also means that the interval 

between maintenance or even replacement of expensive machines will be longer. In addition to 

saving scarce and valuable natural resources, this also means fewer production stoppages [10]. 

The conclusions of all the estimation studies are broadly consistent that at least 1% of gross 

domestic product could be saved with a minimum of additional investment in tribological 

research [1], and the potential for even greater savings could exist with further research. Based 

on all the foregoing, it can be concluded that research in the field of tribology is of great 

importance, whether for the resources, the economy or the environment. 

Figure 1: Some examples on the wear of industrial parts [11]. 
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Historically, many of the wear and friction problems have been solved by modifying part 

design, selecting high-performance bulk materials or using lubrication techniques [6]. 

Nevertheless, these solutions are limited and also have some drawbacks. Modifications 

performed on base materials may affect some of their desirable intrinsic properties or involve 

the application of other expensive materials. While lubrication systems include the use of liquid 

lubricants such as synthetic and mineral oils or solid lubricants, the problem lies in the 

manufacture of these materials, which are often based on the use of petroleum derivatives. 

Companies are seeking to reduce the use of non-renewable petroleum and the carbon dioxide 

and nitrogen oxide emissions resulting from the use of its derivatives. The environmental 

pollution resulting from the spilling and release of oils into nature is also frightening and cannot 

be taken lightly [7]. In addition, the lubrication systems may be inadequate or ineffective in 

many cases. 

Tribologists have put into practice recently a new approach to control friction and wear, using 

surface treatments and coatings. This resulted, and to some extent was fueled, by the growth of 

a new field known as "Surface Engineering" [12]. This growth was driven by two principal 

factors. The first was the development of new treatments processes (thermal and 

thermochemical) and coating methods (physical and chemical), which allow to obtain 

tribological and tribo-chemical surface properties that were not previously available. The 

second factor in the growth of this field was the recognition by materials scientists and 

engineers that the surface is the most important part of many engineering elements. It is on the 

surface that the majority of failures originate, through either wear, corrosion or fatigue. 

Therefore, the surface has a dominant effect on cost and performance over the lifetime, 

including the serviceability of the machines [13]. It is in this context that new surface treatments 

and coating processes are being developed and are already having a significant impact. 

However, surface transformation treatments offer very limited properties due to the limited 

materials that can be treated and due to the limitations of surface transformation treatment 

methods. Whereas coating treatments can provide very diverse and high properties as desired, 

due to the diversity of materials that can be applied in coatings, whether pure, alloys or 

composites, and also due to the diversity of coating processes. Given this background, the 

industrial strategy is often to use surface engineering through coatings to improve the 

performance and extend the life of mechanical and tribological systems. 

Surface engineering by coatings is a technically and economically advantageous method 

compared to other surface treatment processes.  It offers a wide range of possibilities to improve 
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the resistance of surfaces to stresses involving several phenomena simultaneously (friction, 

abrasion, corrosion, shocks, etc.), while maintaining the intrinsic properties of the base 

materials, which are less expensive and easier to implement [14]. By decreasing the coating 

structure scale from micrometer to nanometer size, the mechanical properties of the materials 

such as toughness, hardness, wear resistance and fracture strength may further improved 

[15,16]. Many surface treatment processes [17] can be used to produce so-called nanostructured 

coatings, such as thermal spraying, electrodeposition, PVD, Sol-Gel, etc. Among these 

methods, electrodeposition has received much attention in the recent years because it has 

several advantages in the development of based metal coatings, since it ensures uniform 

deposits on substrates with complex geometries, low cost, low energy consumption, industrial 

applicability, versatility and low wastes [18]. It also offers some distinctive features for wear 

applications. As electroplating processes operate below 100°C, it is sometimes the only coating 

process that can be applied to deposit hard coatings on substrates subject to deformation without 

considering the metallurgical details of solubility of solids and the associated high temperature 

problems that exist with the majority of other processes. Since it can produce coatings without 

causing deformation, it is often used to restore worn parts and to coat small holes and other 

cavities that are difficult to coat by other processes [19]. 

Hard chromium coatings are one of the best-known electrodeposits in tribological applications 

to improve the life of wear parts in industry.  However, the toxicity of chrome plating baths is 

a major environmental defect that justifies the search for its replacement [20,21]. Nickel and 

electrodeposits are one of the coatings developed to replace toxic hard chrome coatings [22]. 

The reduction of the crystallites size of these coatings to the nanometer scale contributes greatly 

to the improvement of their hardness and tribological properties [23]; however, their properties 

are still weaker than those of hard chrome coatings. Hence, other approaches are being 

developed to further improve the properties of nanocrystalline Ni coatings, including 

reinforcing these coatings with hard micro and nano hard-particles [24,25] or alloying Ni with 

other metals [26,27].  

One of the most interesting binary Ni alloy coatings, whose tribological performances can be 

better than pure Ni  and comparable or even better than chromium coatings [28,29], is Ni-Co 

alloy. Ni-Co nanostructures can be obtained through electrodeposition by a very easy and 

economical approach that is very suitable for industry [29], which consists in adding to the 

electrodeposition bath organic additives such as saccharin and 2-butyne-1,4-diol (BD) that can 

inhibit the growth of crystallites and maintain their size at the nanoscale [30,31]. 
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Nanocrystalline Ni-Co alloys coatings exhibit good mechanical and tribological characteristics 

[32,33]. However, their mechanical applications are related directly to their microstructure and 

morphology which influenced strongly by their Co content. Typically, the effect of Co content 

on the mechanical properties of Ni-Co coatings has aroused great interests for researchers. 

Where the investigations showed that Co content of coatings can be controlled by the control 

of bath composition [34] and the physical parameters of electroplating such as current density 

[35], pH [36], temperature [37], agitation [38], etc.  

2. BRIEF STATE OF THE ART 

Many studies have been conducted on nanocrystalline Ni-Co coatings in the recent years. They 

show that the tribological properties of Ni-Co coatings are better than that of nanocrystalline Ni 

coatings [28,39], where the lubricity and hardening which can cobalt add on Ni coatings 

properties are very attractive characteristics. Therefore, the most of studies were focused on the 

effect of Co content on the tribological properties and anti-wear applications of nanocrystalline 

Ni-Co coatings. L. Wang et al. [40] investigated the microstructure and tribological behavior of 

Ni-Co coatings with different Co contents, they have been concluded that hcp crystal structure 

in Co-rich coatings lead to the remarkable friction-reduction effect and better wear resistance 

when compared with Ni-rich coatings with fcc crystal structure. C. Ma et al study [39] has dealt 

with the effect of tribofilms formation on the wear behavior of Ni-Co alloy coatings with 

different Co contents. They have found that tribofilms were formed on the worn surface of the 

Ni-rich coatings (≤ 60 at.% Co), which translated by high friction coefficients and wear rates, 

while no tribofilm or iron transfers from the counterpart were found on the Co-rich coatings (≥ 

70 at.% Co content). Thus, a very important reduction in friction and improved wear resistance 

were experienced. Some studies were interested in improving of Ni-Co tribological properties 

by various methods. Sh. Hassani et al. [41] focused on the improving of tribo-corrosion 

resistance of Ni-Co nanocrystalline coatings in NaOH medium by the optimization of current 

density and by the addition of saccharin and sodium lauryl sulphate, they have found that 

increasing in current density and addition of saccharin improved tribocorrosion resistance, 

while addition of sodium lauryl sulphate improved corrosion resistance but not tribocorrosion 

resistance. On their part L. Wang et al. [33] tried the elaboration of Ni-Co coatings with graded 

composition and structure for the reduction of internal stress and the amelioration of tribological 

behavior of electrodeposited coatings. They have concluded that graded Ni-Co alloys coatings 

presented a much lower friction coefficient and a remarkably improved wear resistance 

compared with the uniform structured Ni-Co coatings under the same dry sliding wear 
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conditions. Nevertheless, other studies focused only on hardness without or with other 

mechanical properties and did not care about friction and wear behavior. Y. Li et al. [42] have 

studied the effects of saccharin and cobalt content in the bath on the microhardness of 

nanocrystalline Ni-Co deposits. They stated that the additions of appropriate amount of cobalt 

and saccharine could lead to finer structure and higher hardness of coatings but further increase 

of theirs concentrations in the bath could lead to the decrease of the deposit hardness. They 

focused in another paper [35] on the effects of peak current density on microhardness and tensile 

strength of nanocrystalline Ni-Co coatings elaborated by pulsed electrodeposition, and they 

concluded that the increase in current density makes the grain size of deposits finer, and the 

tensile strength and the hardness higher. Whereas N. Feninech et al. [43] have studied the effect 

of some electrodeposition parameters (current density, pH and temperature) on the 

microstructure, brittleness, tensile strength and hardness of Co-Ni alloys, and they have found 

that the harder deposits can be obtained at room temperature with current density of 3Adm-2
 

and pH of 3.5.  

3. THESIS OBJECTIVES  

From the overview and the state of the art presented above, it can be seen that most of the 

current work on Ni-Co coatings aims to improve their mechanical and tribological properties 

as economical and eco-friendly alternatives to the eco-damaging hard chrome coatings 

commonly used in anti-wear applications. The objectives of this thesis project are not out of 

this context where we aim to: 

 Study of the effect of saccharin and 2-butyne-1,4-diol (BD) as grain refiners on the 

morphostructural characteristics of Ni-Co coatings. 

 Understand the reasons for the improved properties of Ni-Co coated steel compared to 

its uncoated counterpart. 

 Evaluation of the anti-wear performances of nanocrystalline Ni-Co coatings by 

comparing them with those of pure nanocrystalline Ni coatings. 

 Make a good correlation between the morphostructural properties of Ni and Ni-Co 

coatings and their mechanical and anti-wear performances. 

 Understand the wear mechanisms and the effect of wear debris and tribofilms on the 

wear behavior of the different studied materials. 
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 Optimize the electrodeposition conditions such as bath Co content and bath temperature 

through the study of their effects on the compositional, morphostructural, mechanical 

and tribological properties of Ni-Co coatings. 

 Study of the maintainability of the properties of electrodeposited Ni-Co coatings on 

different substrates and with different thicknesses.  

 Study of the adhesion of electrodeposited Ni-Co coatings on different substrates and 

with different thicknesses.  

4. THESIS NOVELTIES 

 Investigation of the reasons behind the improved mechanical and wear performances of 

the Ni-Co coated substrate compared to an uncoated substrate. 

 In-depth analyses of the effect of tribofilm formation on the wear behavior of Ni and 

Ni-Co coatings. 

 A focused study on the relationship between morphostructural properties, hardness and 

anti-wear performances of Co-Ni coatings (>50 wt.% Co). 

 Investigate for the first time the effect of bath temperature, metal substrate type and 

deposition duration on the tribological properties of Ni-Co coatings. 

 Study for the first time the adhesion capacity and the maintenance of the properties of 

Ni-Co coatings on different substrates and with different thicknesses. 

5. THESIS OUTLINES  

 In the general introduction section, we present the subject of the thesis with the context, 

the problematic, the state of the art, the objectives and the novelties of this thesis. 

 Chapter I discusses the mechanisms of friction and wear phenomena, their evaluation 

and measurement methods as well as the main processes implemented to reduce their 

negative effects, including the surface engineering process by electrodeposition. A brief 

literature review is also provided on the work that has been done on the subject of 

electrodeposition and the characterization of microstructural, mechanical and 

tribological properties of nanocrystalline coatings of pure Ni and Ni-Co alloys. 

 Chapter II presents the protocols for the preparation of the substrates, the formulation 

of the baths, the design of the electrodeposition setup, the elaboration of the coatings as 

well as the applied characterization methods. 

 Chapter III is devoted to the study of the performances of the nanocrystalline Ni-Co 

alloy as an anti-wear coating, comparing their performances with the uncoated StW24 
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steel substrate and the pure nanocrystalline Ni coating. An attempt is also made in this 

chapter to understand the wear mechanisms and the role of debris and tribofilms on the 

tribological behavior of the studied materials. 

 Chapter IV is focused on the study of the effect of certain electrodeposition conditions, 

namely the bath Co content, the bath temperature, the type of metal substrate and the 

deposition duration, on the composition and on the morphostructural, mechanical and 

tribological properties of the Ni-Co coatings. The maintenance of the properties of the 

Ni-Co coatings, in particular their tribological performances, is also tested on different 

substrates, namely StW24 steel, copper and brass and using different coating 

thicknesses (43.2, 79.8 and 110.6 m).  

 The last section states the general conclusions of this study as well as the perspectives 

of our future work.
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CHAPTER I: LITERATURE REVIEW  

I.1 INTRODUCTION  

Despite their presence in our daily life, tribological manifestations such as friction and wear are 

not phenomena that most people consider in their everyday activities. Nevertheless, they are 

responsible for many problems and significant costs in a modern civilization. That is why 

engineers and designers are always required to consider these factors when designing technical 

equipment. This chapter relates to the general context of our research stating the mechanisms 

of friction and wear phenomena, their evaluation and measurement methods and the main 

processes implemented to reduce their negative effects, in particular the process of surface 

engineering by coating. The electrodeposition “or also electroplating” will be presented as one 

of the processes for the elaboration of high performance tribological and nanocrystalline 

coatings. A brief literature review will also be given on the works that have been done on the 

subject of the electrodeposition and the characterization of the microstructural, mechanical and 

tribological properties of nanocrystalline coatings of pure Ni and Ni-Co alloys as well as the 

experimental parameters that can affect these properties. This could well pave the way for the 

research topic addressed in this thesis. 

I.2 WEAR AND FRICTION  

I.2.1 Tribological system 

In general, friction and wear are considered as losses in tribological systems. They depend not 

simply on the properties of different materials, but also on the interactions that occur and the 

magnitude of stresses in the system [44]. Under certain conditions, even small changes in the 

tribological system can have large impacts on friction and wear. Thus, friction and wear are the 

properties of an entire tribological system, not just the characteristics of the materials in contact. 

As shown in Figure I.1, a tribological system (tribosystem) is defined as being composed of 

three main elements [44,45]:  

 The first bodies: the main and the opposite bodies. 

 The intermediate matter (third body): The origin of this interfacial medium can be 

external (solid or liquid lubricant) or internal by in situ formation (detachment of 

particles from the first bodies). This third body can partially or totally separates the two 

first bodies in contact.  
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 The surrounding environment: Where the interactions between this environment and 

the contact can thus take place according to its composition, its temperature and its 

possible pollution.  

These, combined with the sum of all the stresses involved (the stress system) allow to determine 

the friction coefficient, the wear mechanism and the wear rate that will occur. The stress system 

consists of the physical and technical parameters of the normal force (FN), velocity (v), 

temperature (T), stress duration (t), modes of movement and the evolution of these parameters 

in the course of time [44]. Practically speaking, tribological systems can be classified as 

follows: 

 Closed tribological systems: such as bearings and seals. 

 Open tribological systems: such as chutes and pipe systems [44]. In this case, the 

opposite body is absent but its function is provided by the intermediate material. 

Figure I.1: Schematic representation of a tribosystem. 

I.2.2 Friction  

Friction is the resistance to movement produced when a body moves tangentially to another 

body with which it is in contact [1,2,12]. Friction is therefore not a property of the material, but 

a response of a whole tribological system [12]. This broad definition includes two important 

classes of relative motion namely sliding and rolling. The distinction between sliding and 

rolling is useful one, but the two are not mutually exclusive, and even apparently pure rolling 

Load

Interfacial 

element
The opposing body

The main body
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Environment
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almost always implies some sliding [1]. Ideally, for both rolling and sliding, a tangential force 

𝑭 is required to displace the upper body on the fixed counter face, as shown in Figure I.2. The 

relationship between this frictional force and the normal load 𝑾 is known as the friction 

coefficient (μ), and can be calculated using the formula (eq.I.1 [12]): 

µ =
𝑭

𝑾
 

(I.1) 

  

The magnitude of the frictional force is usually quantified by the friction coefficient value that 

can vary over a broad range, from around 0.001 in a lightly loaded ball bearing to more than 10 

for two identical clean metallic surfaces sliding under vacuum. However, for the most usual 

materials that slide in the air without lubricant, the μ value varies from about 0.1 to 1 [1]. 

Figure I.2: Necessity of a force F to overcome friction and cause motion by (a) rolling or (b) 

sliding. 

I.2.2.a) The different classifications of friction 

Depending on the amplitude, we distinguish: 

 The dynamic or kinetic friction: which resists the movement without totally 

preventing it.  

 Static friction: which completely prevents movement between the sliding or rolling 

surfaces [46]. 

Depending on the movement of the rubbing device, we can distinguish: 

 A sliding friction: where the wiper slides on the opposing surface such as in the case 

of brake/disc plates, curtain/slide, cutting tool/piece, shaft/bearing, etc. 

 A rolling and swivel friction: where the wiper rolls on the contact surface as in the 

case of bearing ball/ring, car/road wheel, train/rail wheel, etc. [47]. 

W W

F F

(a) (b)



CHAPTER I:                                                                                                             Literature review 

 

12 

 

Depending on the presence of lubrication, we distinguish: 

 Dry friction: when two solids rub directly against each other without the use of a 

lubricant. This type of friction is very present all around us: rails and wheels of railways, 

brushes and collectors of electrical machines, pantographs and catenaries, brakes, 

reading heads and magnetic tapes, etc. 

 Lubricated friction: when using liquid or viscous lubricants (oils, greases) or solid 

lubricants (graphite, molybdenum disulphide...). One of the surfaces can also be 

conditioned to make it self-lubricating [46].  

I.2.2.b) The laws of friction 

The laws of friction can be summarized as follows:  

 The frictional force is proportional to the normal load. 

 The frictional force is independent of the apparent contact surface. 

 The frictional force is independent of the sliding speed. 

These three laws of friction are more or less reliable, but except in some important cases, they 

offer useful syntheses of empirical observations [1]. 

I.2.3 Wear  

The definition of wear is a difficult problem as well as a subject of debate. For this reason, many 

definitions of wear can be found in the literature. According to the most glossaries in the 

specialized technical literature, wear is defined as “the progressive loss of substance from the 

working surface of a body resulting from relative movement at the surface” [2,4,48]. 

Nevertheless, the large range of technical problematics of interest to the tribologist need to be 

served by a larger definition. For this, a larger definition of wear may include the loss of material 

from one surface, the transfer of material from one surface to another, or the movement of 

material within the same surface [49]. Another simple statement is that the wear is “damage to 

a solid surface, generally involving progressive loss of material, due to relative movement 

between that surface and one or more contacting substances” [50]. There is no standard unit of 

wear, but the most commonly used unit is the wear rate, generally expressed as the mass or 

volume lost per the distance traveled or the contact area. The wear rate is given as a function of 

the normal load by Archard's wear formula (eq.I.2 [51]): 

𝑸 = 𝑲𝑵 𝑯⁄  (II.2) 
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Where 𝑸 is the worn volume from the surface per unit of sliding distance (m3/m), 𝑵 is the 

normal load applied to the surface (N), 𝑯 is the hardness of the worn surface (N/m2) and 𝑲 is 

the wear coefficient. 

I.2.4 Wear mechanisms 

A non-exhaustive list of wear mechanisms can be drawn up. In theory, these mechanisms 

identified in different cases of contacts can all be applied at the same time, some being more 

important than others depending on the imposed conditions. The forth principles wear 

mechanisms are described in detail in the following paragraphs and represented schematically 

in Table I.1. 

I.2.4.a) Adhesive wear 

Adhesive wear is associated with the formation of adhesion joints at contact points located on 

the surface asperities. The material of one part is transferred and solidly welded to the other. 

Adhesive wear is the wear that always occurs first, even in the absence of abrasives or wear 

products. It is divided into two classes: 

 Soft wear (the interface is less hard than the parts): it produces debris that is small, flat, 

thin and composed mainly by oxides. Soft wear leaves smooth and polished surfaces 

and increases the load capacity. 

 Severe wear (the interface is harder than one of the two parts): it is characterized by 

coarse, angular and numerous debris consisting of a mixture of oxides and the base 

material that create roughness. Severe wear and tear may lead to seizure of the 

mechanism [7,55].  

I.2.4.b) Abrasive wear   

Abrasive wear is defined as the displacement of matter produced by hard particles or protrusions 

striking or sliding against a solid surface [7,55]. Abrasive wear is the result of sliding friction 

due to ploughing or plastic deformation [56]. The abrasion wear mechanism naturally follows 

the adhesion wear mechanism as soon as wear debris are formed. It is the wear mechanism that 

prevails in all machines, the most severe and the one that causes the most material loss. Abrasive 

wear can occur either in two or three bodies: two-body, directly from the contacting solids, or 

three-body, as a result of the action of hard solid particles between the two surfaces in relative 

motion (Table I.1). These types of wear are manifested by scratching, scraping, polishing and 

the removal of microchips due to the action of particles that attack solid surfaces. 
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Table I.1: Schematic representation and microscopic views of the main wear mechanisms. 

Wear 

mechanism 

Graphical representation Microscopic view 

Adhesive wear 

 

 
 

Example on the adhesive wear [52] 

Abrasive wear 

 

  
Example on the abrasive wear [53] 

Fatigue wear 

 

 

 
Example on the fatigue wear [53] 

Corrosive wear 

(tribocorrosion) 

 

 

 
Example on the corrosive wear [54] 

 

I.2.4.c) Fatigue wear 

The phenomenon of fatigue is most frequently of a mechanical nature. Mechanical fatigue is 

the phenomenon of the formation and propagation of cracks under the repeated action of 

alternating stresses. The degradations are manifested by pitting, cracks, flaking and structural 
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modifications. Depending on the friction coefficient value, the stresses in the contacting solids 

are localized either on or below the contact surface. In the first case, the crack forms on the 

surface (Table I.1). As it propagates, it first moves towards the interior of the solid, then returns 

to the surface to form a wear fragment. In the second case, the crack is first created below the 

surface (Table I.1). Moving towards the surface, this crack forms a wear fragment. This type of 

wear is mainly encountered in gears and bearings, where it constitutes the normal mode of 

destruction [55]. 

I.2.4.d) Corrosive or tribochemical wear 

In the presence of a reactive environment, a number of complex phenomena can occur, in 

particular the reactions with this environment (e.g. triboxidation by oxygen). Depending on the 

nature and characteristics of the formed compounds, these reactions can be beneficial to the 

contact or conversely be the cause of material loss. Friction can accelerate corrosion if it 

removes films of poorly resistant oxides or salts; conversely, corrosion can destroy the rubbing 

qualities of surfaces. Hard surface films can improve wear resistance, but if they peel off, they 

can promote abrasion. The asperities of the denuded surfaces due to the rupture of the oxide 

layers are subject to very high pressures and temperatures that results in microweldings 

identical to those that produce seizing [55]. 

I.2.5 Wear evaluation 

To be more general and especially more predictive than all the laws, Ashby and Lim [57] have 

established wear maps, representations of “pion-disk” type test results (Figure I.3), to define 

domains of identical behavior and transitions between different wear regimes. The aim here is 

to build a database equivalent, for example, to existing catalogs for the elasticity characteristics 

of materials. In order to facilitate extrapolation to other types of contacts, the results given in 

terms of degradation, can be used as a basis for the development of a new database. Soft wear, 

severe wear, delamination and seizure are provided according to the speed and of the contact 

pressure that has been adjusted to the right size [58]. This approach quickly took on an 

international dimension, but was eventually abandoned due to numerous operational problems. 

Parameters not taken into account until then appear to be very important: the contact stiffness 

imposed by the test bench (tribometer), the contact geometry (horizontal or vertical, i.e. whether 

or not it favors the loss of wear particles), etc.  
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Figure I.3: Wear map according to Ashby and Lim [57]. 

I.2.6 Wear and friction tests  

The principle of all wear and friction tests is the relative movement of one or two bodies that 

are in continuous contact, this contact can be punctual, linear or flat (Table I.2). The choice of 

a wear test is mainly related to the intended application by the analyzed materials or parts. For 

this reason many wear tests can be obtained in research and industrial laboratories, some of 

them are standards, while others designed for very specific applications. The most commonly 

tests that can be found are sliding motion tests, rolling motion tests, abrasion, erosion and 

scratch tests. Table I.2 summarizes some of the most common methods used for friction and 

wear testing. 
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Table I.2: Some of the assays used for friction and wear testing [59]. 

Point contact Linear contact Plane contact 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

I.2.7 Wear prevention 

The most commonly used methods for controlling friction and wear damages are summarized 

in Figure I.4. In modern industrialized societies, reducing or controlling friction and wear is 

increasingly necessary for several reasons, such as extending the life of machines and 

biosystems, improving the efficiency of motors and devices, developing innovative and 

advanced products, conserving material resources, saving energy, and improving security. 

Historically, these goals were accomplished through design modifications, selection of more 

performing bulk materials, or through the use of lubrication techniques. Modifications of bulk 

materials may imply applications of ceramics and polymers. Lubricating systems should 

involve the use of liquid lubricants such as synthetic and mineral oils or solid lubricants such 

as molybdenum disulfide (MoS2). Tribologists have put into practice recently a new approach 

to control friction and wear, using surface treatments and coatings. This resulted, and to some 

extent was fueled, by the growth of a new field known as "Surface Engineering"[12]. This 

growth was driven by two principal factors. The first was the development of new treatments 

processes (thermal and thermochemical) and coating methods (physical and chemical), which 

allow to obtain tribological and tribo-chemical surface properties that were not previously 

Ball on Plate Block on Ring Block on Plate 

Ball on Disk Pair v-blocks on Pin Pin on Disk 
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available. The second factor in the growth of this field was the recognition by materials 

scientists and engineers that the surface is the most important part of many engineering 

elements. It is on the surface that the majority of failures originate, through either wear, 

corrosion or fatigue. The surface has a dominant effect on cost and performance over the 

lifetime, including the serviceability of the machines [13]. It is in this context that new surface 

treatments and coating processes are being developed and are already having a significant 

impact. Bearing systems and the devices that work in near-vacuum environments, such as in 

aerospace mechanisms, satellites, or engine components that operate under corrosive and 

erosive hot conditions, such as in aero gas turbines, could not operate effectively without 

advanced tribological coatings [60]. 

 

Figure I.4: Methods of wear prevention. 

I.3 ANTI-WEAR COATINGS  

From an economic point of view, surface deterioration is the predominant factor in materials 

deterioration as shown in Figure I.5 [61], and since the major problem is concentrated in 

surfaces, surface engineering, especially material coating is considered one of the most effective 

modern solutions to friction and wear problems. These coatings provide surfaces with 

satisfactory resistance to the types of stresses and external physico-chemical factors to which 

the materials are exposed. They also make it possible to preserve the satisfactory properties of 

the coated materials such as the low cost and the ease of shaping. Over the last few decades, 

numerous coating techniques have been developed and modified, making it possible to offer a 

wide range of options for improving the mechanical and tribological properties of components. 

Among the developed coatings, nanostructured coatings are among the main ones that have 

demonstrated high anti-wear performances. In the following, we will try to summarize the most 

important techniques used for coatings as well as the most important properties of 

nanostructured coatings. 
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Figure I.5: The causes of materials degradation showing a percentage estimate of the 

economic importance of each [61]. 

I.3.1 Methods of elaboration of coatings  

The rapid development of tribological and anti-wear coatings over the last decades is mainly 

due to the development of new coating methods, which would have good control over the 

properties of the resulting coatings such as composition, morphology, homogeneity, structure, 

cohesion and adhesion, which were previously unavailable. Referring to the well-known 

general classification of deposition processes prepared by Rickerby and Matthews [12], coating 

processes can be divided into four classes, namely, gaseous, solution, molten and semi-molten 

state processes. Figure I.6 below illustrates all the coating techniques included in this general 

classification. 

 

Figure I.6: A general classification of surface coating methods [12]. 

I.3.2 Nanostructured coatings  

In the last years, nanostructures have attracted a growing interest from the scientific and 

industrial community of materials [16]. Nanocrystalline materials with a crystallites size below 
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100 nm have unique chemical, physical and mechanical properties (Figure I.7). Mechanically, 

nanocrystalline coatings have the potential to significantly improve capacities by offering, in 

numerous cases, extraordinary strength and hardness, unsurpassed protection against 

tribological contact damage, and enhancements in many other functional properties. 

 

Figure I.7: The benefits that can be gained using nanostructured materials [6]. 

The unique characteristics of nanocrystalline materials result from the higher number of grain 

boundaries in comparison to their coarse polycrystalline counterparts. A high proportion of the 

atoms (up to 49%) are boundary atoms (Figure I.8), thus grain boundaries play a major role in 

the deformation of these materials. Nanocrystalline materials are characterized by superior 

creep and plasticity under lower temperatures compared to their conventional coarse 

polycrystalline counterparts. Likewise, the plastic deformation of nanocrystalline coatings is 

related to the sliding of the grain boundaries by means of diffusion or rotation of the grain 

boundaries [16]. Nanocrystalline surfaces can be produced by several processes, the most 

important of which is surface coating using various techniques such as PVD, CVD, sputtering 

and electrochemical processes. The adhesion between the coating and the substrate is crucial 

for the properties of the coating [62]. At the meantime, optimizing the properties of 

nanocrystalline coatings, with tolerance to defects and other non-mechanical considerations, 
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poses critical problems and challenges, depending on the coating methods and application areas 

[16]. 

Figure I.8: Schematic representation of the atomic structure of nanocrystalline materials 

showing an important atomic percentage in grain boundaries. 

I.4 ELECTRODEPOSITION OF NANOCRYSTALLINE COATINGS 

In recent years, the importance of electrodeposition in nanosciences and nanotechnologies has 

become clear to researchers, particularly with regard to the development of nanostructured 

layers and coatings. Further progress is also inevitable and nanocrystalline coatings are 

expected to benefit from increased exploitation and development of their performances by the 

academic and industrial sectors, especially in the field of anti-wear and anti-corrosion 

applications. Bath composition, temperature, pH, type of power supply, current density are the 

key parameters which influences the deposition process and hence the properties of the 

deposited materials.  

I.4.1 Principle of electrodeposition 

The word "electrodeposition" generally refers to the principle of the electrolysis process. One 

of the historical approaches to this process is electroplating, which mainly allows the production 

of metal or alloy coatings for decorative or protective applications [63]. It consists essentially 

in the immersion of the conductive or semi-conductive material to be coated (termed as a 

cathode) in an electrolytic cell containing ions of the material to be deposited, a support solution 

(electrolyte) and a counter electrode or anode. In an electrolytic cell, there are no spontaneous 

electrochemical reactions [63]. Therefore, for a reaction to take place, the two electrodes must 

be connected to an external power supply to make the current flow possible as represented in 

Figure I.9. The object to be coated is linked to the negative pole of the energy source, so that 
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the metal ions 𝑴𝒏+ present in the electrolyte are reduced to metal atoms 𝑴, which will 

ultimately form the coating on the cathodic surface, a gaseous evolution also taking place on 

the cathode [64]. In contrast, the oxidation reaction, involving the dissolution of the metal or 

the release of gas, occurs at the anode. There are two types of electroplating cells, namely cells 

with dissoluble and with non-dissoluble anodes. In the cells with dissoluble anode (Figure I.9 

(a)), the anodic half-reaction involves the dissolution of the anode (eq.I.3), while the cathodic 

half-reaction involves the reduction of dissolved ions of anode and electrolyte (eq.I.4) [63]. In 

the cells with non-dissoluble anode (Figure I.9 (b)), the anodic half-reaction not involves the 

dissolution of anode and the cathodic half-reaction limited only to  the reduction of ions present 

in the electrolyte (eq.I.4).  

𝑴 𝑴𝒏+ + 𝒏𝒆− (I.3) 

𝑴𝒏+ + 𝒏𝒆−  𝑴 (I.4) 

Figure I.9: Principle of an electrodeposition setup using dissoluble anode (a) and non-

dissoluble anode (b). 

I.4.2 Advantages of electrodeposition 

Electrodeposition has gotten an extensive consideration in the lasts years thanks to its several 

advantages over the conventional and the recent deposition processes, the main advantages can 

be  summarized in the following lines [9,65,66]: 

 Industrial applicability thanks to the low cost, the high production rates, the low induced 

energy and the reduced wastes. 

 Easy functioning, as the process parameters can be easily adjusted to achieve the 

required composition, morphology and microstructure. 
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 Versatility, as the process can be used to produce a wide variety of materials, films and 

coatings. 

 Deposits with grain sizes ranging from hundreds of micrometers to a few nanometers 

can be developed simply by properly controlling the electrodeposition parameters such 

as the bath composition, the current density, the pH, the temperature, etc. 

 Different electrodeposits geometries can be achieved such as homogeneous, multilayer, 

gradient, patterned, etc.  

 The electrodeposits can be performed under ambient conditions of temperature and 

pressure. 

 Uniform electrodeposits can be applied to substrates with complex geometries. 

 In the most cases, there is no need for the post-treatment of the electrodeposits. 

I.4.3 Applications of electrodeposition 

Electroplating has seen many applications in the industrial field, particularly in coating 

technology, since its invention in 1805 by the Italian chemist Luigi V. Brugnatelli. The main 

applications of this technique can be summarized as follows [67–70]: 

I.4.3.a) Decoration  

Electroplating is used in jewelry, furniture, building hardware and tableware to improve 

aesthetics. High value metal coatings are electroplated onto a less expensive base metal surface 

to give them a flawless appearance. 

I.4.3.b) Protection 

 Corrosion protection: Electroplating is a way to prevent corrosion, especially when 

the metals to be plated are naturally corrodible. Coating the corrosive metal with a thin 

layer of a more noble metal prevents and delays its corrosion. Several electrolytic 

anticorrosion coatings have achieved unparalleled success in the industry, such as nickel 

and chromium coatings on automotive parts and appliances, zinc and cadmium coatings 

on nuts, screws and electrical components. 

 Wear protection: Electrodeposited coatings of hard or self-lubricating materials such 

as nickel, chromium, copper and their alloys are widely used in the automotive, 

aeronautic and machinery industries as anti-wear coatings for the surface protection of 

wear parts such as bearings and worn shafts. 
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 Radiations protection: Many metals have no inherent protection against artificial or 

natural radiations. To remedy this situation, these metals are electroplated with a thin 

layer of protective metal as an additional defense against such radiation. 

I.4.3.c) Enhancements 

 Enhancement of electrical conductivity: Integrated circuits in electronic devices are 

made from cheap metals that do not conduct electricity efficiently. To improve their 

conductivity, the parts are coated with a thin layer of expensive metals like gold and 

silver. 

 Enhancement of adhesion: Electrodeposited coatings are widely used as a primer for 

better adhesion between the substrate and other coatings such as paints and varnishes.  

 Enhancement of other properties: Electrodeposited coatings are also used to improve 

other surface properties such as thermal conductivity, lubricity, solderability, 

reflectivity, hydrophobicity, wettability, catalytic properties, etc. 

I.4.3.d) Electroforming  

Electroforming is one of the main techniques used to manufacture micro tools such as micro 

parts for MEMS, sieves, screens, dry shaving heads, registration stamps, molds and dies. 

I.4.3.e) Synthesis of nanomaterials and nanostructures 

Due to their advantages mentioned above, electrodeposition is an attractive method for the 

development of nanomaterials and nanostructured materials with special magnetic and 

electronic properties for applications in soft and hard magnets, semiconductors, high efficiency 

transformers, energy storage, power supplies, motors, etc.  

I.4.4 Synthesis of nanocrystalline coatings by electrodeposition 

Electroplating is one of the most ancient methods used to produce nanocrystalline materials. In 

which the grain size of the deposits is controlled to obtain nanostructures with specific physical, 

chemical and mechanical characteristics [71]. The result is a bulk material, which does not need 

further treatment, as defined by Gleiter [72]. In this respect, electrolytically deposited 

nanocrystals are very different from those built from consolidated particles. It is possible to 

electrodeposit a huge number of metals, alloys, ceramics and composites whose crystallites size 

is down to less than 100 nm. They can be electrodeposited as thin layers (1 to 100 µm) or in 

bulk (several millimeters in thickness). Furthermore, the codeposition of ceramics with metals 
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and polymers has opened the way to the development of new hybrid nanostructured materials 

that cannot be obtained by any other technique. 

Basically, crystallites size in the nanometer range can be achieved when the electroplating 

parameters such as current density, pH, bath composition, temperature, etc. are selected to favor 

the nucleation of new grains over the growth of existing grains. Practically, this could be done 

through several approaches such as increasing the deposition rate, forming the appropriate 

complexes in the bath, adding the suitable surfactants to limit the surface diffusion of the 

adatoms, etc. The two main mechanisms that were recognized as the key steps controlling the 

rate of generation of nanocrystals are charge transfer at the electrode surface and diffusion of 

adions at the crystal surface [73]. Therefore, the diffusion of the adions on the surface must be 

inhibited; this is achieved for example by adsorption of foreign species such as grain refiners 

on the growth surface. The effectiveness of these grain refiners depends on their adsorption 

behavior on the surface, their compatibility with the electrolyte and their stability at different 

temperatures. Several chemical species have been found to inhibit crystal growth and reduce 

grain size down to the nanometric order such as saccharin [42], BD [31] and coumarin [74] in 

the case of electrodeposition of nickel and its alloys. The second key factor in the formation of 

nanocrystals during the electrocrystallisation is the overpotential [17,75]. With lower potentials 

and high surface diffusion rates, grain growth is favored. Conversely, high overpotentials and 

low diffusion rates favor new nucleus formation.   

A non-exhaustive number of nanocrystalline and nanocomposite materials have been 

successfully developed by electrodeposition, such as pure nanocrystalline metals (Ni, Co, Pd, 

Cu, etc.), binary alloys (Ni-Co, Ni-P, Zn-Ni, Pd-Fe, Co-W, etc. ) and ternary alloys (Ni-Co-P, 

Ni-Fe-Cr, etc.), metal matrix composites (Ni-SiC, Ni-Co-TiO2, etc.), ceramics (ZrO2, SiO2, etc.) 

and ceramic nanocomposites [68,71,76–81]. These nanocrystalline and nanocomposite coatings 

can be produced either by direct current electrodeposition, where the presence of grain refiners 

in the electrolyte is required, or by pulsed current electrodeposition, where the addition of grain 

refiners is an option. 

I.5 NANOSTRUCTURED ELECTRODEPOSITED Ni AND Ni-Co COATINGS 

I.5.1 Potentials of Ni and Ni-Co alloy as alternatives to hexavalent Cr coatings 

Conventional electrolytic chromium coatings obtained from hexavalent chromium electrolytes 

have been used for more than 120 years. However, over the past two decades, there has been 

increasing pressure from health and environmental organizations to abandon the use of 
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hexavalent chromium. It is well known by the scientific community that hexavalent chromium 

is carcinogenic and can cause serious health damage in case of inhalation over a long period. 

For this reason, the U.S. Environmental Protection Agency (EPA) classifies hexavalent 

chromium and its compounds among 17 chemicals as extremely hazardous substances [20]. As 

for nickel and its compounds, their damage is largely related to their solubility and also to the 

route of exposure. For example, the EPA classifies nickel refinery dust in Group A as a human 

carcinogen [20], while soluble nickel salts are not classified as a potential human carcinogen. 

With respect to the nickel sulfate widely used in this work, it was found not to be carcinogenic 

by inhalation to rats and mice [82]. It is classified as category 2 or even category 3 as a suspected 

carcinogen according to the European Commission (EC) regulation No. 1272/2008 [83]. 

However, there is no clear evidence that inhalation of nickel-containing mists during 

electroplating can cause cancer. As for cobalt sulfate used less frequently in this work, it is not 

included in the list of carcinogenic chemicals by the EPA, whereas it is classified in category 2 

as a substance capable of causing cancer to humans according to EC regulation No.1272/2008 

[83]. Although the classifications are not completely consistent, it is accepted that the nickel 

and cobalt salts used in electroplating are much less hazardous than hexavalent chromium. 

Thus, it is currently very reasonable, in the absence of alternative materials for hexavalent 

chromium that are non-hazardous and inexpensive, to consider using nickel, cobalt and their 

alloy as alternatives to hexavalent chromium in electroplating. In addition to environmental 

friendliness, numerous studies [29,84,85] have shown that Ni-Co alloy coatings can replace and 

even be better than hexavalent chromium coatings in anti-corrosion and anti-wear applications. 

I.5.2 Alloying of Ni with Co by electrodeposition  

Nickel is a transition metal with a face-centered cubic (fcc) crystal structure in the solid state. 

It has a molar mass of 58.69 gm-1, a density of 8.90 gcm-3 at 25 °C and melts at 1453 °C. It is 

chemically inactive under normal conditions, but its corrosion resistance decreases under 

oxidative conditions. However, it is resistant to corrosion and oxidation at moderate to high 

temperatures. Its electrical resistance is very low at low temperatures. The specific properties 

make it a very versatile metal and easily alloyable with most metals. Cobalt is located adjacent 

to nickel in the periodic table of elements. Its molar mass and density are close to those of Ni, 

58.93 gmol-1 and 8.85 gcm-3, respectively. As a function of temperature, Co can take two 

different crystal structures: the Co (ε) with a hexagonal close-packed structure (hcp) at 

temperatures below 417 °C; and the Co (α) with fcc structure from 417 °C to the melting 

temperature (1493 °C). Alloying Ni with Co allows for improvements in physicochemical and 
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mechanical properties especially corrosion and wear resistance [29,40,86]. For this reason, Ni-

Co alloys are applied as technical coatings in the fields of wear and corrosion protection, 

electrocatalysis, magnetism, etc. [40,87]. The binary phase diagram of Ni-Co alloy system is 

shown in Figure I.10, the very important aspect of this system is that Ni and Co can form total 

solid solutions at any Co/Ni ratio, which allows producing alloys having any chemical 

composition [88]. 

Figure I.10: The binary phase diagram of Ni-Co alloy according to ASM International [91]. 

Electrodeposition is a simple, controllable, and economically effective method to produce Ni-

Co alloys. Moreover, these alloy systems are among the easiest alloys to be electrodeposited 

because Ni and Co have close standard potentials (E°Ni = -0.250 V and E° = -0.277 V vs. SHE) 

[89]. However, it must be taken into consideration that deposition of Ni with Co is an anomalous 

codeposition [89]. Where Ni and Co with Fe form the iron group metals that codeposit 

abnormally [90]. An anomalous codeposition (as discussed extensively in section III.3.1.a) 

means that the less noble metal is deposited preferentially compared to the more noble metal. 

As in our case, the less noble metal Co is deposited preferentially over Ni. Therefore, it is not 

easy to control the Co/Ni ratio in the deposits by the ratio of the ions concentration in the bath 
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(Co2+/Ni2+). On the other hand, according to the Ni-Co alloy phase diagram (Figure I.10), the 

codeposition of Ni with Co under electrodeposition conditions (generally ambient pressure and 

temperature< 200°C) provides a monophasic α (fcc) solid solution extending from pure Ni to 

∼64 wt% Co, with a biphasic α (fcc) + ε (hcp) region extending from ∼64 to ∼74 wt. % Co, 

and a monophasic ε (hcp) region continuing to pure Co. 

I.5.3 Electrodeposition baths of nanocrystalline Ni and Ni-Co coatings 

I.5.3.a) Electrodeposition baths of nanocrystalline Ni coatings 

The first electrolytic nickel-plating bath was formulated by Watts in 1916. This bath contained 

nickel sulfate to provide nickel ions, nickel chloride or sodium chloride to help dissolve the 

nickel anode and boric acid as a buffering agent. The deposition parameters can be controlled 

(current density, pH, temperature, etc.) and specific additives can be added to this bath to control 

grain size and characteristics of deposits. Three other nickel electroplating baths were then 

experimented, namely a nickel sulfate bath, a nickel chloride bath and a nickel fluoborate bath. 

Each of them showed many advantages in addition to some inconveniences, which are listed in 

Table I.3. 

Table I.3: Nickel electroplating baths [92]. 

Bath type Sources of Ni2+ Advantages Inconveniences 

Sulphate bath (Watts 

bath) 
  NiSO4 with a small 

amount of NiCl2 

  Less expensive 

  Less corrosive to 

equipment 

  Easy to use 

  Lower internal 

stress in deposits 

Not available 

Sulphamate bath   Ni(NH2SO3)2 

with small 

quantities of 

NiCl2 

 

  High rate of 

deposition 

  Lower internal 

stress in deposits 

 

  High sensitivity to 

impurities 

  High cost of 

chemicals 

 

Chloride bath   NiCl2   Higher electrical 

conductivity 

  High cost of 

chemicals. 

  High corrosion 

  Higher internal 

stress in deposits 

Fluoborate bath   Ni(BF4)2   Deposits obtained 

similar to those 

from nickel 

sulphate bath 

  High cost of 

chemicals. 
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I.5.3.b) Electrodeposition baths of nanocrystalline Ni-Co coating 

Many different baths are used for the electrodeposition of Ni-Co coatings. These baths differ 

mainly in the sources of Ni and Co ions. The most popular are sulfate (Watts bath), sulphamate 

and chloride baths. Recently, other baths with specific additives have also been introduced, 

such as ionic liquid baths, citrate baths, pyrophosphate baths, gluconate baths, etc. Table I.4 

lists the advantages and disadvantages of the three most common baths. 

Table I.4: Ni-Co electroplating baths [88]. 

Bath type Chemicals Advantages Inconveniences 

Modified Watts bath   NiSO4 and CoSO4 

as sources of Ni 

and Co ions. 

  NiCl2 for enhance 

solution 

conductivity and 

solubility of Ni 

anodes. 

  Low cost. 

  Smooth and bright 

deposits. 

  Good corrosion 

resistivity of 

deposits. 

  Lower internal 

stress. 

Not available 

Sulphamate bath    Ni(NH2SO3)2 and 

Co(NH2SO3)2 as 

main sources of Ni 

and Co ions.  

  NiCl2 and CoCl2 to 

help dissolve 

anodes uniformly 

and to prevent 

anode polarization. 

  Lower internal 

stress in deposits. 

  Higher solubility. 

  Higher deposition 

rate. 

  Higher stability at 

pH range from 2 to 

4 and temperatures 

up to 60°C. 

  Very sensitive to 

impurities. 

  High expensive. 

  Possibility of 

hydroxides 

precipitation. 

 

Chloride bath   NiCl2 and CoCl2 as 

sources of Ni and 

Co ions. 

  NaCl or NH4Cl as 

supporting agents 

to enhance the 

cathodic current 

efficiency. 

  Higher electrolyte 

conductivity.  

  High hardness of 

deposits. 

  High cost of 

chemicals. 

  Higher internal 

stress of deposits. 

  High corrosively.  

 

In addition to the main constituents mentioned above, additives are frequently added to pure Ni 

and Ni-Co alloy electroplating baths in order to control the electrocrystallisation process for 

various purposes, such as achieving the appropriate composition, structure and morphology and 
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for improving the different properties [93]. The principal additives commonly added to Ni and 

Ni-Co electrodeposition baths and their roles are summarized in Table I.5. 

Table I.5: Bath additives used in Ni and Ni-Co electrodeposition [88]. 

Additive Role 

  Boric acid 

  Ammonium sulfate 

  Sodium dodecyl sulfate (SDS) 

  Thiosemicarbazide hydrochloride 

  Thiourea 

  Sodium saccharin 

  Saccharin 

  Dextrin 

  Gum Arabic 

 

  Gelatin 

  Sodium acetate 

  Citric acid 

  L-ascorbic acid 

 

  Triton X-100 

 

  1,4 butyne diol 

  Coumarin 

  1,3-naphthalene sulphonic acid 

  Formaldehyde 

  Glycine 

  Crotonaldehyde 

  Glycolic acid 

  Oxalic acid 

  2-butin-1,4-diol (BD) 

 

  FC 95TM 

  Sodium gluconate 

  Dodecyltrimethylammonium chloride 

(DTAC) 

  Buffer 

  Buffer 

  Surfactant 

  Surfactant 

  Surfactant, brightener 

  Stress reducing, grain refinement 

  Surface roughness reducing, brightener 

  Stress reducing, grain refinement, 

  Surface roughness reducing, improving 

the brightness and quality of coatings 

  Surfactant 

  Surfactant 

  Surfactant 

  Internal stress reducer, complexant, 

stabling the structure and properties 

  Internal stress reducer, stabling the 

structure and properties 

  Surface smoother 

  Anti- pitting agent 

  Brightener 

  Reducing the current efficiency 

  Stress reducer 

  Complexing agent 

  Complexant 

  Complexant 

  To control the internal stress; and grain 

size and texture 

  Wetting agent 

  Complexing agent 

  Cationic surfactant 

 

I.5.4 Applications of electrodeposited nanocrystalline Ni and Ni-Co coatings 

I.5.4.a) Applications of electrodeposited nanocrystalline Ni coatings 

Due to their good properties such as corrosion resistance [94], high hardness [95], wear 

resistance [28] and superplasticity [96], Ni is used as a coating material in many fields such as 

decoration [97], surface protection [98], electronics [94], micro/nano electromechanical 
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systems [99], etc. Figure I.11 shows the main areas of use of Ni coatings and the percentage of 

their use in each area. 

Figure I.11: The main applications areas of Ni coatings [100]. 

I.5.4.b) Applications of electrodeposited nanocrystalline Ni-Co coatings 

Alloying Ni with Co through electrodeposition allows obtaining physicochemical and 

mechanical properties better than those of pure Ni [86,101]. Ni-Co alloy coatings exhibit better 

adhesion, higher hardness, enhanced thermal stability, better anti-corrosion and anti-wear 

properties as well as improved magnetic properties [28,40,102–104]. Which offers 

opportunities for more and more applications. Figure I.12 summarizes the main applications of 

Ni-Co coatings. 

I.5.5 Properties of electrodeposited nanocrystalline Ni coatings 

I.5.5.a) Microstructural properties 

It is well known that the morphology of electrodeposited coatings can be strongly influenced 

by the type and composition of the electrolyte as well as the electrodeposition parameters 

(current density, pH, temperature, stirring, etc.). However, it is accepted that the morphology 

of electrodeposited nanocrystalline Ni coatings is dense, very smooth and generally tends to be 

colony-like [105–107] compared to their counterpart, microcrystalline Ni coatings which 

generally exhibit a pyramidal rough surface morphology [105,108–111]. Figure I.13 [112] 

provides a comparison between the morphology of microcrystalline and nanocrystalline Ni 

coatings elaborated at Watts bath with different electrodeposition techniques, namely direct 

current (DC), pulsed current (PC) and pulsed reverse current (PRC) electrodeposition. It is clear 
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that all microcrystalline Ni coatings are characterized by a pyramidal rough surface morphology 

(Figure I.13 (a)-(c)). However, the saccharin (as grain growth inhibitor) adsorbs on the active 

sites of pyramids, inhibits their growing [41,66,105], and leads to very smooth granular 

morphology in the case of nanocrystalline Ni coatings (Figure I.13 (d)-(f)).               

Figure I.12: The main applications of electrodeposited Ni-Co coatings [88]. 

The DRX analysis of pure Ni coatings shows that they are consistently characterized by a pure 

face-centered cubic (fcc) crystal structure. On the other hand, the texture of the nanocrystalline 

Ni coatings is influenced by the used electrolytes and the electrodeposition conditions. 

However, the (111) and (200) crystallographic orientations were found to be predominant in 

the texture of pure nanocrystalline Ni coatings [105–107,113,114]. Figure I.14 (a) [113], 

provides a comparison between the annealed microcrystalline Ni coating and the 

electrodeposited nanocrystalline Ni coating, while Figure I.14 (b) [106] provides a comparison 
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between the microcrystalline Ni coating electrodeposited in the absence of saccharin and the 

nanocrystalline Ni coating electrodeposited in the presence of saccharin as grain refiner.  The 

first observation that can be drawn is that the all the coatings showing fcc crystal structure with 

(111) and (200) as preferred orientations, while the second observation is that the 

nanocrystalline Ni coatings show broad peaks compared to their microcrystalline counterparts, 

which can be explained by the grain refinement [106,107,113]. 

Figure I.13 : Morphologies of microcrystalline and nanocrystalline Ni coatings 

electrodeposited with DC (a) and (d) ; PC (b) and (e) ; PRC (c) and (f). 

Figure I.14 : Comparaison of XRD pattern of  nancrystalline Ni coating with annaealed Ni 

(a) and microcrystalline Ni coating (b). 

I.5.5.b) Mechanical properties 

The hardness of electrodeposited nanocrystalline Ni coatings can be strongly affected by the 

applied electrodeposition parameters as shown in Figure I.15 (a) and (b) [115] in the case of 
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different current densities and different bath temperatures, respectively. Compared with Figure 

I.15 (c) and (d), it can observed that these changes in the hardness are inversely proportional to 

the variation in the grains size of the electrodeposits. Where the hardness of the coatings 

increases with the decrease of the grains size, which is known as the Hall-Petch effect (detailed 

in section III.3.1.c). Many studies have reported that the microhardness of Ni coatings increases 

as the grains size decreases from micrometer to nanometer, as can be seen in Figure I.16 (a) 

[23]. This microhardness increase also continues by grain size decreasing in the nanometer 

order [23,77,107,116], as can be seen in Figure I.16 (a) and (b). However, a deviation from the 

Hall-Petch relation is noticed in the nanometer scale as can be seen in Figure I.16 (a) and (b). 

The grain size value of deviation or even failure of the Hall-Petch relation is not consistent 

between studies. This value was found below 62 nm by Jeong et al [23], below 8 nm by Mishra 

et al [116] and below 45 nm by Wang et al [107]. While Erb et al [77] claimed that the Hall-

Petch relationship fell apart at a grain size of less than 30 nm. The mechanism of deviation and 

failure of Hall-Petch relationship is also not clear. Several factors have been proposed in the 

literature as being responsible for this deviation, such as suppression of dislocation stacking 

[116], diffusional creep [77], larger grain boundary fraction [117], and increased porosity of 

deposits with small grain sizes [118]. 

I.5.5.c) Tribological properties 

The tribological performances of electrodeposited Ni coatings are found to be influenced 

mainly by their hardness related to their grain size. Jeong et al [23] and Wang et al [107] 

recorded that the wear rate of Ni coatings decreases with increasing their hardness (Figure I.17 

(a)), which is in agreement with Archard's law (detailed in IV.3.1.d). It is also revealed that the 

friction coefficient is strongly influenced by the decrease in grain size of the electrodeposited 

Ni coatings. Wang et al [107] found that the friction coefficient decreases from 0.75 to about 

0.62 when the grain size reduces from 3 m to 16 nm (Figure I.17 (b)). Similarly, Mishra et al 

[116] reported that the friction coefficient decreased from about 0.75 to about 0.15 when the 

grain size of Ni electrodeposits went from 61 m to 8 nm. Meanwhile, SEM observations of 

the worn surface morphologies of Ni electrodeposits (Figure I.18 (a)-(c) [107]) showed that the 

wear mechanism gradually transforms from a severe adhesive wear accompanied by plastic 

deformation and delamination to a mixed abrasive-oxidative wear, as a result of hardness 

increase following the decrease in crystallite size from the micrometric to the nanometric order. 
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Figure I.15: Effect of current density and temperature on hardness (a)(b) and grains size of 

nanocrystalline Ni coatings (c)(d) [115]. 

Figure I.16: Relationship between hardness and grain size of Ni electrodeposited coatings. 

  



CHAPTER I:                                                                                                             Literature review 

 

36 

 

Figure I.17: Wear rate vs. hardness (a) and friction coefficient vs. crystallites size of Ni 

electrodeposits (b). 

Figure I.18: Worn surface morphology of electrodeposited Ni coatings with crystallites size 

of (a) 3 m, (b) 250 nm and (c) 16 nm. 

I.5.6 Properties of electrodeposited nanocrystalline Ni-Co coatings 

I.5.6.a) Microstructural properties  

The morphology of nanocrystalline Ni-Co coatings can be affected essentially by their cobalt 

content, which can be controlled by the conditions of electrodeposition such as the bath 

composition [42,111], the current density [35,119], pH [36,120], agitation [108,121] and the 

bath temperature [122,123], etc. Figure I.19 depicts the effect of some electrodeposition 

parameters and experimental conditions on the Co content of Ni-Co alloy coatings.  While, 

Figure I.20 [40] and Figure I.21 [124] illustrate the effect of Co content on the morphology of 

microcrystalline and nanocrystalline Ni-Co electrodeposits, respectively. Remarkably, the 

morphology of Ni-Co coatings exhibits almost the same behavior in both scales with the 

increase of Co content. Where, the morphology change gradually from polyhedral crystallites 

like those of pure Ni electrodeposits to a branched structure similar to that of pure Co coatings. 

Regarding nanocrystalline Ni-Co alloy coatings, as can be seen in Figure I.21, the Ni-rich ones 

(≥ 39 wt.% Co) exhibit generally polyhedral crystallites of nanometric dimensions. As the Co 
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content in the coatings increases from about 7 to 66 wt.%, the crystallite size gradually 

decreases and the structure takes the form of smaller, less compact spherical clusters. Whereas, 

Co-rich nanocrystalline Ni-Co coatings (≥80 wt.% Co) exhibiting a branched structure (fiber-

like structure) with acicular crystallites of about 1m in length. 

Figure I.19: The effect of some electrodeposition parameters on the Co content of Ni-Co 

coatings: (a) bath Co content [39], (b) current density [125], (c) temperature [126] and (d) pH 

[125]. 

Figure I.20: SEM morphologies of microcrystalline Ni-Co coatings with different Co 

content: (a) 0 wt.%, (b) 7wt.%, (c) 66 wt.% and (d) 81 wt.% [40]. 
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Figure I.21: SEM morphologies of nanocrystalline Ni-Co electrodeposits with (a) 14 wt.%, 

(b) 39 wt.% and (c) 84 wt.% Co content [124]. 

The crystal structure of Ni-Co electrodeposits also changes gradually from α (fcc) to ɛ (hcp) 

phase with increasing Co content [29,127,128]. Figure I.22 shows two examples about the XRD 

patterns of Ni-Co coatings with different Co content, taken from the study of Ma et al [29] (a) 

and Lupi et al [129] (b).  It can be seen that, Ni and Ni-Co rich coatings (65 wt.% Co) exhibit 

a single-phase α (fcc) crystal structure. Ni-Co coatings with Co content between 65 and 78 wt.% 

contain a mixture of α (fcc) and ɛ (hcp) phases, while Co-rich Ni-Co coatings (≥ 78 wt.% Co) 

are characterized by a single-phase ɛ (hcp) structure similar to that of pure Co coatings. These 

changes in crystal structure are in good agreement with the changes in the phase structure 

depicted in the binary phase diagram of Ni-Co alloys at ambient temperature (Figure I.10). On 

the other hand, the nanocrystalline Ni-Co alloy electrodeposits in the major cases exhibit two 

preferred crystallographic orientations (111) and (200) [30,33,42,130,131], however others 

orientations  can be more dominants in some cases [132,133]. These differences are generally 

due to the different baths and electrodeposition parameters used. 

I.5.6.b) Mechanical properties 

The microhardness of nanocrystalline Ni-Co electrodeposits is strongly influenced by the 

electrodeposition conditions such as the bath Co content [29,42], the current density [35,119], 

the bath temperature [33,43], the bath pH [43], etc. The latter parameters mainly influence the 

Co content and the crystallites size of Ni-Co coatings. Figure I.23 illustrates the effect of Co 

content and crystallites size on the microhardness of Ni-Co coatings. It can be observed that the 

microhardness of Ni-Co initially increases with increasing Co content from 0 to about 49 wt%, 

but gradually decreases with further increase of Co content in the coating. A similar evolution 

of microhardness has been reported by Srivastava et al [102] and Golodnitsky et al [124]. This 

decrease in hardness when the Co content exceeds 50 wt.% coincided with the formation of a 

branched (fiber-like) structure and the transformation of the crystal structure from fcc to hcp 

[29,40,102]. Furthermore, it can be observed that the evolution of the microhardness of Ni-Co 
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coatings with the variation of grain size follows a quasi Hall-Petch gradient (Figure I.23 (b)), 

which is the same finding reported by [108]. However, a an anomalously deviation from Hall-

Petch gradient were reported by Ma et al [134] for the  electrodeposited nanocrystalline Ni-Co 

coating with grain size below 15 nm, which was attributed to the loose microstructures and the 

high porosity of such coatings. 

Figure I.22: XRD patterns of Ni-Co electrodeposits with different Co contents. 

Figure I.23: Microhardness of Ni-Co coatings as function of Co content (a) and d-0.5 (b). 
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I.5.6.c) Tribological properties 

According to the study of Ma et al [79], the Ni-Co coatings showed tribological and anti-wear 

performances comparable to those of hard chromium. Nevertheless, the tribological behavior 

of Ni-Co coatings depends on their Co content [39,40]. Wang et al [40] revealed that Co-rich 

Ni-Co coatings (≥ 50 wt.% Co) were characterized by better tribological properties than Ni and 

Ni-rich Ni-Co coatings (< 50 wt.% Ni).  As can be seen in Figure I.24 (a), Ni and Ni-rich 

coatings with α (fcc) crystal structure show almost the same friction coefficient. The friction 

coefficient of Ni-Co coatings starts to decrease significantly when the Co content exceeds 50 

wt.% and experiences a dramatic reduction when the Co content is above 80 wt.%. These 

changes in the friction coefficient of the coatings with increasing Co content coincide well with 

the phase transformations from α (fcc) to α (fcc) + ɛ (hcp) and subsequently ɛ (hcp). At the 

same time, it can be seen that the wear rate of Ni-Co coatings (Figure I.24 (b)) decreases with 

increasing Co content. The decrease in wear rate with increasing Co content from 0 to 49 wt.% 

was attributed to the increase in hardness from 253 to 462 HV, which is consistent with 

Archard's law (eq.II.2) that relates wear rate proportionally to the inverse microhardness of 

materials. However, despite the hardness decrease, a dramatic decrease in wear rate is observed 

when the Co content is greater than 50 wt.% what contradicts the Archard's law. Thus, this 

inverse Archard's law can be thought to be attributed to the hcp crystal structure of Co-rich 

coatings. Where some studies [135,136] have reported that hcp structured Co-based alloys (Co-

Re, Co-Mo and Co-Cr) exhibit superior tribological performance compared to their fcc 

structured counterparts.  

Figure I.24: Friction coefficient (a) and wear rate (b) vs. Co content of Ni-Co coatings [40]. 

Furthermore, SEM observations of the worn surface morphologies (Figure I.25 (a)-(b)) revealed 

that the pure Ni and Ni-rich Ni-Co (27 wt.%) coatings with fcc structure exhibited an adhesive 
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wear mechanism with significant plastic deformation in the friction direction. Conversely, the 

hcp-structured Co-rich coating (81 wt.%) showed a smooth wear pattern with smaller damaged 

regions and very slight adhesions; almost the same observations regarding the effect of Co 

content on the wear behavior of Ni-Co electrodeposits were reported by Ma et al [39].  

Figure I.25: Wear tracks of pure Ni (a)  and Ni-Co alloy electrodeposits with 27 wt.% Co (b) and 81 

wt.% Co (c) [40]. 
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CHAPTER II: EXPERIMENTAL METHODS 

II.1 INTRODUCTION 

In this chapter, we focus on the experimental means used during our work. It is divided into 

two parts that present successively the tools used during the various stages of electrodeposition 

and analysis of coatings. The first part gives an overview of the materials and equipment used 

during the electrodeposition process, such as the composition of different substrates and their 

specific surface preparations, the composition of the electrolytes. The experimental setup is also 

detailed, as well as the plating conditions. A second part is dedicated to the description of the 

different characterization techniques used to analyze the composition as well as the 

electrochemical, microstructural, morphological, mechanical and tribological properties of the 

substrates and the elaborated coatings.  

II.2 COATINGS ELECTRODEPOSITION 

II.2.1 Materials and chemicals  

II.2.1.a) Type and chemical composition of the used substrates 

Three metallic materials of different compositions are used in this work as substrates for the 

electroplating of the various coatings. The chemical compositions of the three metals used as 

substrates are summarized in Table II.1. 

Table II.1: The composition of the different metals used as substrates. 

Substrates Chemical composition 

StW24 Steel 
C Si P S Mn Fe 

0.08 0.0435 0.0143 0.0146 0.354 99.5 

Copper 
Si P S Cu 

0.251 0.0291 0.0198 99.7 

 

 

Brass 

Si Fe Pb Zn Cu 

0.0589 0.121 1.57 38.5 59.7 

 

II.2.1.b) Substrates preparation  

 Cutting: StW24 Steel, copper and brass discs with a diameter of 20 mm are cut by the 

use of the STRUERS ACCUTOM-100 laboratory chainsaw to obtain discs of identical 

thickness (4 mm). 
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 Resin-embedding: The steel, copper and brass discs (substrates) obtained after the 

cutting operation are hot-embedded with a phenolic resin using the STRUERS 

CITOPRESS-30 to delimit a surface of 3.14 cm2. The embedded substrates are shown 

in Figure II.1. 

 

Figure II.1: The geometry of the resin-embedded discs used as substrates. 

 Mechanical polishing: After the resin-embedding, the substrates are mechanically 

polished with STRUERS TegraPol-35 mechanical polisher using Si-C abrasive papers 

(220, 500, 800, 1200, 2400 and 4000 grade).   

 Chemical degreasing: After the polishing operation, the polished substrates are 

chemically degreased in a special commercial solution of pH= 11 (Fisher scientific) 

using an ultrasonic bath. 

 Electrical connecting: To ensure electrical contact with the substrate, the resin-

embedded substrates are then pierced laterally and soldered with copper electrical 

contact wires as shown in Figure II.2. 

Figure II.2: The shape of the substrate prepared as cathode. 
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 Chemical Polishing: Finally, the substrates are activated in HCl acid solution (10% per 

volume) for 20s, rinsed with distilled water and immersed directly in the electroplating 

bath.  

II.2.2 Composition of the electroplating bath 

In this work, the different coatings are electrodeposited from a modified Watts bath. The names, 

the chemical formulations, the roles and the marks of all products used in this study for the 

formation of the various electroplating baths are summarized in Table II.2. 

Table II.2: The composition of the used electroplating baths. 

Product name 
Chemical 

formulation 
Role 

Mark and 

Purity 

Nickel sulfate 

hexahydrate 
NiSO4.6H2O 

As first source of metallic 

nickel 

Sigma-

Aldrich 

(99%) 

Nickel chloride 

hexahydrate 
NiCl2.6H2O 

As second source of metallic 

nickel and to improve the 

conductivity in the bath 

Sigma-

Aldrich 

(≥98%) 

Cobalt sulfate 

heptahydrate 
CoSO4.7H2O As source of metallic cobalt 

Sigma-

Aldrich 

Reagent 

Plus® (≥99%) 

Boric Acid H3BO3 

As a buffering agent to fix the 

solution pH and to limit the 

alkalization and the formation 

of metal hydroxides near the 

substrate [137] 

Sigma-

Aldrich 

(≥99.5%) 

Saccharin C7H5NO3S 
As grain refiner and stress 

reliever agent [79]  

Sigma-

Aldrich 

(≥99%) 

Sodium 

dodecylsulfate 

(SDS) 

CH3(CH2)11OSO3Na As surfactant [138]  

Sigma-

Aldrich 

≥98.5% 

2-butyne-1,4-

diol (BD) 
HOCH2C≡CCH2OH 

As grain refiner and stress 

reliever agent [31] 

Sigma-

Aldrich 

(99%) 

II.2.3 Experimental parameters and setup 

II.2.3.a) Experimental parameters 

The different coatings are electrodeposited in this study by the use of direct courant 

electrodeposition process (DC).The experimental parameters used in the electrodeposition of 

the different coatings are summarized in Table II.3. 

 

https://www.sigmaaldrich.com/catalog/product/sigald/227676?lang=en&region=DZ
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Table II.3: The experimental conditions used for the elaboration of the different coatings. 

Parameters Values 

Current density 3-4 A/dm2 

Temperatures 25-85°C 

Electrolyte pH 3-4 

Agitation Magnetic stirrer with a speed of 300 rpm 

Electrodeposition duration 30-120 min 

 

II.2.3.b) Experimental set-up  

The electrodeposition experimental set-up used in this work is shown in Figure II.3. A double-

walled pyrex glass cell with a total volume of 150ml is used as a container for the electrolyte 

solution. Previously prepared steel, copper and brass substrates are used as cathodes. A pure 

nickel disc with high purity (99.99%) is used as a soluble anode. All the potential values are 

measured against a Calomel reference electrode saturated with potassium chloride (SCE). The 

bath temperature is controlled by the use of a thermostatic bath with water circulation (Fisher 

scientific-Polystat 36). During all the electroplating process, the solution is continuously stirred 

by a magnetic stirrer bar (6mm diameter × 30mm length) at a speed of 300rpm. The current 

intensity and the potential in the electrochemical cell are supplied and controlled by the use of 

302N Autolab galvanostat-potentiostat piloted by a computer using Nova 1.7 software. 

Figure II.3: The experimental set-up used for the electrodeposition of different coatings. 

 

Reference electrode 

(saturated Calomel)

StW24 substrate (cathode)

Magnetic stirrer

Pyrex glass cell

(double-walled)

Teflon lid

Electrolyte

Stirrer bar

Anode (pure 

Ni)

Thermostatic 

bath with water 

circulation

Hose

Galvanostat-Potensiostat
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II.3 COATINGS CHARACTERISATIONS 

II.3.1 Chronopotentiometry 

Chronopotentiometry (CP) is one of the simplest electrochemical methods. It consists in 

carrying out constant current electrolysis at the electrode and monitoring the variation of the 

potential as a function of time. The variation in potential is related to the change in concentration 

of the electroactive species at the electrode. In this work, all the deposits are made by imposed 

current mode. The intensity of the current flowing between the working electrode (substrate) 

and the anode (nickel disc) is kept constant by 302N Autolab galvanostat-potentiostat (see 

Figure II.3). The variations in the potential of the working electrode are recorded as a function 

of time over the entire duration of the deposition. Figure II.4 (a) shows the most used regimes 

in the present work (3 and 4A/dm2), while Figure II.4 (b) presents some examples on 

chronopotentiometric curves obtained during the electrodeposition of Ni-Co coating at different 

bath temperatures. 

 
Figure II.4: Examples on the used current regimes (a) and on the obtained curves during Ni-

Co electrodeposition (b). 

II.3.2 Wavelength Dispersive X-ray Fluorescence Spectrometry (WD-XRF) 

X-ray fluorescence spectrometry is a global elemental analysis technique for identifying and 

determining most of the chemical elements that constitute a sample. This technique can be used 

for a wide variety of materials: minerals, ceramics, cements, metals, oils, water, glass, etc., in 

solid or liquid form. It allows the analysis of all chemical elements from Beryllium (Be) to 

Uranium (U) in concentration ranges from a few ppm to 100%, with precise and reproducible 

results. In X-ray fluorescence spectrometry, the sources of X-rays usually used are X-ray tubes 

or radioactive sources (especially for portable devices but which are tending to disappear with 

the development of mini-tubes). Because of their high energy, the X-photons emitted by the 
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tube have the capacity to extract electrons located on the layers close to the atomic nucleus. The 

atom then ionized will tend to return to a state of equilibrium, an electron of a more external 

layer will come to fill the gap left by the electron that has been ejected. This electronic transition 

is accompanied by a release of energy in the form of an X-photon of energy (Figure II.5 (a) 

[139]). It is the phenomenon of X-ray fluorescence, which is a secondary emission of X-rays 

characteristic of the atoms that constitute the sample. The analysis of this secondary X-radiation 

makes it possible to know the nature of the chemical elements present in a sample as well as 

their mass concentration. 

For the analysis of X-ray fluorescence radiation emitted by the sample, there are two main types 

of equipment: Wavelength Dispersive X-ray Fluorescence Spectrometers (WD-XRF) and 

Energy Dispersive X-ray Fluorescence Spectrometers (ED-XRF). In the present work, the 

composition of substrate and deposits is determined using Rigaku ZSX Primus IV wavelength 

dispersive X-Ray fluorescence spectrometer (WD-XRF), equipped with a 3/4 kW sealed X-ray 

tube and a 48-position auto-sampler, allows the vacuum analysis from Be to U. 

Figure II.5: The principle of X-ray fluorescence spectrometer (a) and the used Rigaku ZSX 

Primus IV X-Ray fluorescence spectrometer (b). 

II.3.3 Metallographic observation 

After the specimens preparation processes (embedding, pre-polishing and polishing), we resort 

to chemical etching. Chemical etching is often applied to differentiate and improve the contrast 

of existing phases in order to reveal their micro or macrostructure. Two reagents are used in 

this work for chemical etching, the first reagent is technically known as Nital 3%. It is used for 

the chemical etching of StW24 steel (the metal used as a substrate in the majority of this work). 

The second reagent is used for etching of Ni-Co alloy coatings. The composition of the two 

 (a) 
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chemical reagents used for etching is shown in Table II.4. The duration of the etching is about 

15 to 20 seconds at room temperature. Once the effect of the etching is clearly visible on the 

sample (a small variation in the color of the etched surface), a washing of the surface with a 

water jet is carried out to stop any reaction. In order to leave no water traces on the surface, the 

samples are dried with hot air. After chemically etching of the samples, we use optical 

microscopy to observe the microstructure of different samples. The optical microscope used in 

the observation is an inverted metallographic microscope type, with a magnification capacity 

ranges from 25x to 1000x, operating in bright and dark field and equipped with a device for 

taking photos (HD camera + PC). Figure II.6 provides a photo of the used Axio Observer 1M 

optical microscope and an example of metallographic observation on StW24 steel used as 

substrate. 

Table II.4: Nature and composition of the different used substrates. 

Attacked metal Etching solution composition per volume 

StW24 steel substrate Nitric acid (3%) Ethyl alcohol (97%) 

Ni-Co coating Nitric acid (20%) 
Chlorohydric acid 

(80%) 

 

Figure II.6: The used Axio metallographic microscope (a) and an example of metallographic 

observation on StW24 steel used as substrate (b). 

II.3.4 X-ray diffraction (XRD) 

X-ray diffraction is a technique whose use ranges from the simple identification of crystals to 

the determination of their atomic structure. It can provide very valuable crystallographic 

information (atoms arrangement, lattice parameters, etc.) on a wide variety of materials (metals, 

polymers, ceramics and composites). It makes possible to identify the composition of the phases 

in presence as well as their evolution and transformations, the quantitative portions of the phases 
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in some cases (within the precision limits of the technique), the size of the crystallites (grains) 

and their orientation on the surface layers of the material (about 10 µm), as well as the 

macro/micro stresses. The X-ray diffraction technique is based on the fact that a crystal lattice 

consists of a stack of families of parallel and equidistant reticular planes. The incident x-ray 

beam is partially reflected from the foreground. The unreflected beam "falls" onto the second 

plane to be partially reflected again and so on and so forth. In order for the waves scattered by 

the different planes to be in phase and for the total intensity of the scattered wave to be 

significant, the Bragg’s law [140] in relation (eq.II.1) must be verified: 

𝒏𝝀 = 𝟐𝒅 𝒔𝒊𝒏𝜽 (II.1) 

Where 𝒅 is the distance of the reticular planes, 𝝀 is the wavelength and 𝒏 the order of reflection. 

This relationship shows that it is sufficient to measure the Bragg angles 𝜽 to determine the 

dimensions and shape of the crystal's elementary lattice (Figure II.7 (a)). The amplitudes of the 

reflected waves are used to determine the atomic structure of the pattern. The operating 

principle of the x-ray diffractometer is shown in Figure II.7 (b) [141]. 

Figure II.7: Schematic representation of the Bragg equation (a) and the operating principle of 

the x-ray diffractometer (b). 

In the present work, the X-ray diffraction was performed with a Philips X'Pert Pro MPD type 

apparatus (see Figure II.8) equipped with a copper anti cathode (λ= 1.54 Å). This diffractometer 

is based on a Bragg Brentano mounting for which the sample-detector distance is constant 

whatever the angle θ between the incident beam and the diffracting planes. The identification 

of the phases was done by comparing the X-ray diffraction patterns with the international 

 (b)  
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database (ICDD: International Centre for Diffraction Data) using HighScore Plus software 

(PANalytical X'Pert).  

 

Figure II.8: The used Philips X'Pert X-ray diffractometer. 

II.3.5 Scanning electron microscopy (SEM) and Microanalysis X 

SEM allows to study the surface morphology of practically all solid materials, at scales ranging 

from that of the magnifying glass (x10) to that of the transmission electron microscope 

(x500,000 or more). The operation principle of scanning electron microscopy is based on an 

electron beam (electron sonde) scanning the surface of the sample to be analyzed. Figure II.9 

(a) [142] illustrates the principle scheme of SEM, where the interaction between the electron 

beam and the sample generates secondary low-energy electrons that are accelerated towards a 

secondary electron detector that amplifies the signal. At each point of impact, there is an 

electrical signal. The intensity of this electrical signal depends both on the  nature of the sample 

at the point of impact which determines the secondary electron yield and on the topography of 

the sample at the point under consideration. It is thus possible, by scanning the beam over the 

sample to obtain a cartography of the scanned area. For conventional SEM, the analyzed 

material must be conductive in order to avoid charging phenomena due to electrons, so the 

metallization must be carried out for example with carbon or gold for the insulations. SEM at 

controlled pressure (known as environmental or low vacuum) allows observation in a vacuum 

of up to 30 mbar, thus making it possible to examine wet or greasy samples and  insulators 

without prior metallization (ceramics, polymers and corroded metals), or even in the presence 

of liquid. The association of the microscope with a microanalyzer allows the detection of 
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continuous background characteristic X-rays (1µm) to establish the X-mapping of the analyzed 

sample: this is the EDS (X Energy Dispersive Spectroscopy) mode. This mode establishes a 

cartography of the distribution of the elements present over a chosen range. As many X-

cartographies are edited as there are elements to analyze. 

In the present work, the morphology and the microstructure of the elaborated coatings were 

observed with a high-resolution scanning electron microscope (SEM) JEOL JSM-7000 F (see 

Figure II.9 (b)). It allows to work with an acceleration voltage ranging from 0.1 to 30 kV and 

at an adequate resolution (1 nm to 15 kV) discriminating the main structural elements (less than 

500 nm). The instrument is equipped with an Oxford Instruments X-ray Energy Dispersion 

Analyzer (EDS), allowing the analysis and the identification of the chemical/elemental 

composition of each phase within the material from a sub-micron volume. Different EDS 

analysis techniques are used in this study to determine the elements present in the elaborated 

coatings, the wear tracks and in the wear debris such as: spot analyses in judiciously chosen 

areas, concentration profiles along the wear tracks, elements distribution cartographies and 

spectral maps. 

Figure II.9: The principle scheme of scanning electron microscope (a) and the used JEOL 

JSM-7000 F scanning electron microscope (b). 

II.3.6 Profilometery 

The profilometer is a high-precision instrument used to analyze topography and surface 

roughness. The resolution of this instrument is lower than that of the AFM, but the analysed 

surfaces can have a high relief (up to 1.5 mm). To perform the measurement, a stylus gently 

(a) (b) 
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scans the surface while the vertical deflection is measured continuously. This data is used to 

generate 2D or 3D profiles of the sample topography. 

Figure II.10: The principle of sensor contact profilometer (a) and the used AlphaStep D-500 

Stylus Profiler (b). 

 

Figure II.11: An example on the measurement of the coating thickness (a) and the wear track 

profile (b). 

(a) 

(b) 

(a) (b) 
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In the present work, the acquisition of surface profiles and roughness, coating thicknesses and 

wear grooves was carried out with a high-sensitivity computerized AlphaStep D-500 Stylus 

Profiler (KLA-TENCOR) (see Figure II.10) equipped by a stylus with a radius of 2 µm. It is 

capable of precisely measuring step heights ranging from less than 10 angstroms to 1.2 

millimeters. An example of how to measure the coating thickness and the wear track profile is 

shown in Figure II.11. 

II.3.7 Confocal Microscopy 

Confocal microscopy is a non-destructive optical technique for obtaining optical sections not 

only in the (X,Y) plane but also in a (X,Z) plane parallel to the optical axis, which can be 

reconstructed in three dimensions. These "virtual" optical sections do not affect the entire 

sample as opposed to the physical sections required in electron microscopy. The latest 

developments in confocal fluorescent microscopy make it possible to observe remarkable 3D 

structures using marking means based on the use of fluorescent products. A CCD sensor thus 

gives an XZ image. Only one scan is then necessary (in Y) to make the 3D measurement. The 

principle of confocal microscopy is illustrated in Figure II.12 (a) [143]. 

2D and 3D microscopic observations of the surface topography and wear grooves, the 

measurement of roughness and total worn volume were carried out in this work using a Leica 

DCM8 confocal microscope (Figure II.12 (b)). 

Figure II.12: Schematic diagram of the principle of confocal laser scanning microscopy (a) 

and the used Leica DCM8 confocal microscope (b). 

 

 

 

(b) (a) 
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II.3.8 Atomic Force Microscopy 

Atomic force microscopy (AFM) is a technique of choice for the detailed analysis of surface 

morphology, and the observation of eventual pores or coating defects. Contrary to the scanning 

electron microscope, it can be used with non-conductive samples without the need to metallize 

the surface. This technique is based on the detection of variations in force between a very small 

probe and a surface. A point placed at the extremity of a flexible lever, called a micro-lever (or 

cantilever) scans the surface. The forces between the point and the surface cause deflections of 

the micro-lever, which are detected by a laser optical system. The sample under study is 

mounted on a piezoelectric tube that allows movement in the three spatial directions. As the 

interaction force varies from point to point, there are variations in the deflection of the micro-

lever. A retroaction loop maintains the position of the micro-lever constant by acting on the 

piezoelectric tube whose voltage variations are used to construct the images (Figure II.13 (a) 

[144]). 

The analysis of the surface morphology was carried out in the present work with a MFP-3D 

Classic AFM (Asylum Research, see Figure II.13 (b)) equipped with AC240TS cantilevers, 

which are manufactured by Olympus. The AC240TS has a spring constant of ~2N/m and a 

resonant frequency of ~70 kHz, with very small bending radii (~ 2 nm) in intermittent contact 

mode (tapping mode) in order to detect eventual small pores in the coating. In this mode, the 

point is driven to oscillate at a frequency close to its resonant frequency with a large vibration 

amplitude. The point hits the surface periodically changing from an attractive regime (Van der 

Waals) to a repulsive regime (due to the covering of electronic clouds).  

Figure II.13: A schematic representation of the AFM instrument (a) and the used MFP-3D 

atomic force microscope (b). 

(a) (b) 
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II.3.9 Micro and Nano indentation 

The determination of the mechanical characteristics, hardness and elastic modulus, was carried 

out for each sample by means of micro and nanoindentation tests. 

II.3.9.a) Micro-indentation 

The general principle of the indentation test is to apply an indenter to the surface of the material 

to be tested. Under the effect of a load, the indenter sinks into the material causing elastic and 

plastic deformations. The imprint size is related to the applied force. In fact, the greater the 

force, the larger the size of the residual imprint. The general relationship of hardness is [145]:  

𝑯 =
𝑷

𝑨
 (II.2) 

Where 𝑷 = the applied load and 𝑨 = the representative surface of the imprint. 

The micro-indentation test has greatly extended the capabilities of the indentation test because 

it allows very low forces to be applied and hardness measurements to be taken on thin layers 

and coatings of at least ten microns in thickness. According to the geometrical shape of the 

indenter we can distinguish: Vickers micro-hardness (HV), Brinell micro-hardness (HB) and 

Rockwell micro-hardness (HRB and HRC). Vickers microhardness is characterized by an 

indenter in the form of a diamond pyramid with a square base and a vertex angle of 136° 

between two opposite faces. A load F is applied to the indenter (Figure II.14 (a) [146]). Because 

the size of the square indentation left by the indenter is usually very small, its diagonals are 

measured by optical microscopy to calculate the hardness of the sample. The Vickers hardness 

(HV) is calculated by equation (II.3) [147]: 

𝑯𝑽 =
𝟐𝑭𝒔𝒊𝒏(

𝟏𝟑𝟔°
𝟐 )

𝒈. 𝑫𝟐
= 𝟏. 𝟖𝟓𝟒 

𝑭

𝑫𝟐
 (II.3) 

Figure II.14: Principle of Vickers micro-indentation essay (a) and the used Tukon 2500 

Vickers micro-durometer (b). 

 
(a) (b) 
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Where F is the applied load (in N) and D is the average of the two diagonals of the imprint in 

millimetres. 

𝑫 = (𝒅𝟏 + 𝒅𝟐 𝟐)⁄  (II.4) 

In this work, a branded Vickers micro durometer (BUEHLER, model Tukon 2500, Figure II.14 

(b)) is used to qualify the hardness of substrates and elaborated coatings. Different charges are 

applied and the holding time for each test is 15s. 

II.3.9.b) Nano-indentation 

Nano-indentation is a technique that is attracting considerable interest in the field of thin films 

and coatings. During the mechanical characterization of coatings, characteristic values may be 

distorted as a result of the deformation of the substrate caused by the high load applied to it. In 

order to avoid this phenomenon, the maximum penetration of the indenter tip must be very 

small compared to the thickness of the deposit. When using this method, the load applied is of 

the order of a few tens of micro-newtons (µN) and the penetration depth of the indenter varies 

from a few tens of nanometers (nm) to a few micrometers (µm). Nano-indentation is used to 

determine several mechanical properties such as hardness, Young modulus, toughness, 

adhesion, creep, etc. 

The principle of this test consists of driving the indenter tip onto the surface of the deposit. The 

evolution of the indentor tip penetration under the load applied during loading and unloading 

makes it possible to determine the elastic and plastic response of the deposit. After this, the 

charge/discharge curve as a function of depth is determined. This curve is divided into two parts 

(Figure II.15). The loading part, which shows the penetration of the indentor up to the maximum 

penetration (hmax). In this part, there is a contribution of elastic and plastic deformations. The 

second part of the discharge represents the removal of the indenter tip that leads to a residual 

imprint with a depth (hf). The real penetration depth of the indenter at maximum load is hc. The 

slope of the charge/discharge curve represents the stiffness S of the material. The hardness and 

the elasticity modulus of the deposit can be determined from the following equations [145,148]: 

𝑯 =
𝑷𝒎𝒂𝒙

𝑨
 (II.5) 

𝑬 =
√𝝅

𝟐

𝑺

√𝑨
 (II.6) 

𝑺 =
𝒅𝑷

𝒅𝒉
 (II.7) 
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Where 𝑷𝒎𝒂𝒙 is the maximum indentation load in mN, 𝒉 is the penetration depth of the indenter 

in nm, 𝑨 is the area of indentation projection on the coating surface in nm2, 𝑬 is the elasticity 

modulus in (GPa) and 𝑺 is the contact stiffness in mN/nm. 

To perform the nano-indentation tests we used a TTX NHT Micro-nano indenter "CSM 

Instrument". This latter is equipped with a Berkovich type indenter (pyramid-shaped diamond 

tip with a triangular base). For each sample, we have made a matrix of 9 equidistant indentations 

(Figure II.16 (a)). The parameters retained for the nano-indentation tests are normal load = 200 

mN, loading rate = 400 mN/min, pause at maximum load = 10s, unloading speed: 400 mN/min.  

Figure II.15: Schematic description of nanoindentation testing (a) and an example of load-

displacement curves obtained for Ni-Co alloy coating (b). 

Figure II.16: SEM micrograph of the performed nanoindentation imprints (a) and the used 

TTX NHT nano indenter (b). 

(b) (a) 

(b) (a) 
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II.3.10 Scratch test 

The scratch test is a generalization of the two-dimensional indentation test. A diamond indenter 

(cone, pyramid or sphere) is moved parallel to the sample surface at a constant speed. The 

normal force FN applied at the stylus can be constant or linearly increasing from zero to a 

maximum value Fzmax. The penetration of the point into the sample as well as the lateral force 

is measured throughout the test. This test allows us to highlight the behavior of the coating in 

friction and to study the resistance of the coating to wear. Several physical phenomena 

(deformation, damage, delamination...) can also be highlighted during this test.  

The scratch test was performed in this work to determine the coating adhesion to the different 

substrates. Where the critical load (Lc) for which delamination is obtained, which is an 

indication of the mechanical strength of the coating. The applied load is increasing (from 0 to 

100 N) with a rate of 1.66N.s-1 and the critical load (Lc) is determined by three different means: 

optical observation of the imprint left by the stylus, measurement of the acoustic emission 

during the test and friction coefficient monitoring. It is thus possible to determine the 

substrate/coating adhesion energy from the critical load measured in the scratch test. Figure 

II.17 represents the principle of the scratch test (a) and the used Bruker scratch tester. (b).  

Figure II.17: Representative diagram of the used scratch tester (a) and the used Bruker 

scratch tester (b). 

II.3.11 Tribological tests 

The tribological tests were carried out with a ball on disc type tribometer from CSM Instruments 

(High temperature tribometer CSM THT) (see Figure II.18). The principle consists in rubbing 

a calibrated ball on a rotating sample. A displacement sensor located in the lever arm measures 

(a) (b) 



CHAPTER II:                                                                                                  Experimental methods 

 

59 
 

the deflection due to the ball friction. The test can be subject to several variables: the load 

applied on the sample, the rotation speed of the sample, the radius of the rubbing track and the 

length of the test or the number of cycles, the nature and diameter of the antagonist ball chosen 

according to the nature of the sample to be tested, the sample surface condition and the test 

conditions (dry or lubricated friction, with or without wear debris evacuation). The test 

parameters were chosen after a literature review, although some of the works present very 

different conditions. 

Table II.5: The composition of the balls used as pins. 

Ball type 
Diameter 

(mm) 

Hardness 

(HV) 
Composition (wt. %) 

Alumina 

 

6 1900 

Al2O3 

99.99 

AISI 1040 hard 

steel 

 

6 700 

C Cr Si Mn Mo Cu Fe 

1.05 1.60 0.15 0.25 0.1 0.3 Rest 

 

In the present work, the tribological behavior of the samples is studied under dry sliding wear 

conditions (without lubrication). The representative diagram of the used tribometer is illustrated 

in Figure II.18 (a). All tribometric analyses are performed at room temperature under 40-50% 

humidity. 3-5 and 10N loads are applied with a sliding speed of 0,5 to 5cms-1, this should be 

specified for each case. The corresponding total wear time will depend on the selected radius. 

It is between 10 and 30min which correspond to a sliding length of 25 to 100 meters. The sliding 

length is chosen so that the friction coefficient has time to stabilize.  AISI 1040 hard steel and 

alumina balls were used as a pins (counter body). The properties and the chemical composition 

of the used balls are listed in Table II.5. The friction coefficient in function of time is 

automatically computed during the test. The morphology and composition of worn surfaces are 

studied by SEM and EDS respectively; however the wear rate is evaluated by the measurement 

of the mass loss using Sartorius digital precision balance with an accuracy of ± 0.1mg. The 

wear rate of samples was calculated either by measuring the wear track surface (eq. II.8 [149]) 

or by measuring the variation in the sample mass (eq. II.9 [150]) as a function of the load applied 

and the travelled distance. For the measurement of profiles, five random measurements are 

taken by the profilometer (see Figure II.11 (b)). 
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𝑸 =
𝑽

𝑭𝑵𝑳
=

𝟐𝝅𝑹𝑨

𝑭𝑵𝑳
 (II.8) 

𝑸 =
𝜟𝒎

𝝆𝑭𝑵𝑳
 

(II.9) 

Where 𝑨 is the wear track surface by m2 in the sliding direction, 𝑹 is the wear track radius,  𝑭𝑵 

is the applied load in N, 𝑳 is the sliding distance in meter, 𝜟𝒎 is the weight loss measured in 

grams and 𝝆 is the worn material density in g/mm3. 

 

 

 

 

 

 

 

Figure II.18: Representative diagram of the used pin-on-disc tribometer (a) and the used 

CSM THT tribometer (b). 

(a) 

(b) 
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CHAPTER III: Study of the performances of nanocrystalline Ni-

Co alloy as anti-wear coating 

III.1 INTRODUCTION 

The recent studies have shown that the electroplated microcrystalline Ni-Co alloys coatings 

exhibited better tribological properties than the microcrystalline pure Ni coatings. However, the 

microhardness needs to be further increased by decreasing the crystallites size. Moreover, the 

role of tribofilms and debris on the varied tribological behaviors is contested and poorly 

understood. In this chapter of the work, we will try to address these issues. Therefore, Ni and 

Ni-Co coatings with reduced nanometric crystallites size are electrodeposited on StW24 mild 

steel substrate in the presence of saccharin and 2-butyne-1,4-diol (BD) as grain refiners, here a 

special attention is given to the effect of saccharin on the morphostructural characteristics of 

these coatings. Chemical, morphological, structural and mechanical characterizations on the 

worn and unworn surfaces of the substrates and electroplated coatings are conducted by 

different surface analysis techniques. The performances of the nanocrystalline Ni-Co coatings 

as anti-wear coating on StW24 mild steel is examined. The anti-wear performances of these 

coatings are compared also with a commonly used coating for such applications, namely the 

electrodeposited nanocrystalline pure Ni coating. Furthermore, the wear mechanisms, the 

tribofilm formation and their roles on the tribological behavior of all the studied materials are 

discussed in detail.  

III.2 EXPERIMENTAL DETAILS 

III.2.1 Coatings electrodeposition 

 In this work part, the as prepared StW24 mild steel disc with 3.14cm2 exposed surface area is 

used as a cathode (substrate). The nanocrystalline Ni and Ni-Co coatings are deposited from a 

modified Watts bath by the use of direct courant (DC) electrodeposition process. The 

composition of the electroplating baths and the experimental conditions used for the elaboration 

of different coatings are listed in Table III.1.  

III.2.2 Compositional, morphological and microstructural characterizations 

The surface microstructure of coatings is investigated using a scanning electron microscope 

(SEM), while the microstructure of StW24 steel substrate is studied by the use of a 

metallographic microscope after etching of the substrate with Nital solution for about 20s, the 
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obtained images are then processed by ImageJ software for further clarification. A confocal 

microscope is used for characterize the surface morphology of the substrate and Ni63-Co37 

coating. The composition of substrate and deposits is determined using X ray fluorescence 

spectrometer (XRF).The roughness of the coated and uncoated substrate and the thickness of 

coatings are measured using mechanical profiler; five measurements are made on each sample. 

The crystal structures of substrate and coatings are studied by the use of X-ray diffractometer 

(XRD).  

Table III.1: The bath compositions and the experimental conditions used for the 

electroplating of the coatings. 

Composition of the electroplating bath 

      Components 

Coatings 
NiSO4 NiCl2 CoSO4 H3BO3 Saccharin BD SDS 

Ni 

coating 
200g/l 20g/l - 30g/l 2g/l 0.5g/l 0.2g/l 

Ni63-Co37 

coating 
200g/l 20g/l 20g/l 30g/l 2g/l 0.5g/l 0.2g/l 

Ni13-Co87 

coating 
200g/l 20g/l 200g/l 30g/l 2g/l 0.5g/l 0.2g/l 

Experimental conditions 

Current density Temperature Electrolyte pH Agitation rate Duration 

4A/dm2 45°C 4.2±0.05 200 rpm 1hour 

III.2.3 Mechanical and tribological characterizations 

The microhardness of the substrate and deposits is determined by Vickers indenter using the 

parameters listed in Table III.2. Five measurements are taken on each sample. The tribological 

behavior of the samples is studied using pin on disc tribometer under dry sliding wear conditions 

using the sliding parameters mentioned in Table III.2. All the tribometric analyses are 

performed at room temperature under 28-44% of humidity. AISI 1040 hard steel ball (Ø = 6mm, 

hardness = 700HV) is used as a pin (counter body). The friction coefficient in function of time 

is automatically computed during the test. The morphology and the composition of the worn 

surfaces are studied by SEM and EDS respectively, whereas, the wear rate is evaluated by the 

measurement of the mass loss using digital precision balance having an accuracy of ± 0.1mg. 
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Table III.2: The parameters used for the microhardness and tribological measurements. 

Microhardness measurements 

              Samples 

Conditions 

Stw24 steel 

substrate 

Ni63-Co37 

coating 

Pure Ni 

coating 

Ni13-Co87 

coating 

Applied load 

(g) 
10 10 50 50 

Holding time 

(s) 
15 15 15 15 

Tribological measurements 

 
Stw24 steel 

substrate 

Ni63-Co37 

coating 

Pure Ni 

coating 

Ni13-Co87 

coating 

Applied load 

(N) 
5 and 10 5 and 10 3 3 

Sliding time 

(min) 
17 17 10 10 

Sliding speed 

(mms-1) 
5 5 5 5 

 

III.3 RESULTS AND DISCUSSIONS 

III.3.1 Study of the performances of nanocrystalline Ni-Co alloy as anti-

wear coating on mild steel substrate  

To demonstrate the importance of a coating for anti-wear applications, it must first be deposited 

on a material widely used, but suffers from friction such as low carbon steel and then prove the 

wear resistance of the coated substrate compared to the bare substrate. The tribological 

performance of the nanocrystalline Ni-Co alloy coatings electrodeposited on steels has been 

demonstrated in some previous studies, but unfortunately, the reasons behind the improved 

properties of Ni-Co coated substrates compared to bare steel substrates did not get much 

attention. This is what will be well displayed in this work through the investigation of the 

compositional, microstructural, morphological, mechanical and tribological characteristics of 

Ni-Co coated and uncoated StW24 mild steel substrate. One also tries to understand the wear 

mechanisms and the role of debris and tribofilms formation on the tribological behavior of the 

studied materials. 
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III.3.1.a) Composition of the electrodeposited Ni-Co coating  

Figure III.1 represents cobalt and nickel masse percentages in the electrolyte and in the Ni-Co 

coating. It is clear that cobalt percentage in the coating (37%) higher than those in the bath 

(8%). On the contrary, nickel percentage in the coating (63%) is less than those in the bath 

(92%). This refers to the anomalous codeposition mechanism of Ni-Co alloys. The anomalous 

co-deposition term as introduced by Brenner [89] refers to the preferential electrodeposition of 

the less noble metal (Co) rather than the more noble metal (Ni). Many models were proposed 

to explain this anomalous codeposition [90,151,152]. However, a generally accepted 

explanation proposed for this anomalous phenomenon is the formation of metal hydroxides 

Co(OH) and Ni(OH) caused by a local increase of the near cathode pH. The mechanism and 

steps of the anomalous co-deposition of Ni-Co alloy are expressed by the following equations 

and well-illustrated graphically by Figure III.2.  

 
Figure III.1: Co and Ni mass percentages in the bath and in the electrodeposited Ni-Co 

coating. 

𝟐𝑯𝟐𝑶 + 𝟐𝒆− ↔  𝑯𝟐 + 𝟐𝑶𝑯− (III.1) 

𝑴𝟐+ + 𝑶𝑯− ↔ (𝑴𝑶𝑯)+ (III.2) 

(𝑴𝑶𝑯)+ → (𝑴𝑶𝑯)𝒂𝒅𝒔
+  (III.3) 

(𝑴𝑶𝑯)𝒂𝒅𝒔
+ + 𝟐𝒆− ↔ 𝑴 + 𝑶𝑯− (III.4) 

Where 𝑴 represents Ni and Co metal atoms and 𝑴𝒂𝒅𝒔 represents adsorbed metal atoms. The 

formation of (CoOH)+ precipitate at the cathode may inhibits the adsorption of (NiOH)+. 

Therefore, the adsorption ability of (CoOH)+
 is considered to be higher than (NiOH)+ [153], 

consequently the reduction of cobalt is promoted. It is worth mentioning that, almost the same 
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coating composition as this study (37% Co vs. 67% Ni) was obtained in some previous studies 

by using a bath with almost the same composition (7.55% Co vs. 92.45% Ni) in the study [125] 

and (10% Co vs. 90% Ni) in the study [39].  

Figure III.2: Mechanism and steps of the anomalous codeposition of Ni-Co alloy.   

III.3.1.b) Morphological and microstructural properties 

Microscopic observations of the surface morphologies of the uncoated and Ni-Co coated 

substrate are shown in Figure III.3. The surface of the bare substrate is apparently smooth with 

the existence of certain grooves due to the mechanical polishing of the substrate by the abrasive 

paper, the presence of these grooves can increase the roughness of the Ni-Co coated substrate 

but their presence is necessary for a good adhesion of coating to the substrate by mechanical 

fastening. On the other hand, the grooves are totally covered in Ni-Co coated substrate but its 

surface exhibits a bigger roughness value, which is evident by the roughness values 

measurement, where it is found that the surface roughness value of Ni63-Co37 coating (Rms ≈ 

0.28µm) is greater when compared to that of the bare substrate (Rms ≈ 0.085µm). Moreover, 
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several pores can be observed on the surface of Ni-Co coatings (Figure III.3 (b)); these pores 

are mainly due to the hydrogen evolution reaction (HER) on the cathodic substrate surface. In 

view of previous studies [154,155], a generally accepted explanation for HER is the increase of 

the near electrode pH caused by the water electrolysis leading to the formation of hydroxides 

and to the hydrogen evolution reaction, as follows:  

𝑯𝟐𝑶 + 𝑴𝑯𝒂𝒅𝒔 + 𝒆− → 𝑴 + 𝑯𝟐𝒂𝒅𝒔
+ 𝑶𝑯− (III.5) 

The hydrogen molecules produced during the simultaneously HER process can adsorbed on the 

substrate surface which influences strongly the quality of deposits especially their density. 

Therefore, this problem must be taken into consideration. Because of that, many approaches 

have been applied in this study to reduce the hydrogen adsorption and its negative effects on 

the Ni-Co elaborated coatings. Among them, the addition of boric acid (H3BO3) in the 

electroplating bath as buffer agent to prevent the near cathode pH variation and to inhibit the 

formation of hydroxide ions [156,157]; the addition of sodium dodecyl sulfate (SDS) as 

surfactant to reduce the surface tension which can facilitate the release of hydrogen bubbles and 

prevent their trapping within the deposit [138,158], the use of low current density for enhance 

the cathodic current efficiency and reduce the predominance of the hydrogen reduction reaction 

[125], and the continuously stirring of solution during all the electroplating process to assist the 

release of hydrogen molecules trapped in the deposit surface [159]. Consequently, the coatings 

are compacts and there are no cracks at the coatings surfaces due to the internal stresses caused 

by the hydrogen trapping compared to some studies that obtained cracked Ni-Co electrodeposits 

[34,79,160]. Furthermore, the rate of pores is decreased very importantly but the pores cannot 

be completely eliminated (Figure III.3 (b)). 

XRD patterns of StW24 steel substrate and the electrodeposited Ni63-Co37 coating are displayed 

in Figure III.4. As can be seen from the patterns, it is obvious that StW24 substrate is 

characterized only by a body centered cubic crystal structure (bcc) with crystallographic 

orientations (111), (200), (211), (220) and (310) with the dominance of (111) as preferred 

orientation. The peaks of bcc phase structured StW24 steel are in accordance with their 

composition as given in Table II.1. 
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Figure III.3: Surface morphology of StW24 steel substrate (a) and Ni63-Co37 coating (b). 

According to Fe-C phase diagram [161], at room temperature a steel like StW24 with a carbon 

content less than 0.08 mass.% and about 99.5 mass.% Fe can only presents a bcc structured α-

ferrite grains which is compatible with (JCPDS 03-065-4899) XRD data. By considering the 

width of the XRD peaks, we can directly conclude that the diffraction peaks of StW24 steel 

used as substrate in this study corresponds to micrometric α-ferrite grains (eq.III.8 [162]), which 

is in good agreement with its SEM micrograph (Figure III.6 (b)). On the other hand, it is clear 

that the deposited Ni-Co alloy with 37% Co content having very good crystallinity. Figure III.4 

also reveals that the diffraction peaks of Ni-Co are significantly more broaden than those of 

StW24. The width of all Ni63-Co37 alloy peaks corresponds to crystallites with nanometric size 

(≈12.08 nm), which is very smaller than that of the StW24 steel substrate. Furthermore, it can 

be seen that all the four identified peaks of the Ni63-Co37 alloy coating are in good concordance 

with the face-centered cubic structured Ni peaks (JCPDS 15-0806 and 004-0850). XRD patterns 

of the deposited coating do not contain any diffraction peaks corresponding to the hexagonal 

close packed structure (hcp) of Co phase, which confirmed that Ni-Co coatings under study 

form a total solid solution in there the atoms of the crystal lattice of Ni matrix had been replaced 

by Co partly [163]. Crystallographic orientations (111), (200), (311) and (222) are remarked in 

the XRD patterns of Ni-Co coatings in this study as many previous researches [41,42,125]. To 

assess the texture formation of the coatings, the relative peak intensities of the diffraction peaks 

are considered and it is seen that the electrodeposited Ni-Co coating have (111) preferential 

orientation. 
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Figure III.4: XRD patterns of StW24 steel substrate and Ni67-Co37 electrodeposited coating. 

Our proposed explanation in this study regarding the very small grain size of Ni63-Co37 coatings 

and the consolidation of (111) texture is related to the effect of organic additives, mainly the 

saccharin (where the inhibition effect of BD is negligible because of its very low concentration 

(0.5g/l), therefore the saccharin inhibition effect is considered to be dominant). It has been 

proposed that a charge transfer during electrodeposition is carried out in three steps: (1) transfer 

of ions to the terrace sites, (2) surface diffusion of adions on terrace sites and (3) displacement 

of adions through step-edge sites towards the active sites of growth [41,164]. It can be assumed 

that the decrease in surface diffusion would retard their flux to the active growth sites and thus 

inhibit the grain growth. According to the literature, saccharin as molecules or decomposed 

species containing sulfide can be adsorbed onto the surface of crystals during the 

electrodeposition [41], by filling its non-shared electron pair with the electrons of 3d orbit of 

Ni and Co atoms to form stable coordinated bonds [106] as can be seen in Figure III.5. As a 

result, it can play the role of a barrier to slow the surface diffusion of adions towards the active 

growth sites [41], in view of the fact that, the growth of the electrodeposits is a competition 

between the nucleation and the growth of crystals. Saccharin molecules provide more sites of 
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nucleation and thus delay the growth of crystals, resulting in finer grains. Otherwise, saccharin 

adsorbed molecules change not only the grain size but also the crystallographic orientation of 

Ni-Co electrodeposits. Amblard et al. [165] reported that the preferred crystal orientation of 

electrodeposited nickel could be attributed to the inhibition of the electrocrystallisation process 

by adsorbed chemical species like NiOHads and Hads. Moreover, Li et al. [166] reported that the 

adsorption capacity of the species by different crystallographic plans was different. Therefore, 

the highest coverage with adsorbed species leads to the slowest growth rate of the crystal face. 

As mentioned above, the Ni-Co deposits prepared without adding saccharin has a strong 

(200)fcc texture. However, in the present research (200)fcc plans has preferential adsorption of 

saccharin molecules than (111)fcc as shown in Figure III.5. By implication, the crystal growth 

only leaves the (111)fcc plans.  

  

Figure III.5: Schematic representation of the saccharin effect on the crystal growth of Ni-Co 

deposits. 

Figure III.6 displays the microstructure of StW24 steel substrate and the morphology of Ni63-

Co37 coating. The micrograph of low carbon StW24 steel substrate depicted in Figure III.6 (b) 

reveals that is characterized only by ferrite micrometric grains, which confirms the DRX 

analysis results (Figure III.4). On the other hand, Ni63-Co37 alloy coatings are characterized by 

colony-like morphology in the form of orange peels whose nanometric grains. Almost similar 

granular morphology was also observed for Ni-Co films with almost the same Co content and 

in the presence of saccharin in some earlier studies [108,160,167]. Although that the pyramidal 

structure is a common morphology for Ni-Co electrodeposits with single fcc phase structure 

[30,35,41] which have approximately rough surfaces. However, a colony-like surface 

morphology consist of different sizes of grain colonies have been observed in Ni63-Co37 

electrodeposited coatings in this study, this because of the addition of organic additives, namely, 

saccharin and BD. The adsorption of saccharin and BD molecules on the growing peaks of 
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pyramids (active sites) as shown in Figure III.5, inhibits the surface diffusion of adions, blocks 

the active sites and prevents the growth of pyramids [41,111]. Consequently, the morphology 

of the Ni-Co deposit becomes a colony-like instead of the typical pyramidal morphology of the 

fcc structured Ni-Co alloys [105,111]. It is noteworthy that the grain size of Ni63-Co37 deposits 

is too fine to be resolved exactly using conventional SEM images, but it can be estimated. The 

crystallites of the Ni63-Co37 coatings that appears nanometric are very small compared to that 

of StW24 mild steel substrate appears to be in the micrometer order. In the other hand, the SEM 

micrographs prove the possibility of elaboration of smooth, homogeny and compact coatings 

by electrodeposition, where the elaborated Ni63-Co37 coatings show a dense surface morphology 

free from micro-cracks (Figure III.6 (a)) which is in good concordance with the observations 

by confocal microscope (Figure III.3 (b)). The absence of macro and microcracks in this study 

compared to other studies [34,36] is due to the additions of stress relievers (saccharin and BD) 

which can raise the compressive stress in order to recompense the tensile stress introduced by 

large Co atoms (Figure III.7). Moreover, no hydroxides or foreign particles can be observed on 

the Ni-Co coating surface, which is consisted with the coating homogeneity demonstrated by 

XRF and XRD analyses (Figure III.1 and III.4). 

 

Figure III.6: SEM observation on the surface of Ni63-Co37 coating (a) and optical 

microscopic observation on the surface of StW24 steel substrate (b). 

III.3.1.c) Microhardness 

Figure III.8 presents the microhardness of the StW24 mild steel substrate and Ni63-Co37 coating 

(with average thickness ≈ 50μm), measured at room temperature. It is clear that the 

microhardness of ferritic low allied StW24 steel substrate multiplies and increases from 256 to 

reach a value of 761HV0.01 after its coating by the nanocrystalline Ni-Co alloy. According to 

the Mohs hardness scale, there is no big difference between the hardness of unalloyed 
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polycrystalline nickel and iron (3.5-5 for Ni vs. 3.5-4.5 for Fe [168]) and by Vickers hardness 

measurement, unalloyed polycrystalline Ni shows a slightly higher hardness than 

polycrystalline Fe (65.06HV for Ni vs. 62HV for Fe [169]). This small difference in hardness 

cannot be explains the multiplication of the mild steel substrate microhardness about three times 

after their coating by Ni-Co alloy in this study. This big difference in microhardness is attributed 

to the improvement of Ni hardness thanks to the solid solution hardening (SSH) by Co. Where, 

the large Co atoms (atomic radius = 152pm [170]) replace partially the small atoms of the Ni 

(atomic radius =149pm [170]) in the crystal lattice as shown in Figure III.7, leading to localized 

distortions in the Ni lattice, these distortions interact with dislocations, resulting in a 

strengthening effect [171].  

 

Figure III.7: Schematic representation of the substitutional Ni-Co solid solution. 

 

The high hardness of Ni-Co electrodeposits is caused also by the grain boundary strengthening 

(Hall-Petch hardening). The electrodeposited Ni-Co coating shows nanometric crystallites 

sizes, which means the presence of a high volume fraction of grain boundaries, these grains 

boundaries acting as efficient obstacles preventing the propagation of dislocations. Since the 

lattice structure of the adjacent grains differs in orientation, more energy is needed for a 

dislocation to change direction and move into the adjacent grain. The grain boundary is also 

more disordered than inside the grain, which prevents dislocations from moving in a continuous 

sliding plane. The inhibition of dislocation movement by the grain boundaries will prevent the 

material to behave plastically and thus enhance the hardness of the coating. The increase of 
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hardness of polycrystalline materials with the refinement of crystallites known as the Hall-Petch 

effect, which can be described mathematically by the Hall-Petch relationship [172]: 

𝑯 = 𝑯𝟎 +
𝒌

√𝒅
 (III.6) 

Where 𝑯𝟎 is the intrinsic hardness, 𝒌 is a constant for a specific material and 𝒅 is the crystallite 

size. Figure III.8 shows also that no crack propagation or delamination from the substrate 

noticed around the imprint of indentation. That is proves that the elaborated Ni63-Co37 coating 

has good adherence on the substrate, and in other hand it has low internal stress and good 

toughness and ductility despite its relatively high hardness, which is attributed to the fcc 

crystalline structure of the coating, where fcc structured metals are extremely ductile [173]. 

Additionally, the not big distribution of hardness values measured at different places on Ni63-

Co37 coating is another sign about its good homogenization. 

 

Figure III.8: Microhardness values and indentation imprints of the StW24 steel substrate and 

the electroplated Ni63-Co37 coating. 

III.3.1.d) Tribological behavior 

Figure III.9 shows as function of time the friction coefficient response of Ni-Co coated and 

uncoated StW24 steel substrate sliding against 100C6 steel ball in unlubricated conditions and 

under two loads 5 and 10N, respectively. It is obvious that the friction coefficient varies with 

rubbing duration. Generally, when the applied load is not big, the initial stage of rubbing is 

governed by the surface roughness of materials due to the contact between the superficial layer 

of disc and pin [174,175]. Under a low load such as 5N, the friction coefficient (µ) of the 
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nanocrystalline Ni63-Co37 alloy coating increases rapidly with the time in the initial stage to 

reach over 0.56 at around 2min of sliding due to the effect of their relatively high roughness 

which can be reduced by the polishing of the coatings surface. However, the surface roughness 

effect is removed in the first few cycles of sliding, consequently after 4min of sliding, the 

friction coefficient become governed only by the abrasive-adhesive wear mechanism of Ni-Co 

alloy. The friction coefficient experiences in this phase a little decrease to an average value 

(µmoy= 0.38) and remain unstable fluctuates between (0.25 and 0.45) because the effect of wear 

debris as shown in Figure III.11, it remains at this range up to the end of the experiment. On the 

other hand, the friction coefficient of uncoated StW24 steel reaches in the initial stage of sliding 

an average value (µmoy= 0.08) smaller than that of Ni-Co coated substrate because of its 

relatively lower surface roughness. The removing of surface roughness effect of StW24 steel 

lasts time very shorter than that of Ni63-Co37 coating surface because of its lower hardness, it 

remains just about forty seconds. Then, it starts to increase gradually with the pin penetration 

until the third minute of rubbing, after that the friction coefficient becomes governed only by 

the abrasive oxidative wear mechanism of the substrate. It increases slowly to reach an average 

value (µmoy= 0.35) because the transition from mild to severe wear and it maintains at this range 

until the end of the analysis. Moreover, the coefficient of friction for both Ni-Co coated and 

uncoated substrate show a strong change with increasing the applied load. By increasing applied 

load to 10N, the effect of surface roughness on Ni63-Co37 coating friction behavior is still 

because of its high surface hardness. The friction coefficient rises rapidly in the early stage of 

sliding to reach a value (µmoy= 0.4), it maintains at this level, and after 2min, a friction transition 

from moderate to severe wear appears, leading to a very high and much more unstable friction 

coefficient reaches a value (µmoy= 0.82) toward the end of the test. This abrupt variation of 

friction coefficient is typical of galling processes. On the other hand, the course of the friction 

coefficient of uncoated substrate under 10N applied load becomes much more stable and lower 

than that of Ni-Co coated substrate. With the exception of the initial stage of sliding, which 

cannot governed by the surface roughness of the substrate in this case, because of the low 

substrate surface hardness and because of the high applied load that induces a severe wear at 

the first step of rubbing. The rapidly rising of friction coefficient of substrate in the early stage 

of sliding in this case is due to the easy pin penetration in substrate surface because the low 

hardness of substrate and the relatively high applied load, the worn surface is smoothed easily 

by the abrasive oxidative wear resulting in the reduction of friction coefficient after about 

1.5min. Compared with the Ni-Co coated substrate, the average friction coefficient of uncoated 

substrate is not much increases by applying of 10N load, where it reaches only µmoy = 0.42 due 
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to the inexistence of tribofilm on its worn surface (Figure III.12). A comparable variation range 

of the friction coefficient as well as the variation of the friction coefficient with the applied load 

have been reported by other authors [175,176].  

 

Figure III.9: Friction coefficient of Ni63-Co37 coated and uncoated StW24 steel substrate 

under 5N (a) and 10N (b). 

Figure III.10 shows the wear rate of Ni-Co coated and uncoated StW24 steel substrate under 5 

and 10N loads. The wear rate (Q) of the two materials, under identical wear test conditions is 

calculated by the use of the equation (II.9 [150]). It is quite evident that under a charge of 5N, 

the wear rate of Ni63-Co37 coating is approximately 51% of that of StW24 steel substrate (1.84 

vs. 3.57 *10-4mm3/Nm). However, with the increase of the applied load to 10N, there is an 

increase of 316% in the wear rate of Ni-Co coated substrate which multiplies to reach a value 

of 7.6*10-4mm3/Nm, while the wear rate of StW24 increases about 158% to reach a value of 

9.21*10-4mm3/Nm for an 100 % increase in the applied charge value. Hence, under the two 

loads 5 and 10 N, Ni-Co coated substrate exhibits a wear rate lower than the bare StW24 steel 

substrate. Referring to Figure III.8, it can be concluded that the wear rates of the Ni-Co coated 

and uncoated substrates are inversely proportional to the hardness values, when a higher wear 

resistance occurs at Ni-Co coated substrate that exhibits the much higher hardness. Since the 

wear is due to the accumulation of plastic deformation and the measure of resistance of a 

material against the plastic deformation is the hardness, therefore, it is essential to understand 

the relationship between them. The relationship between the wear rate and the hardness can be 

expressed well using the traditional Archard’s law (eq.III.7) mostly used in abrasive and 

adhesive wear conditions [177]: 

𝑸 =
𝑲𝑳𝑵

𝑯
 (III.7) 
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Where 𝑸 is the volumetric wear loss, 𝑳 is the sliding distance, 𝑲 is the dimensionless wear 

constant, 𝑵 is the normal load and 𝑯 is the hardness of the worn surface. According to this law, 

there is an inverse correlation between the wear rate and the hardness of the worn surface, where 

the materials wear rate decreases as its surface hardness increases, which can explain the results 

of the present study. Moreover, it is important to mention that the higher rising in the wear rate 

of Ni-63-Co37 coating under the increased load (10N) compared to that of the substrate can be 

justified by the nearly two times higher friction coefficient of Ni-Co coated substrate compared 

with the uncoated substrate. This is despite the fact that the hardness of the uncoated substrate 

is much lower than that of the Ni63-Co37 coating. Hence, it can be concluded that the wear 

resistance of materials depends not only by its hardness, but in many cases is mainly affected 

by its friction coefficient, which related in turn to the phase structure, surface roughness and 

the wear mechanism of materials. 

The difference in the wear properties of uncoated and Ni-Co coated substrate can be further 

verified by the study of the worn surfaces morphologies. The selected SEM images of the wear 

tracks morphologies of the uncoated and Ni-Co coated substrate sliding against AISI 1040 hard 

steel ball under 10N load are shown in Figure III.11 (a) and (b), respectively. According to the 

images, the worn surface of the uncoated substrate reveals various abrasive grooves and 

scratches parallel to the sliding direction and shows a severe plastic deformation in the direction 

of rubbing. This results in the larger damaged regions and the appreciable removal of material 

(Figure III.11 (a)), indicating that the uncoated substrate experienced a usual abrasive wear 

under these conditions. Compared with the uncoated steel substrate, a densification of the worn 

surface of Ni-Co coated substrate seems to take place. The worn surface in this case is relatively 

smooth featured with fatigue wear and slight adhesion, the presence of the debris particles and 

some detachments could be seen scattered on the smooth worn surface which is a typical proof 

for the slight plastic deformation and hence the abrasive-adhesive wear (Figure III.11 (b)). 
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Figure III.10: Wear rate of Ni63-Co37 coating and StW24 steel substrate under 5 and 10N.  

In the other hand, it is quite evident that the wear track of the Ni-Co coated substrate is much 

narrower and shallower than that of the uncoated substrate, which confirms further the 

significantly lowest wear rate and the better wear resistance of the Ni-Co coated substrate. 

 

Figure III.11: SEM observations of the worn surfaces of uncoated (a) and Ni-Co coated 

StW24 steel substrate (b). 

 

SEM observations of the wear track with elements map on the surface of StW24 steel substrate 

are shown in Figure III.12. It is quite evident that the unworn surface of substrate (red area) 

contains almost only iron which is compatible with its composition analysis (Table II.1). 

However, the wear track area has not a similar composition as the unworn surface, it includes 

iron with a high amount of oxygen (Figure III.12 (b) and (c)), whereby, the steel substrate was 
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oxidized during the wear process because of the elevated local temperature in the contact area 

which is a sign of an oxidative wear mechanism. It is believed that, the increase in friction 

coefficient of the steel substrate in the first stage of friction resulted from the formation of this 

iron oxide on the worn surface; especially with the increased charge (10N). Nevertheless, the 

iron oxide particles could not form a stable tribofilm on the worn surface of substrate to 

eliminate the metallic contact between the pin and the substrate (disk). The most of oxidized 

debris delaminated easily, pushed by the pin to the sides of the contact zone, and accumulated 

in the edges of the wear track (Figure III.12 (a)). Moreover, in these conditions of much lower 

adhesion and less frictional heating no observed transfers from the pin to the worn surface. The 

analysis of the wear debris by EDS as it can be seen in Figure III.14 (a) confirms that, where 

the wear debris of substrate contains just iron and about 29wt.% of oxygen. The removing of 

this iron oxide film by the pin leads to the smoothing of the worn surface. Consequently, the 

friction coefficient of StW24 steel substrate decreases and becomes more stable after about 

three minutes of sliding (Figure III.9 (b)). Although the diminution of friction coefficient can 

improve the wear resistance of the steel substrate but the inexistence of the tribofilm as third 

body that can act as separator of the two surfaces in contact is among the reasons behind the 

large surface damage and the high wear rate of the uncoated steel substrate compared with Ni-

Co coated substrate.  

The wear track of Ni-Co coated substrate and its elemental mapping are shown in Figure III.13. 

The existence of iron and oxygen with Ni-Co alloy signal in the analysis of attached debris 

indicates the presence of the tribofilm as none of them are noticed in the unworn surface of as-

deposited coatings (Figure III.13 (b), (d), (e) and (f)). Furthermore, the EDS spectrum of the 

debris attached on the wear scar (Figure III.13 (b)) shows that the debris contains Ni, Co and 

oxygen with small amount of foreign elements (Fe, Cr and Mo). These elements are components 

of the steel ball used as pin (Table II.5) and transferred from the pin to the worn surface because 

of the relatively high adherence between the coating and the pin. Where a tribofilm constituted 

by the oxides of the two surfaces is favored to be generated due to the oxidation of transfers 

from the counterpart and the detachments from the coating under the high local temperature in 

the contact area [178]. However, the small amount of the transferred oxidized debris is not 

enough to form a complete and stable tribofilm which can totally covered the worn surface. 
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Figure III.12: SEM micrograph and EDS elemental mapping of the worn surfaces of 

uncoated StW24 substrate. 

Where it can be seen evidently in Figure III.11 (b) that the worn surface of the Ni63-Co37 coating 

presents three different zones: the smooth zone (A) indicative for the typical polishing wear in 

which the worn surface becomes relatively smooth under the combined effects of load and shear 

[179]. The transition area with fine particles on it (B) and the zone covered by the tribofilm (C) 

resulted by the chemical and physical interactions between the pin and the disk [180]. As this 

tribofilm is discontinued and unstable, it cannot play the role of an efficient barrier to promote 

separation between the contact surfaces. Moreover, the higher ductility of the fcc structure and 

the absence of a lubricant component with low shear strength in the tribofilm [39] are the 

reasons behind the friction coefficient of Ni36-Co37 coating much more unstable and higher 

compared to that of the bare substrate under the high load (10N). Existing studies [181,182] 

show that the formation of a tribofilm leads to the same bad effect on the tribological behavior 

of the worn materials as this study. While other studies [183,184] have found that the tribofilm 

acted as good solid lubricant resulted in significant decrease in the friction coefficient and the 

wear rate of the worn materials at room temperature. We believe that this difference is due to 

the stability of the tribofilm, its coverage of the worn surface and its components, as a stable 

tribofilm with a complete coverage and lubricant components can improve the tribological 

characteristics of the worn surface while the partial coverage by unstable tribofilm may lead to 
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completely opposite results. Therefore, it is interesting to study the effect of tribofilms on the 

tribological behavior of Ni-Co coatings under varied conditions for more comprehension of the 

tribofilm impact mechanism that remains misunderstood. This is what we will be contributing 

to, as can be seen in Chapter IV. 

 

Figure III.13: SEM micrograph and EDS elemental mapping of the wear track of Ni-Co 

coated substrate. 

EDS profile along the wear track widths of uncoated and Ni-Co coated substrates are shown in 

Figure III.15 (a) and (b), respectively. According to Figure III.15 (a), the amount of Fe is 

decreased significantly in the worn surface of substrate compared with the unworn surface, 

which confirms the abrasive mechanism nature of wear, while the amount of oxygen is 

increased which confirms the oxidative nature of wear. Moreover, the oxygen and iron amounts 

are almost constants and not much fluctuate along the width of wear track except in the gray 
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untouched zones, confirming that the predominant mechanism in the wear of uncoated substrate 

is the abrasive oxidative mechanism. 

 

Figure III.14: EDS spectrum of selected zones on the worn surfaces of uncoated StW24 

substrate (a) and Ni-Co coated substrate (b). 

According to Figure III.15 (b), the amounts of Ni, Co and O are fluctuated along the width of 

the wear track of Ni-Co coated substrate while the percentage of iron is constant. The fluctuation 

in Ni, Co and O contents is another sign for the discontinuous tribofilm containing oxygen that 

is attributed to the mixed mode of adhesive-abrasive oxidative wear mechanism of Ni-Co alloy. 

In contrast, the EDS elements profiles and SEM images are characterized by two areas appear 

alternately on the worn surface (Figure III.15 (b)). The abrasive oxidative wear leads to the 

diminution of Ni, Co contents and the increasing of O content (smooth white areas). While the 

adhesive oxidative wear due to the oxidation of Ni63-Co37 coating without the diminution of Ni 

and Co percentages (dark areas covered by debris). In the other hand, Figure III.15 (b) shows 

that the cobalt percentage exhibits much slow decreasing compared with Ni percentage, 

indicating that the introduced Co has much more resistance to wear compared with Ni lattice. 

It is believed that there are two raisons behind the better wear resistance of Co. The first one is 

the forced accommodation of Co atoms with the greater atomic radius in the fcc nickel lattice 

(Figure III.7) which leads to a larger mismatch of the nickel lattice engenders higher internal 

stress, making the ejection of cobalt much more difficult. The second raison suggested that in 

the present research cobalt has a higher oxidation resistance than nickel. Therefore, nickel 

debris has been fully oxidized prior to the completely cobalt oxidation. The NiO film produced 

by the superficial diffusion of Ni prevented the cobalt oxidation. The above results confirm the 

results of our previous study [28], concluding that the addition of cobalt on the nickel lattice 

leads to the enhancement of its wear resistance. 
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Figure III.15: EDS profile along the wear track widths of uncoated (a) and Ni-Co coated 

substrate (b). 
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The above discussions show that the wear rate, the coefficient of friction and the worn surface 

morphology show considerably different characteristics for the uncoated and Ni-Co coated 

substrate. The composition, the grain size, the surface roughness, the phase structure and the 

environmental conditions (temperature, oxidation, humidity, lubrication, etc.) have a significant 

influence on the wear characteristics of uncoated and Ni-Co coated substrate through the 

determination of the hardness and the physico-chemical interaction on the worn surface during 

the rubbing process. Consequently, the variations noticed in the wear characteristics of uncoated 

and Ni-Co coated substrate can be explained in terms of the composition, the morpho-structural 

characteristics and the environmental conditions. The correlation between the tribological 

behavior (friction and wear resistance) of the studied materials with the different affecting 

parameters in this study can be schematically summarized as shown in Figure III.16. 

 

Figure III.16: Parameters influencing the tribological behavior of the studied materials, solid 

arrows indicate major effect while dashed arrows indicate slight effect. 

III.3.2 Tribological performances of the nanocrystalline Ni-Co coating 

compared with nanocrystalline Ni coating 

To prove the anti-wear performances of the electrodeposited Ni-Co coatings, it is necessary to 

compare its tribological properties with those of coatings commonly used for this purpose, 

namely, the pure electrodeposited Ni coating. That is done in the present study. Moreover, a 

correlation between the tribological properties and the morpho-structural characteristics is 
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established to understand the reasons behind the tribological behavior of each coating.  Ni-Co 

coating with high cobalt content (87% Co) are electroplated for this purpose in this section, 

because Ni-Co coatings with small Co content (<50% Co) can exhibit properties close to those 

of pure Ni coatings. 

III.3.2.a) Composition of the electrodeposited Ni-Co coating 

Figure III.17 shows the masse percentage of cobalt and nickel in the electrolyte and in the 

electroplated Ni-Co coating. It is clear that the cobalt percentage in the coating (87%) is higher 

compared to that in the bath (47%), this despite that the concentration of Ni2+ ions in the bath 

is greater than that of Co2+ ions. This means that the anomalous co-deposition mechanism of 

Ni-Co alloys still exists, even at high cobalt concentration in the electrolyte. However, by 

referring to the section (III.3.1.a), it can be noted that the ratio Codeposit/Coelectrolyte decreased 

from 4.62 in Ni63-Co37 deposition to 1.83 for Ni13-Co87 deposition, which means that the 

abnormality degree is decreased by the increase of Co content in the bath. It should be 

mentioned that, a detailed discussion regarding the effect of the electrolyte cobalt content on 

the abnormality degree is given in CHAPTER IV. 

 

Figure III.17: Co and Ni mass percentages in the electrolyte and in the electroplated Ni13-

Co87 coating. 

III.3.2.b) Morphological and microstructural properties  

SEM observations on the surfaces of the electroplated nanocrystalline Ni and Ni13-Co87 coatings 

are shown in Figure III.18. The nanocrystalline pure Ni coating is characterized by a dense and 

relatively smooth surface with a pyramidal grains structure (Figure III.18 (a)), which is a 
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common morphology for Ni and Ni rich coatings with a single fcc phase structure [30,35,41]. 

While Ni13-Co87 coating is characterized by a branched-porous (fiber-like) morphology with 

acicular crystallites between 0.3 and 0.8 m in length, where the presence of a microscopic 

porosity in this later can be clearly observed (Figure III.18 (b)). Similar branched-porous 

morphology was observed for Ni-Co electrodeposits with high Co content (>50% Co) in some 

previous studies [134,177,185]. As can see in the XRD spectrums of the two coatings in Figure 

III.20, the change of the surface morphology from pyramidal in pure Ni coatings to branched-

porous in Ni-Co coating is related to the change of the crystal phase structure from fcc to hcp 

phase following the addition of high cobalt content (87%) to the Ni coating. This indicates that 

the addition of cobalt has a significant influence on the surface morphology and structure of the 

nanocrystalline Ni deposits. 

Figure III.18: SEM observations on the surface of the nanocrystalline pure Ni coating (a) and 

Ni13-Co87 coating (b). 

Moreover, Ni13-Co87 coating shows a surface morphology very different to colony-like 

morphology of Ni63-Co37 (Figure III.6 (a)), which means that the cobalt content in the coating 

has also a great effect on the morphostructural properties of Ni-Co coatings. This, in addition 

to other clearly observed differences in the microstructural and mechanical characteristics of 

the two coatings, prompted us to study in detail the effect of cobalt content on the properties of 

Ni-Co coatings in the next chapter. On the other hand, despite the existence of a significant 

porosity rate in the Ni13-Co87 coating structure but no macro-cracks can be observed on the 

surface of these deposits, this may be due to the role of saccharin and BD as anti-stress agents 

as clearly explained in section (III.3.1.b). 
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Despite the fact that the scanned surface is not the same, but the atomic force microscopy 

(AFM) imaging results are consistent with the SEM results. It can be clearly seen in Figure 

III.19 (a) (c) that the morphology changes from a smooth granular structure to a fiber-like one 

when 87 wt.% Co is added to the nanocrystalline pure Ni coatings. This change in the 

morphology with the addition of high Co content to pure Ni coatings leads in turn to the increase 

in the roughness of the coatings as can be seen in Figure III.19 (b) (d). 

Figure III.19: 2D and 3D imaging of the surface of nanocrystalline Ni coating (a)-(b) and Ni-

Co coating (c)-(d). 

XRD patterns of the electrodeposited Ni and Ni13-Co87 coatings presented by Figure III.20 show 

that the addition of high cobalt concentration changes completely the crystal structure of 

nanocrystalline Ni coatings. It can be seen that the pure Ni deposits are characterized by a single 

 (fcc) phase structure which is a common structure of Ni and Ni-rich Ni-Co alloy coatings 

(Figure I.10 [91]). However, the addition of high cobalt content leads to a complete 

disappearing of the fcc phase and a new  (hcp) phase which is a common structure of 

nanocrystalline Co and Co rich alloys coatings is appeared (Figure I.10). Similar changes in the 

crystal structure by the addition of high Co amounts were noted in the previous studies 
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[32,130,186]. It is worth noting that the effect of Co content on the crystal structure of Ni-Co 

coatings is studied and discussed extensively in Chapter IV. On the other hand, the 

consolidation of (111) and (100) crystallographic orientations instead (200) and (101) directions 

commonly found in the massifs of Ni and Co rich Ni-Co alloys is clearly noted in the XRD 

patterns of the elaborated Ni and Ni13-Co87 coatings, respectively. This is may be explained by 

the role of the adsorbed organic additive molecules, namely the saccharin as shown in the 

section (III.3.1.b).  

Figure III.20: X-ray diffraction spectrums of Ni and Ni13-Co87 nanocrystalline coatings. 

III.3.2.c) Microhardness  

Figure III.21 (a) shows the microhardness of the nanocrystalline Ni and Ni13-Co87 alloy 

coatings, whereas Figure III.21 (b) shows the grains size of the two coatings deduced from 

XRD peak broadening analysis using the following Scherrer formula [162]:  

𝑫 =
𝒌

𝜷𝒄𝒐𝒔𝜽
 (III.8) 
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Where 𝑫 is the average crystallites size, 𝝀 is the X-rays wavelength in nanometer, 𝑪𝒖𝑲𝜶𝟏
= 

0.15405nm in our case, 𝜷 is the peak width of the most intense diffraction peak profile at half 

maximum height in radians, 𝒌 is a numerical factor related to the crystallites shape, normally 

taken as 0.9 and 𝜽 is the Bragg angle. According to Figure III.21 (a) Ni coating with a 

microhardness of about 580 HV0.05 is relatively hard; however, the microhardness reduces 

following the addition of high amount of Co to reach a value of about 305 HV0.05 in Ni13-Co87 

coating. This hardness decrease is mainly due to the crystallites size of the Ni-Co coating higher 

nearly twice than that of pure Ni electrodeposits as can be seen clearly in Figure III.21 (b). 

Where, the decrease of the hardness of the electrodeposited coatings with the increase of 

crystallites size can well described mathematically using the classical Hall-Petch relationship 

(eq.III.6 [172]). Furthermore, the decrease in microhardness of Ni coating after its alloying with 

high cobalt amount is attributed also to the significantly porosity rate can be seen clearly in 

their branched-porous morphology as shown in Figure III.18 (b).  

 

Figure III.21: The microhardness (a) and the crystallites size (b) of the electrodeposited Ni 

and Ni13-Co87 coatings. 

III.3.2.d) Tribological behavior 

The friction coefficient as function of time of the nanocrystalline Ni and Ni13-Co87 coatings 

measured under dry sliding conditions (without lubrication) is shown in Figure III.22. It is clear 

that the friction coefficient of Ni-Co alloy coating is lower by about five times than that of pure 

Ni coatings. Otherwise, the friction coefficient of Ni-Co alloy coating is much more stable than 

that of the pure Ni deposit. Combined with the morphostructural properties of the elaborated 
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coatings, the excellent friction-reduction behavior can be explained by the changes in the 

morphology and crystal structure of the Ni coating following its alloying with Co; especially, 

the total transition of the crystal structure from  (fcc) to  (hcp) crystal phase. This later phase 

gives the material a lubrication effect and very good anti-wear performances according to 

several previous studies [39,177,187]. 

 

Figure III.22: Friction coefficient of the electrodeposited Ni and Ni13-Co87 coatings. 

The wear rates of the two electroplated coatings under identical sliding conditions evaluated 

using the equation (II.9 [150]) are represented in Figure III.23. It can be noted that the Ni-Co 

alloy deposit have a wear rate about eight times lower compared to the pure Ni deposit, which 

is a sign of a very significant improvement in the wear resistance of Ni coating after its alloying 

with 87% of Co. This improvement is happened despite the decrease in the microhardness to 

almost the half following the cobalt addition on Ni coating as shown in Figure III.21, what 

contradicts the Archard’s law expressed by the equation (eq.III.7 [177]). This reversed 

Archard’s law can be attributed essentially to the special excellent anti-wear  (hcp) crystal 

phase of the Co-rich Ni-Co coating. This effect can be explained also by the role of debris and 

tribofilm on the wear behavior of the coatings. Where existing research results [39,107,177] 

show the negative effect of the formation of tribofilms on the anti-wear performances of Ni and 

nickel-rich coatings. This undesirable debris film leads to a high and unstable friction 

coefficient, consequently to a high wear rate. A tribofilm of compacted wear debris can be 
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observed clearly in the worn surface of pure Ni coating, while there is no evidence of a tribofilm 

on the worn surfaces of the electrodeposited cobalt-rich Ni-Co coating (Figure III.24). 

 

Figure III.23: The wear rate of the electrodeposited Ni and Ni13-Co87 coatings. 

To understand and explain more the diversity between the wear behavior of pure Ni and Ni13-

Co87 coatings, the worn surface morphologies can be observed microscopically as shown in 

Figure III.24. The appearance of a tribofilm that leads to a wide wear rate of pure Ni coatings 

is clearly observed in the worn surface of  (fcc) structured Ni coating subjected to the wear 

constraints (Figure III.24 (a), (b) and (c)) . The appearance of tribofilm in this case is due to the 

harsh deformation in the sliding direction under the compression and shear constraints and the 

adhesive-oxidative wear mechanism of the pure Ni coating (the mechanism of a partial tribofilm 

formation is the same as explain for Ni63-Co37 in the section (III.3.1.d)). Moreover, Ni coating 

with the ductile  (fcc) phase shows a big tendency to plastic deformation resulting in high 

formation of asperity spots which leading in turn to a high and unstable friction coefficient of 

pure as shown in Figure III.22. In comparison with pure Ni deposit, there is no tribofilm 

appearance in the worn surface of Ni13-Co87 coating with  (hcp) crystal structure; the worn 

surface in this case becomes dense and reveals less adhesion wear and smooth surface with very 

smaller smashed spots, where just some scars are remarked on the worn surface (Figure III.24 

(d), (e) and (f)). This came out with better wear resistance of Ni13-Co87 alloy coating compared 

with Ni coating. That is also the cause behind the friction coefficient of Ni-Co alloy coating 
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much more stable and about five times lower than that of Ni coatings. The above tribological 

analyses results are in good agreement with the study of C. Ma et al [39] and L.Wang et al [177] 

regarding the influence of high Co addition on the tribological behavior of nanocrystalline and 

microcrystalline Ni coatings, respectively. Otherwise, it can be seen clearly that the Ni-Co wear 

tracks are much narrower and shallower compared to those of the pure nickel coating. That is 

another sign about the wear rate of Ni-Co coating very lower compared the pure Ni coating.  

These observations well coincide with the obtained results of wear rates evaluated by the weight 

loss (Figure III.23). 

III.4 CONCLUSIONS 

In the present chapter of the study, homogenous nanocrystalline Ni, Ni63-Co37 and Ni13-Co87 

coatings with very good hardness-toughness combination and high adhesion to substrate was 

successfully electrodeposited on StW24 mild steel. The compositional, morphological, 

structural and tribological characteristics of StW24 mild steel substrate and the electrodeposited 

coatings were investigated. The performances of Ni-Co coatings as anti-wear coating on the 

Stw24 mild steel substrate were examined and compared with that of the pure Ni coating. The 

following important conclusions can be drawn from the different characterizations and 

comparisons: 

(1) XRF analysis showed that the electrodeposition of Ni-Co alloys follows an anomalous co-

deposition mechanism where the less noble metal (Co) deposited preferentially compared to 

the more noble metal (Ni). This anomalous co-deposition mechanism of Ni-Co alloys still 

exists, even at high cobalt concentration in the electrolyte (≈ 48% Co) but with a reduced 

abnormality degree in this case.  

(2) The XRD patterns of the electroplated Ni and Ni-Co coatings showed that the addition of 

organic additives, namely, saccharin and BD in the electrolyte leads to crystallites size in the 

nanometric order. It leads also to the predominance of (111) as preferential crystallographic 

orientation instead of the (200) direction normally found in Ni and Ni-rich Ni-Co coatings, and 

the consolidation of (100) instead of the (101) direction usually existing in Co-rich Ni-Co 

coatings. Furthermore, the XRD patterns showed that Ni and Ni63-Co37 coatings characterized 

by a single  (fcc) phase structure. However, the addition of high cobalt amount leads to the 

transformation total of the phase structure to  (hcp) structure as shown in the XRD pattern of 

Ni13-Co87 coating.  
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Figure III.24: SEM observation with different magnifications on the wear tracks of pure Ni 

coating (a) (b) (c) and Ni13-Co87 coating (d) (e) (f). 

 (3) SEM observations on the surfaces of the elaborated Ni and Ni-rich (Ni63-Co37) coatings 

revealed that these later are characterized by a pyramidal and colony-like morphologies, 

respectively. However, the addition of high cobalt content causes the change of these smooth 

morphologies to relatively rough branched-porous morphology in Ni13-Co87 coating; which is 

related to the change of the crystal phase from  (fcc) to  (hcp) structure.  

Sliding direction 
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(4) Despite that the hardness of Ni is not very much higher than that of StW24 steel but the 

coating of this latter by the nanostructured Ni63-Co37 alloy leaded to the multiplication of its 

hardness about three times, which attributed to the solid solution hardening of nickel by cobalt. 

The relatively high hardness of Ni-Co deposit is due also to the grain boundary strengthening 

(Hall-Petch hardening) thanks to the nanometric crystallites size of the coating. In the other 

hand, the microhardness of nanocrystalline Ni coatings reduced with the increase of the grains 

size of the coatings following the addition of high cobalt content, indicating that the 

microhardness of these electrodeposits follows the Hall-Petch effect.  

(5) Ni-Co coated StW24 steel substrate showed less wear rate and high wear resistance 

compared with the uncoated substrate under the two applied loads 5 and 10N and this despite 

its relatively higher friction coefficient, this can be explained by the very high hardness of Ni-

Co alloy coating compared with StW24 steel substrate, which is corresponding to Archard law. 

On the other hand, Ni13-Co87 alloy coating showed much lower friction coefficient and higher 

wear resistance compared with pure Ni coating. The decrease in the wear rate is happened 

regardless the decrease in the microhardness to almost the half what contradicts the Archard 

law.  It is believed that this inversed Archard law effect was due to the significantly friction-

reduction following the total phase transition to  (hcp) phase in Co-rich Ni-Co alloy coatings.  

(6) The analyses of worn surface morphologies of uncoated and Ni-Co coated StW24 steel 

substrate by SEM and EDX showed that no tribofilm exists in the wear tracks of the uncoated 

and Ni13-Co87 coated substrates. Nevertheless, a partial tribofilm contains oxygen, resulting 

from the mixed abrasive-adhesive wear mechanism was observed clearly on the worn surfaces 

of Ni and Ni-rich Ni63-Co37 coating. It is worth noting that the tribofilm formation on the worn 

surface have a negative influence on the friction and wear behavior of the studied materials. 

Where, the absence of this debris film in the worn surfaces of uncoated and Ni13-Co87 coated 

substrate was translated by very low and stable friction coefficients. However, the partial 

tribofilm observed on the worn surfaces of Ni and Ni63-Co37 coating is responsible for theirs 

high and unstable friction coefficients that influence negatively on their anti-wear 

performances. 
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CHAPTER IV: Effect of the electrodeposition conditions on the 

properties of Ni-Co coatings 

IV.1 INTRODUCTION 

From the previous chapter, it was demonstrated that Ni-Co coatings have excellent anti-wear 

properties, however, it was clearly noticed that the morphostructural, mechanical and 

tribological properties of the Ni-rich coating (Ni63-Co37) and the Co-rich coating (Ni13-Co87) 

are very different. For this purpose, we plan in this chapter to study the effect of the cobalt 

content on the morphological, microstructural, mechanical and tribological properties of Ni-Co 

coatings. As discussed in chapter I, the Co content of coatings can be controlled not only by the 

Co content of the electrodeposition bath. Indeed, previous studies show that other 

electrodeposition parameters such as bath additives, current type and density, pH, temperature, 

agitation, etc. can have a significant effect on the composition and on all the properties of Ni-

Co alloy coatings. In addition to the cobalt concentration, we are interested in this chapter in 

the effect of other parameters which are not covered in the previous studies, namely the effect 

of bath temperature, the nature of the substrate and the deposition time on the mechanical and 

anti-wear properties of Ni-Co coatings. Such a study can allow us to optimize the 

electrodeposition parameters to obtain an efficient Ni-Co anti-wear coating and to test the 

maintainability of its performances on different substrates and with different thicknesses. 

IV.2 EXPERIMENTAL DETAILS 

IV.2.1 Coatings electrodeposition 

For the study of the effect of electrodeposition conditions and parameters on the different 

characteristics of Ni-Co coatings, various parameters and conditions are applied for this purpose 

in this chapter. The standard and varied parameters used for the electrodeposition of Ni-Co 

coatings in this study are summarized in Table IV.1.  

IV.2.2 Compositional, morphological and microstructural characterizations 

The morphological properties of the electrodeposited Ni-Co coatings are investigated using a 

scanning electron microscope (SEM) and a confocal microscope. The composition of the 

coating is determined using X ray fluorescence spectrometer (XRF) and Energy-dispersive X-

ray spectrometer (EDS). The roughness and the thickness of coatings are measured using a 

https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
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mechanical profiler; five measurements are made on each sample. The crystal structure of 

coatings is studied by the use of X-ray diffractometer (XRD). 

Table IV.1: Experimental parameters and conditions used for the electrodeposition of the 

different coatings. 

THE  STANDARD CONDITIONS 

Composition of the electroplating bath (g/l) 

NiSO4 NiCl2 CoSO4 H3BO3 Saccharin BD SDS 

200 20 20 30 2 0.5 0.2 

Electrodeposition parameters 

Current density Temperature Electrolyte pH Agitation rate Duration 

4 A/dm2 45 °C 4.2±0.05 200 rpm 60 min 

THE VARIED CONDITIONS 

Study of the Co content effect 

Co content in the 

bath (g/l) 
0 40 80 120 160 200 

Study of  the temperature effect 

Bath temperature 

(°C) 
25 45 65 85 

Study of the electrodeposition duration effect 

Electrodeposition 

duration (min) 
30 60 90 120 

Study of the substrate nature effect 

Substrate nature Steel Copper Brass 

IV.2.3 Mechanical and tribological characterizations 

The microhardness and the nanohardness of the electroplated coatings are determined using 

Vickers micro-indenter and Berkovich nano-indenter, respectively. The different parameters 

used for the micro and nano indentations tests are listed in Table IV.2. The tribological behavior 

of the coating is studied using pin on disc tribometer under dry sliding wear conditions using 

the sliding parameters mentioned in Table IV.2. All the tribometric analyses are performed at 

room temperature under 28-44% of humidity. AISI 1040 hard steel ball (Ø = 6mm, hardness = 
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700HV) and alumina ball (Ø = 6mm, hardness = 1900HV) are used as a pins. The friction 

coefficient in function of time is automatically computed during the test. The morphology and 

the composition of the worn surfaces are studied by SEM and EDS, respectively, while the wear 

rate is evaluated by measuring the mass loss using digital precision balance having an accuracy 

of ± 0.1mg. The adhesion of the coating to substrate is evaluated by the use of scratch tester; 

the parameters applied for the scratch tests are listed in Table IV.2. The critical load (LC) is 

surveyed by two different means. 

Table IV.2: The experimental parameters used for the characterization of the mechanical and 

tribological properties of the electrodeposited coatings. 

Microhardness measurements 

Applied load (g) Holding time (s) Number of indentations 

10 to 50  15 5 

Nanohardness measurements 

Applied load (mN) 
Loading rate  

(mN/min) 

Pause at 

maximum load (s) 

Unloading speed 

(mN/min) 

Number of 

indentations 

200 400 10 400 9 

Pin on disk tests 

Applied load (N) Sliding time (min) Sliding speed (mms-1) 

3 to 10 15 to 30 5 

Scratch tests 

Applied load (N) Loading rate (mNs-1) Loading mode 

From 0 to 100 1.66 Progressive 

 

IV.3 RESULTS AND DISCUSSIONS  

IV.3.1 Effect of the bath Co content on the properties of the 

electrodeposited Ni-Co coatings  

In the previous chapter, it was concluded that cobalt-rich Ni-Co alloy coatings (≥ 50 wt.% Co) 

exhibit better tribological properties compared to Ni and nickel-rich Ni-Co coatings. Moreover, 

previous studies have shown that the main factor that manages the different properties of Ni-

Co alloy electrodeposits is their Co content that can be controlled mainly by the Co 
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concentration in the electrodeposition bath. For this purpose, in the present part, Co-rich Ni-Co 

coatings (or also Co-Ni coatings) are electrodeposited on StW24 steel substrate in baths 

containing different concentrations of Co2+.  The effect of Co concentration in the baths used 

to deposit them on their compositional, morphostructural, mechanical and tribological 

properties is examined. The variations of structure and morphology with the variation of Co 

content are correlated with the change in mechanical and tribological behavior of the coatings 

in order to well understand all these changes. 

IV.3.1.a) Effect on the composition of coatings  

The relationship between the concentration of cobalt in the electrolyte and in Ni-Co coatings 

electrodeposited at a fixed concentration of Ni2+ in the bath is shown in Figure IV.1, it is clear 

that the Co content in the coatings increases gradually with increasing the concentration of Co2+ 

ions in the electrolyte. Thus, the percentage of Co in the deposits is always higher than that in 

the electrolyte, which means that the mechanism of anomalous codeposition of the Ni-Co alloy, 

explained extensively in section (III.3.1.a), is still valid regardless the concentration of Co2+ 

and Ni2+ ions in the bath. On the other hand, the abnormality degree is defined as the 

Mdeposit/Melectrolyte ratio, where Mdeposit and Melectrolyte are the percentages of Co in the deposit and 

in the corresponding electrolyte, respectively. According to Figure IV.1, the abnormality degree 

is significantly reduced with increasing cobalt content in the electrolyte, meaning that the 

anomalous codeposition is favored in the baths with the lower Co content. These results are 

important insofar as reducing the degree of abnormality can lead to a decrease in the rate of 

codeposition and consequently to a decrease in the thickness of the deposits. It is worth noting 

that Dolati et al [188] and Tian et al [160] have obtained results comparable to those of this 

study. 

IV.3.1.b) Effect on the morphostructural properties of coatings 

SEM micrographs of the Ni-Co coatings electroplated at baths with different Co contents are 

shown in Figure IV.2. The pure Ni electrodeposit is characterized by a granular smooth surface 

morphology Figure IV.2 (a). The surface morphology of the Ni-Co coating with a Co content 

of 74 wt.% is a mixture of smooth granular areas with branched (fiber-like) morphology, with 

a predominance of the latter Figure IV.2 (b). However, with further increasing of Co content, 

pores replace the smooth granular areas and the morphology becomes branched-porous in the 

Ni-Co coating with 87 wt.% Co content Figure IV.2 (c).  
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Figure IV.1: Co content in the electrodeposited Ni-Co coatings and abnormality degree vs. 

the Co concentration in the electrolyte. 

The appearance of the fibrous morphology in the Co-rich Ni-Co coatings coincides well with 

the appearance of the ɛ (hcp) crystal structure, as can be clearly seen in the XRD patterns of the 

prepared Ni-Co coatings (Figure IV.3). The disappearance of the smooth granular zones is also 

associated with the total disappearance of the α (fcc) crystal structure and the transformation of 

the mixed structure (fcc + hcp) within the Ni-Co coating with 74 wt.% Co to a single ɛ (hcp) 

crystal structure within the Ni-Co coating with 87 wt.% Co. The increase in Co content in the 

coatings as a result of increasing the amount of Co added to the bath not only influences the 

morphology and structure of the coatings but also their thickness. The measurement of the 

thicknesses of the electrodeposited coatings by a mechanical profiler shows that the thickness 

of the Ni-Co coatings decreases from 55 5m to a value of about 42 5m with the increase 

of their Co content from 0 to 87 wt.%. This is probably due to the decrease in the codeposition 

rate following the decrease of abnormality degree as shown in Figure IV.I.  
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Figure IV.2: SEM micrographs of the electrodeposited coatings: (a) and (b) pure Ni, (c) with 

74 wt.% Co and (d) with 87 wt.% Co.  

XRD patterns of the electrodeposited Ni-Co coatings are presented in Figure IV.3. It is clear 

that the Co content has a great influence on the crystal structure of the electrodeposited coatings. 

It can be seen that the pure Ni coating is characterized by a single  (fcc) phase structure. The 

Ni-Co deposit with 63 wt.% Co also displays the same single α(fcc) structure but with a 

remarkable decrease in peak intensity. The Ni-Co coating with 74 wt.% Co shows both α (fcc) 

and ε (hcp) phases but with a complete disappearance of the fcc (200) peak. While a complete 

disappearance of α (fcc) phase and a consolidation of ɛ (hcp) phase is noticed in the Ni-Co 

coating with 87 wt.% Co. This suggests that the crystal structure of Ni-Co coatings gradually 

changes from a full (fcc) lattice similar to that of pure Ni to a full (hcp) lattice similar to that of 

pure Co by increasing the Co content from 63 to 87 wt.%. Similar changes in the crystal 

structure by the addition of high amounts of Co to Ni electrodeposits have been noted in 

previous studies [32,130,186].  
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Figure IV.3: XRD patterns of the electrodeposited Ni-Co coatings. 

These phase changes are also consistent with the equilibrium phase diagram of the Ni-Co alloy 

(Figure II.10), which exhibits a single  (fcc) phase along the range from 0 to about 65 wt.% 

Co, both (α+ ) phases in the interval extending from 65 to about 75 wt.% Co, and a single ɛ 

(hcp) phase continuing to 100 wt.% Co. All the electrodeposited coatings show preferred 

crystallographic orientations. Ni-Co with 63 wt.% have a double fiber textures (111) and (200) 

like those of pure Ni. Ni-Co with 74 wt.% Co has a single fiber texture (111)/(002), while Ni-

Co with 87 wt.% Co takes a single fiber texture (100), which are almost the same results for Ni-

Co coatings with different Co contents, obtained by Hibbard et al.[130] Lupi et al [129] and Ma 

et al [29]. In contrast, these preferred crystallographic orientations are different from those of 

the Ni-Co polycrystalline coatings found by [177]. These differences can be explained by the 
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effect of organic additives in the electrolyte bath, especially saccharin, as explained in detail in 

section (III.3.1.b). 

The crystallites size of the elaborated coatings, calculated from the full width at mid-height 

(FWHM) of the XRD peaks using Scherrer's formula (eq.III.8) is presented in Figure IV.4. As 

can be seen from this figure, the crystallites size increases with the increase of Co content in 

the coatings, which is explained by the gradual change of the surface morphology of the 

coatings from smooth granular structure to fibrous branched structure, as shown in Figure IV.2. 

Somewhat similar to the morphology changes reported by Wang et al [177] and Golodnitsky et 

al [124] (Figures II.20 and II.21).          

 

Figure IV.4: The crystallites size vs. the Co content of the electrodeposited Ni-Co coatings. 

IV.3.1.c) Effect on the microhardness of coatings 

Figure IV.5 shows the microhardness as a function of Co content of the electrodeposited Ni-Co 

coatings. It can be seen that the microhardness gradually decreases with increasing Co content 

of the coatings. The explanation for this gradual decrease in microhardness is the gradual 

increase in crystallites size of the Ni-Co coatings with the increase of their Co content, as shown 

in Figure IV.4. This decrease in hardness with increasing crystallites size of materials known 

as the Hall-Petch effect and can be described mathematically by the classical Hall-Petch 



CHAPTER IV:         Effect of the electrodeposition conditions on the properties of Ni-Co coatings 

 

 
 
 

102 
 

relationship (eq. III.7). To further clarify the effect of crystallites size on the microhardness of 

the electroplated Ni-Co coatings, the microhardness as function of the inverse square root of 

average crystallites size (𝒅−𝟏 𝟐⁄
) is represented in Figure IV.6 in the form of Hall-Petch plot. It 

is clear that the microhardness of the electrodeposited Ni-Co coatings is quasi-linearly 

proportional to 𝒅−𝟏 𝟐⁄ . The measured microhardness fit well Hall-Petch plot with a correlation 

coefficient (R2 = 0.95). Such a relationship has also been observed for pure Ni [23,107], pure 

Co [107] and Ni-Co coatings [108,177]. However, a small deviation from the Petch Hall 

gradient can be observed when the crystallite size was smaller than about 14 nm.  

 

Figure IV.5: Microhardness vs. Co content of the electrodeposited Ni-Co coatings. 

The deviation from Hall-Petch gradient is a common phenomenon in the nanomaterials 

generally [15,172,189]. It has also been reported for nanocrystalline Ni and Ni-Co coatings 

below different crystallites size values in many previous studies [23,107,134]. The mechanism 

of deviation and failure of Hall-Petch relationship is not clear, since there is a conflict of opinion 

on the causes of this phenomenon in the literature as shown in section (I.5.5.b). 
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Figure IV.6:  Microhardness vs. the inverse square root of crystallites size of the 

electrodeposited Ni-Co coatings. 

IV.3.1.d) Effect on the tribological behavior of coatings  

The friction coefficients of the elaborated Ni-Co coatings as function of time are shown in 

Figure IV.7. It is obvious that the friction coefficient gradually decreases and becomes more 

stable with increasing Co content in the coating. Pure Ni and, to a lesser extent, Ni-Co (63 wt.% 

Co) coatings with a single α (fcc) crystal structure exhibit a relatively high and unstable 

coefficient of friction. However, a further increase of the Co content in the coatings leads to a 

drastic decrease of the friction coefficient. Combined with the XRD patterns (Figure IV.3), the 

gradual decrease in the friction coefficient with increasing Co content in the coatings can be 

explained by the gradual change of the crystal structure from the full (fcc) phase to a mixed 

(fcc+hcp) phase and then to a full (hcp) phase that exhibits excellent friction reduction behavior 
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according to some previous studies [39,107,177]. Furthermore, the high and unstable friction 

coefficient of the pure Ni coating and, to a lesser degree, Ni-Co with 63 wt.%, can be explained 

by the formation of tribofilms on their worn surfaces, as can be clearly seen in Figure IV.9 (a-

d).  

Figure IV.7: Friction coefficient vs. sliding time of the electrodeposited Ni-Co coatings. 

The wear rate of the electroplated Ni-Co coatings as function of their Co content is presented 

in Figure IV.8. It is observed that the pure Ni coating exhibits a wear rate of about 12*10-4 

mm3/Nm. However, the wear rate is dramatically reduced to less than half with the addition of 

a high Co content of about 63 wt.% to the coating.  The wear rate of the electrodeposited coating 

continues to decrease gradually with increasing Co content in the coating to reach a value of 

about 1.85*10-4 mm3/Nm in the Ni-Co alloy with 87% Co content, more than six times lower 

than that of the pure Ni coating. This reduction in the wear rate of electrodeposited coatings 

despite the decrease in their hardness (see Figure IV.5) contradicts Archard's law (eq.III.7) 

which correlates inversely between wear rate and hardness of the worn surface. The inverse 

Archard law can be explained by the change of the crystal structure from α (fcc) to the special 
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ε (hcp) phase which exhibit excellent tribological behavior. The reduction in wear rate with 

increasing Co content is in good agreement with the reduction and stabilization of the friction 

coefficient (Figure IV.7).  

 

Figure IV.8: Wear rate vs. Co content of the electrodeposited Ni-Co coatings. 

To further understanding of the wear behavior of the elaborated coatings, the worn surfaces 

morphologies can be observed by SEM as shown in Figure IV.9. The pure Ni coating with α-

phase structure shows a discontinuous tribofilm resulting from the severe adhesive wear in the 

rubbing direction (Figure IV.9 a-b). This tribofilm, which consists of both the wear debris of 

the coating and the transferred debris from the pin, is the reason for the high and unstable 

friction coefficient and the higher wear rate of the pure Ni and nickel-rich Ni-Co coatings, as 

explained in detail in section (III.3). Alloying Ni with high Co content leads to a dense and 

smooth worn surface with very slight adhesion, as can be clearly seen on the worn surface of 

the Ni26-Co74 coating with a mixed (α+ε) crystal structure (Figure IV.9 (c)-(d)), leading to a 

relatively low and stable friction coefficient and a lesser wear rate compared to the pure Ni 

deposit. While Ni-Co coatings with Co content > 74 wt.%, which are characterized by a 

particular crystal structure ε (hcp), show smaller damaged regions with a very smooth and dense 

surface exempt of any tribofilms, adherent debris or transfers from the pin (Figure IV.9 (e)-(f)), 
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which corresponds to a very low wear rate and a very stable friction coefficient. Hence, it can 

be concluded that the more ε (hcp) phase is dominant, the better the anti-wear behavior will be. 

Figure IV.9: Worn surface morphologies of the electrodeposited Ni-Co coatings (a) (b) pure 

Ni coating, (c) (d) Ni-Co coating with 74 wt.% Co, (e) (f) Ni-Co with 87 wt.% Co. 

The wear tracks of steel balls used as pins are also observed by SEM as can be seen in Figure 

IV.10. The wear tracks of the pin rubbed against the pure Ni coating are relatively wide (Figure 

IV.10 (a)) and show many pores caused by the detachment of the material as a result of severe 

adhesive wear. These detachments adhere to the surface of the Ni coating during rubbing and 

form a tribofilm as shown in Figure IV.9 (a)-(b). As the Co content increases to about 63 wt.%, 

the wear track of the pin becomes narrower and shows the least amount of detachments.  

Whereas a Co content ≥ 74 wt.% resulted in much narrower wear scars on the pin that are free 

of any detached particles or debris being transferred to the coating (Figure IV.10 (c)). Thus, it 

can be concluded that the sizes of the pin wear tracks are in agreement with the wear rate of the 

Ni-Co coated substrates (disks) presented in Figure IV.8. 

(a) (c) 

(b) 

(e) 

(d) (f) 
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Figure IV.10: Wear tracks of the pins rubbed against (a) pure Ni coating, (b) Ni-Co coating 

with 63 wt.% Co, (c) Ni-Co coating with 87 wt.% Co. 

IV.3.2 Effect of the bath temperature on the properties of the 

electrodeposited Ni-Co coatings  

From the previous section, it was concluded that the morphostructural and anti-wear properties 

of Ni-Co coatings were significantly influenced by their Co content, which can be controlled 

mainly by the Co content of the bath. However, previous studies have concluded that the Co 

content of the coatings can also be influenced by other plating parameters, such as bath 

temperature [122,123]. To our knowledge, the question of the effect of temperature on the anti-

wear properties of Ni-Co coatings has not been the subject of any previous study. For this 

purpose, it is important to study in detail the variations in composition and morphostructural 

properties of electrodeposited Ni-Co coatings as a function of bath temperature and to 

understand their relation with the anti-wear properties. This section of the study examines the 

effect of bath temperature on the composition and morphostructural properties of Ni-Co 

coatings, which are directly related to their mechanical and tribological behavior, in order to 

fully understand the effect of the electrodeposition bath temperature on the anti-wear properties 

of the electrodeposited coatings. 

IV.3.2.a) Effect on the deposition potential 

Figure IV.11 shows the galvanostatic curves for the deposition of Ni-Co alloy at different 

electroplating bath temperatures. It can be clearly seen that the reduction potential of Ni2+ and 

Co2+ ions gradually decreases and becomes less cathodic with increasing bath temperature. The 

measured potential is an indication of the reactions that occur at the substrate-electrolyte 

interface. Thus, the variation of the potential occurs in response to the variation of the electrical 

(a) (b) (c) 

Pores 
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resistivity of the substrate surface as a function of the nucleation and growth phenomena of the 

deposit [190,191]. Initially, a fast decrease in the reduction potential due to the charge of the 

double electrical layer can be observed, until the reduction potential of the Ni2+ and Co2+ ions 

is reached. Thereafter, the potential becomes quasi-stable and does not fluctuate until the end 

of the deposition operation, indicating a uniform deposition of the coating on the steel surface, 

regardless of the bath temperature [192]. As the concentration of electroactive species near the 

substrate becomes close to zero, the potential becomes more negative to compensate the 

capacitive effect [193]. Increasing bath temperature may provide higher diffusion coefficients, 

more kinetic energy and ions mobility, resulting in less near substrate impoverishment by the 

Ni2+ and Co2+ ions; therefore, the capacitor formed between the substrate and the metal ions 

does not require much charge for compensation, which resulted in the decrease of the 

overpotential required to create nucleus with increasing temperature. The decrease in deposition 

potential can also be explained by the increase in current efficiency with increasing bath 

temperature, as concluded in previous studies dealing with the electrodeposition of Ni-Co layers 

[37,125]. At a lower bath temperatures (<40°C), a considerable amount of current is consumed 

by the hydrogen evolution reaction (HER) which competes with the reduction reaction of Ni2+ 

and Co2+ ions [125], resulting in a relatively high required overpotential. However, an increase 

in bath temperature makes the hydrogen evolution less intense, improves the efficiency of the 

current and, consequently, the potential required for the co-deposition of the Ni-Co alloy 

becomes lower. Thus, it can be concluded that the bath temperature is a factor that facilitates 

the diffusion of ions through the electric double layer formed on the substrate-electrolyte 

interface, decreases the reduction potential and consequently accelerates the deposition rate of 

the Ni-Co alloy. It should be noted that the same behavior of deposition potential decrease with 

increasing bath temperature was noticed by Sarac et al for Ni-Co [192] and Ni-Cu [194] 

electrodeposition on an ITO substrate. 
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Figure IV.11: Cathodic potential as a function of time at different electroplating bath 

temperatures. 

IV.3.2.b) Effect on the composition of coatings  

The concentration of Co and Ni in Ni-Co coatings electrodeposited at a constant concentration 

of cobalt sulfate in the bath (20g/l) is plotted against bath temperature in Figure IV.12. It is 

clear that the bath temperature strongly influences the composition of the deposits, where it can 

be seen that the concentration of the Co and Ni elements varies with the variation of the bath 

temperature. The deposits produced at ambient temperature (25°C) contain the maximum cobalt 

content (48 wt.%), this Co content decreases with increasing bath temperature to reach its 

minimum value (30.7 wt.%) at a bath temperature of 65°C, then it undergoes an increase 

towards (39.3 wt.%) with increasing bath temperature to 85°C. Thus, it is noticed that the 

percentage of Co in the electrodeposits at all the studied bath temperatures is higher than that 

in the electrolyte (8.33 wt.%), which means that the anomalous co-deposition mechanism of 

the Ni-Co alloy explained extensively in section (III.3.1.a) still exists regardless of the bath 

temperature. However, the calculation of the abnormality degree by the relationship mentioned 

in section (IV.3.1.a) shows that the bath temperature has a significant influence on it. While it 
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decreases from 5.76 to 3.69 following the increase in temperature up to 65°C and then increases 

to 4.72 when the temperature rises to 85°C. It is worth mentioning that to the present day, the 

literature reports different results concerning the effect of bath temperature on the composition 

of Ni-Co alloy electrodeposits. Although there are no previous studies covering the full range 

of bath temperature variations taken in this study (25 to 85°C), but findings in good agreement 

with the results of this study in the range of 30 to 60°C are revealed for Ni-Co alloys 

electroplated in a chloride bath [125], in a chloride-sulfate bath [195] and also in a chloride-

sulfamate bath [196].  In contrast, the Co content was found to be unaffected meaningfully by 

the change of bath temperature in the range of room temperature (22-37°C) [192]. On the other 

hand, a slight increase in the Co content of Ni-Co alloy deposited from a gluconate bath was 

detected by M.Kamel [123] when increasing the bath temperature from 5 to 60°C. These 

contradictory results can be attributed to the use of different electrodeposition parameters such 

as applied current density and electrodeposition bath composition. 

 

Figure IV.12: Co and Ni contents in the electrodeposited Ni-Co coatings vs. the bath 

temperature. 
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IV.3.2.c) Effect on the morphostructural properties of coatings 

From SEM observations of the coating morphologies, the bath temperature does not appear to 

have a significant effect on the grains shape, which is consistent with some previous studies 

[192]. Moreover, the grain size is too fine to be resolved by SEM, so we focus in this section 

only on studying the bath temperature effect on the surface quality of electrodeposited Ni-Co 

coatings. Figure IV.13 shows the SEM observations of the Ni-Co coatings electrodeposited at 

different bath temperatures. It can be clearly seen that the coating electrodeposited at 25 °C is 

characterized by a dense, rough, crack-free and orange peel-like morphology (Figure IV.13 (a)). 

The electrodeposited coating at 45 °C seems to be as dense but rougher than that 

electrodeposited at 25 °C, where the rougher surface in this case can be attributed to the slight 

increase in crystallite size following the increase in bath temperature from 25 to 45 ° as can be 

seen in Figure IV.13 (b). Raising the bath temperature to 65°C results in relatively smooth but 

porous coating (Figure IV.13 (c)). A further increase in temperature to 85°C gives a coating 

with a high porosity rate, as shown in Figure IV.13 (d). The appearance of porosity on the 

surface of Ni-Co coatings deposited at the highest used bath temperatures (65 and 85°C) is 

possibly due to the effect of Cl- and SO4
- anions [134], where the coatings are deposited from a 

bath with a high contents of SO4
- and Cl- anions, these latter being able to attack the surface of 

coatings, preferably at high temperatures, resulting in holes, cracks and burning of the coatings. 

At the macroscopic scale, the coating brightness improves when the deposition temperature is 

increases from 25 to 65°C, while a higher bath temperature leads to dull grey deposits similar 

to the Ni-Co foil electrodeposited at 60°C by Y.F. Yang et al [125]. The improvement in the 

coatings brightness is due to the weakness of the hydrogen evolution reaction (HER) with the 

increase of the bath temperature. As explained in detail in section (IV.3.2.a), this competitive 

reaction to the reduction of Ni2+ and Co2+ ions, consumes a significant part of the current 

dedicated to the electroplating of Ni-Co alloy and causes the formation of hydrogen bubbles 

which translates into some micropores leading to the decrease of the brightness of coatings 

electrodeposited at low temperature (25 -45 °C). Furthermore, the weakness of HER leads to 

an increase in the current efficiency and subsequently to the increase of the deposit thickness 

from (485m to 545m) when the bath temperature increases from 25 to 85°C. On the other 

hand, the dull gray brittle deposits accompanied by the phenomenon of black burning are due 

to the effect of Cl- and SO4
- on the surface of coatings deposited at high temperatures (> 65 °C). 
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Figure IV.13: SEM micrographs of the Ni-Co coatings electrodeposited at: (a) 25°C, (b) 

45°C, (c) 65°C, (d) 85°C.   

XRD patterns of the Ni-Co coatings electrodeposited at different bath temperatures are shown 

in Figure IV.14. As clearly seen, all the peaks characterize the  (fcc) total Ni-Co solid solution 

with (111) preferential orientation, which is in good agreement with the results revealed in 

previous studies at this range of Co content (30 to 48 wt.% Co) in the presence of saccharin 

[29,194]. However, some changes can be observed in the XRD patterns of electrodeposits with 

increasing temperature. The first observed change is the gradual increase in peaks intensity as 

the bath temperature increases from 25 to 65°C, and its diminution by a further increase of 

temperature toward 85°C. These variations in peak intensity can be well correlated with the 

variation in Co content (Figure IV.12), as the peaks intensities becomes stronger with 

decreasing Co content, and weaken with increasing Co content. The increase of the intensity is 

a sign of the improvement of coatings crystallinity and vice versa [197]. A reasonable 

explanation for the improvement in crystallinity with increasing bath temperature is the 

decrease in Co content, as the large Co atoms (atomic radius = 152pm [170]) partially replace 
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small Ni atoms (atomic radius =149pm [170]) in the crystal lattice, as shown in Figure III.7, 

resulting in localized distortions in the Ni lattice.  This hypothesis can be supported by the 

patterns of Ni-Co coatings electrodeposited in baths with different Co contents, where 

increasing the Co content in the coatings leads to a decrease in their crystallinity (Figure IV.3). 

A similar behavior with increasing Co content can be observed also in the study of C.Ma [29].  

Figure IV.14: XRD patterns of the Ni-Co coatings electrodeposited at different bath 

temperatures.  

The second change that can be observed is the appearance of the fcc (200) peak (at~76°) 

exclusively on the XRD pattern of the coating electrodeposited at 85°C. This additional peak is 

not due to another crystal impurity or the formation of a new phase, but is only caused by a 

slight change in the preferential crystallographic orientation of the electrodeposits, where this 
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characteristic peak coincides well with the one that appeared at the same position in the JCPDS 

cards of pure Ni (α) and Co (α), as shown in Figure IV.14. 

 

Figure IV.15: Crystallites size of the electrodeposited Ni-Co coatings vs. the bath 

temperature. 

IV.3.2.d) Effect on the microhardness of coatings 

Figure IV.16 shows the average microhardness of the Ni-Co coatings electrodeposited at 

different bath temperatures. It is obvious that the bath temperature has a slight effect on the 

microhardness of the electrodeposited coatings. The Ni-Co coating deposited at room 

temperature (25°C) shows the highest hardness value among the elaborated coatings, i.e., 

781.66 HV, which is attributed to its dense pore-free surface and its relatively fine crystallites 

size, as shown in Figure IV.13 (a) and Figure IV.15, respectively. This value decreases to 761 

HV in the coating deposited at 45°C, which can be explained according to the Hall-Petch effect 

by the increase in the crystallites size (Figure IV.16). The hardness increases slightly to 777 

HV with a further increase in bath temperature to 65°C, which can be correlated with the 

decrease in the crystallites size. However, the coating deposited at this temperature has low 

hardness compared to that deposited at 25°C, despite its relatively smaller crystallite size, and 

this can be attributed to its porous surface (Figure IV.13 (c)). While the coating deposited at 85 
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°C exhibits the lowest hardness in this study despite its smaller crystallite size among the 

electrodeposited coatings, this may also be related to the high rate of porosity appearing on its 

surface as shown by SEM observations (Figure IV.13 (d)).  

 

Figure IV.16: Microhardness of the electrodeposited Ni-Co coatings vs. the bath temperature. 

To further verify the relationship between hardness, crystallites size and porosity of coatings, 

the measured hardness is plotted as function of the inverse square root of crystallites size (d-0.5) 

in the form of Hall-Petch relationship as shown in Figure IV.17. It is clear that the variation of 

the coating hardness following the variation of the bath temperature is consistent partially with 

the Hall-Petch relationship (eq.III.6).  The electrodeposits prepared at 25 °C have a higher 

hardness than the Ni-Co coating electrodeposited at 45 °C (781.66 vs. 761 HV) due to its finer 

crystallite size (13.73 vs. 14.6 nm). However, a deviation from the Hall-Petch gradient is 

noticed below a crystallite size of about 14 nm, where anomalously low microhardnesses of 

777 and 730 HV can be observed for the coatings electrodeposited at 65 and 85 °C despite their 

relatively finer crystallite sizes (12.96 and 10.17 nm, respectively) compared to the coating 

electrodeposited at room temperature with a crystallite size of (13.73 nm).  
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Figure IV.17: Microhardness vs. the inverse square root of crystallites size of the Ni-Co 

coatings electrodeposited at different bath temperatures. 

This deviation from the Hall-Petch gradient occurs almost at the same crystallite size value (14 

nm) obtained for coatings deposited in baths with different Co concentrations (Figure IV.6). 

Thus, it can be concluded that the Hall-Petch hardening (grain-boundary hardening) is not the 

decisive criterion for the hardness of the nanocrystalline Ni-Co coatings electrodeposited under 

such bath temperature conditions. The failure of the Hall-Petch relationship in the case of 

nanocrystalline electrodeposits is attributed to the texture effect [199], to the increased porosity 

[134] and others factors as shown in section (I.5.5.b). However, the effect of porosity seems to 

be predominant in this study, as all coatings have almost the same texture as can be seen in 

Figure IV.14, while their porosity rates are not the same, where the coating electroplated at 65 

°C and to a larger extent the one electroplated at 85 °C have exclusively loose microstructures 
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containing a high porosity rate (Figure IV.13 (c) and (d)). This high porosity which owing to 

the negligible effect of the grains size. Thus, it can be concluded that for the pore-free coatings, 

the hardness-crystallites size relationship can satisfy the Hall-Petch effect, while the porosity 

effect must be taken into account in the case of porous coatings. Similar results in bath 

temperature range 45 to 60 °C were reported by C.K.Chung et al [196] for the Ni-Co films 

electrodeposited at sulfamate-chloride bath, where the microhardness decreased by increasing 

bath temperature. Nevertheless, the effect of porosity was not taken as an explanation for the 

decrease in microhardness in this study, despite the porosity clearly observed in the SEM 

micrographs of their electrodeposited Ni-Co films. On the other hand, L.Feng et al [199] found 

that nanocrystalline pure Ni coatings electrodeposited at a bath temperature ranging from 45 to 

60 °C follow the Hall-Petch effect well, but with pore-free coatings in this case, which may 

well support our suggestions.  

IV.3.2.e) Effect on the tribological behavior of coatings  

The friction coefficients as function of sliding time of the Ni-Co coatings electrodeposited at 

different bath temperatures are shown in Figure IV.18. The coating electrodeposited at 25 °C 

has the lower and the more stable friction coefficient among the electrodeposited coatings with 

an average value of 0.38. The friction coefficient increases and becomes unstable with the 

increase of the deposition temperature towards 45°C and continues its increase and instability 

with further increase of the bath temperature up to 65°C, while it decreases significantly for 

coatings deposited at 85°C. This later coating, unlike other coatings, shows four phases in the 

friction coefficient evolution during the sliding time. The first contact phase (from 0 to 30 s of 

rubbing) governed by surface roughness that is a common step for all samples (as explained in 

detail in section (III.3.1.d). The second phase of smoothing (30 to about 120 s), which has a 

direct relationship with the surface hardness and wear mechanism. The third phase (from 120 

to 300 s) specific to this coating, which can be attributed to the harsh abrasion of this porous 

burnt deposit. The final phase (from the fifth minute until the end of the wear test), which is 

characterized by a decrease and stabilization of the friction coefficient due in this case to the 

total deterioration of the burnt porous coating and the penetration of the pin to the level of the 

substrate surface, where the evolution of the friction coefficient becomes at the same level as 

that of the bare substrate shown in Figure III.9.  Referring to Figure IV.12, it can be noted that 

the variation in the friction coefficient of Ni-Co coatings electrodeposited at different bath 

temperatures is inversely related to the Co content in the coating. In other words, the friction 
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coefficient of coatings decreases as their Co content increases. This result confirms the 

lubricating effect of Co (friction-reduction effect) suggested in the sections (III.3.2.d) and 

(IV.3.1.d) of this thesis and also in some previous studies [28,29,39,177]. 

 

Figure IV.18: Friction coefficient of the Ni-Co electrodeposited at different bath 

temperatures vs. sliding time.  

After the completion of the wear test, the wear rate of Ni-Co coatings is estimated by mass loss 

using the equation (II.9 [43]). Figure IV.19 shows the wear rate of the coatings electrodeposited 

at different bath temperatures. It is evident that the wear rate of the coatings becomes higher as 

the temperature of the plating bath increases.  
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Figure IV.19: Wear rate of the Ni-Co coatings electrodeposited at different bath temperatures. 

The nanocrystalline Ni-Co alloy coating electroplated at room temperature (25 °C) has the 

lowest wear rate (6.3*10-4 mm3N-1m-1) and the highest wear resistance among the electroplated 

coatings, thanks to its relatively higher hardness and lower friction coefficient as shown in 

Figure IV.16 and Figure IV.18.  The wear rate increases by 55% for the coatings deposited at 

45°C, due to the diminution of hardness and the increase in friction coefficient about two times 

compared to that of the coatings deposited at 25°C, as illustrated in Figure IV.16 and Figure 

IV.18, respectively. The Ni-Co coating electrodeposited at 65 °C exhibits a higher wear rate 

than the coating deposited at 45 °C, despite its slightly higher hardness (Figure IV.16), which 

can be attributed to its higher friction coefficient among the deposited coatings and also to its 

porous surface. The wear rate continues to increase and becomes almost double in the worn 

coatings electrodeposited at 85 °C compared to the coating deposited at 65 °C, and this despite 

its friction coefficient being almost half of the latter coating (Figure IV.18). This can be 

attributed mainly to the decrease in hardness and high porosity of the coating deposited at 85°C, 

due to its burning and embrittlement by Cl- and SO4
- anions during electrodeposition, which are 

assisted by the high bath temperature as explained in detail in section (IV.3.2.c). Hence, it can 

be concluded that the wear rate of the nanocrystalline Ni-Co coatings electrodeposited under 
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such bath temperature conditions follows Archard's law (eq.III.7) which establishes an inverse 

correlation between the wear rate and the hardness of the worn surface, except for the coating 

electrodeposited at 65°C that exhibits an anomaly due to its high friction coefficient. 

The microscopic observation of the worn surfaces morphology helps to better understand the 

wear and friction behavior of the prepared coatings. SEM observations of the worn surfaces of 

the coatings electrodeposited at different bath temperatures are given in Figure IV.20. It can be 

clearly seen that Ni-Co coatings electrodeposited at temperatures between 25 and 65 °C exhibit 

a mixed adhesive-abrasive wear mechanism (Figure IV.20 (a)-(c)), which is a commonly 

observed mechanism in the wear of this type of Ni-rich (< 50 wt.% Co) Ni-Co coatings as 

shown in sections (III.3.1.d)  and (IV.3.1.d) of this study and as concluded by some previous 

studies [39,66,177]. The Ni-Co coating deposited at 25°C with the highest Co content shows a 

discontinuous tribofilm on its worn surface with the highest adhesion rate of removable 

material. This tribofilm rich in Co lubricant component (48 wt.%) is responsible for the lowest 

friction coefficient and the highest anti-wear performance of this Ni-Co coating among the 

elaborated coatings, as this tribofilm acts as a barrier separating the two surfaces in contact. 

Tribofilms consisting of the adhered matter can also be observed on the worn surfaces of the 

coatings electrodeposited at 45° and 65°C. However, these tribofilms contain less Co lubricant 

than the first coating (35.2 and 30.7 wt.%, respectively), leading to a higher friction coefficient 

of these deposits (Figure IV.18). In addition, the tribofilm formed in this case covers less surface 

area, resulting in more damaged areas and a higher wear rate, since the effectiveness of the 

tribofilm as a barrier between two contacting surfaces decreases with decreasing surface area 

covered by it (see section III.3.1.d)). This finding is noticed especially for the Ni-Co coating 

electrodeposited at 65 °C that shows the dominance of the abrasive wear mechanism with a 

very slight adhesion (Figure IV.20 (c)). Unlike coatings electrodeposited in the 25-65°C 

temperature range, the coating electrodeposited at 85°C exhibits only a single abrasive wear 

mechanism. This severe abrasive wear is responsible for the total deterioration of this brittle 

layer and the penetration of the pin up to the substrate surface (Figure IV.20 (d)). This wear 

behavior is also at the origin of the particular evolution of the friction coefficient of this coating 

different from that of the other coatings deposited in the bath temperature range of 25 to 65 °C, 

especially its final friction phase that shows a friction coefficient comparable to that of the bare 

substrate as stated in Figure III.9. On the other hand, it can be clearly seen that the higher the 

temperature of the plating bath, the wider and deeper the wear track becomes, which is 
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consistent with the wear rate results presented as a function of bath temperature in Figure IV.19. 

Hence, it can be assumed that the room temperature (25 °C) is the best bath temperature for the 

electrodeposition of such Ni-Co coatings designed for anti-wear applications. This requires a 

revision of the 45 °C temperature used in many previous studies [29,29,33,39,177] in the 

elaboration of Ni-Co coatings for tribological applications. 

Figure IV.20: Worn surface morphologies of the Ni-Co coatings electrodeposited at: (a) 

25°C, (b) 45°C, (c) 65°C and (d) 85°C. 

IV.3.3 Other parameters that seem to have a slight effect on the properties 

of the electrodeposited Ni-Co coatings  

In the previous sections, it has been shown that the concentration of Co and the bath temperature 

have a significant effect that should be taken into account when preparing an anti-wear Ni-Co 

coating. The objective of this section is complementary to the previous ones, where the 

maintenance of microstructural, mechanical and anti-wear properties of nanocrystalline Ni-Co 
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alloy coatings is tested on different metallic substrates (StW24 steel, copper and brass) and with 

different coating thicknesses (43.2, 79.8 and 110.6 m). 

IV.3.3.a) Effect on the deposition potential 

Figure IV.21 shows as a function of deposition time the evolution of the deposition potential 

on the different materials used as substrates; namely StW24 steel, copper and brass. It can be 

seen that the deposition potential varies according to the type of substrate between -1.39 and -

1.43 V. This variation of about -0.04V is a very slight deviation and can even be considered as 

a measurement error, especially when compared to the variation of the deposition potential as 

a function of bath temperature (Figure IV.11), which shows a large variation between -1 and -

1.8V. Thus, it can be concluded that the effect of the type of the metal used as substrate on the 

deposition potential of nanocrystalline Ni-Co alloy coatings is negligible. 

IV.3.3.b) Effect on the composition of coatings  

Figure IV.22 shows the Co content in the electrodeposition bath and in the coatings 

electrodeposited on different substrates (Figure IV.22 (a)) and during different deposition times 

(Figure IV.22 (b)). The first remark that can be taken is the fact that the Co content in the 

coatings is higher than that in the bath whatever the nature of substrate or the deposition 

duration. This indicates that the anomalous codeposition mechanism of Ni-Co alloy explained 

in detail in section (III.3.1) still occurs, regardless of the type of substrate or the electroplating 

duration. Furthermore, if we compare with the effects of bath Co content and bath temperature, 

as shown in Figures IV.2 and IV.12, respectively, we can conclude that the type of metal 

substrate and the deposition time have a very small or even negligible effect on the Co content 

of the electrodeposited Ni-Co coatings. 
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Figure IV.21: Deposition potential on the different used substrates as a function of deposition 

time. 

 

Figure IV.22: Co content in the electrodeposition bath and in the coatings deposited on 

different substrates (a) and during different deposition times (b). 
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IV.3.3.c) Effect on the thickness of coatings  

The thickness of the elaborated Ni-Co coatings as a function of type of substrate and 

electrodeposition duration is shown in Figure IV.23. It is evident that the electrodeposited 

coatings show only a slight variation in thickness with the variation of the type of the used 

metallic substrate (Figure IV.23 (a)). As the coatings deposited on copper and brass have almost 

the same thickness of about 45.2 and 44.5 m respectively, while the coating deposited on 

StW24 steel has a slightly higher thickness of about 47.6 m.  

 

Figure IV.23: Thickness of coatings as a function of type of substrate (a) and deposition 

duration (b). 

In contrast, the thickness of the electrodeposited Ni-Co coatings increases significantly with 

increasing deposition time (Figure IV.23 (b)).  The deposition time of 30 min results in coatings 

with a thickness of about 43.2 m, the thickness increases towards 79.8 m after one hour of 

deposition and to about 110.6 m after two hours of deposition. Hence, it can be concluded that 

the deposition rate decreases with increasing deposition time from 1,44 m/min after half an 

hour of deposition to 1.33 m/min after one hour and then to 0.92 m/min after 2 hours of 

deposition. This is mainly attributed to the relative impoverishment of the electrodeposition 

bath by Co2+ and Ni2+ ions with the extension of the deposition time. Moreover, the thickness 

of the coatings deposited on the different substrates has a direct relationship with their Co 
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content, supporting our proposal that the deposition rate has a proportional relationship with 

the degree of anomalous codeposition of the Ni-Co alloy (see section IV.3.1.b). 

IV.3.3.d) Effect on the microstructural properties of coatings 

Figure IV.24 displays the XRD spectra of the coatings deposited on the different substrates and 

with different thicknesses. It is clear that regardless of the nature of the substrate or the thickness 

of the coating, all the peaks characterize the total solid solution of the Ni-Co alloy with α (fcc) 

crystal structure known for such Ni-Co coatings with a Co content < 50 wt.%, as shown in 

sections (I.5.6.a) and (III.3.1.b). The substrate type and the layer thickness also do not show a 

significant influence on the crystallographic texture of the coatings, since all the prepared 

coatings exhibit the same crystallographic orientations (111), (200), (311) and (222) with the 

consolidation of (111) as preferred orientation. The only change that can be observed in the 

XRD patterns of the prepared coatings with the change of substrate and coating thickness is the 

slight variation in the peaks intensities. Referring to Figure IV.22, it can be seen that the peak 

intensity has an inverse relationship with the Co content in the coatings, as the peak intensity 

becomes stronger with decreasing Co content and vice versa. This supports our previous 

suggestion (see section III.3.1.c and IV.3.2.c) concerning the decrease in the crystallinity of 

Ni-Co coatings with increasing Co content due to the mismatches in the Ni crystal lattice 

created by Co atoms with relatively larger atomic radius. 

          

Figure IV.24: XRD patterns of Ni-Co coatings electrodeposited on different substrates (a) 

and with different thicknesses (b). 
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IV.3.3.e) Effect on the hardness of coatings  

The nano-indentation (instrumented indentation) technique is used exclusively in this part of 

the study to avoid the effect of the substrate interaction on the measured hardness values, since 

different substrates and coating thicknesses are used. The advantage of this technique is that 

very low indentation loads can be applied, as the hardness measurement of the coatings can be 

distorted by substrate deformation when high loads are applied.  In general, the depth of the 

indentation should be no more than 10-20% of the total coating thickness to confine the plastic 

flow region caused by the indenter penetrating the coating, thereby eliminating the effect of the 

substrate on the measured hardness [200–202]. According to the load-displacement curves of 

nano-indentation (Figure IV.25 (b) and (d)), the penetration depth of the indenter in all the 

measurements does not exceed 0.14 m, while the thickness of the prepared Ni-Co layers is 

between 43 and 110 m, which means that the indenter penetration does not exceed 0.33% of 

the coating thickness. Therefore, it can be stated that the effect of the substrate deformation on 

the measured hardness values is completely excluded.  

 

 Figure IV.25: Nanohardness of the coatings deposited at different substrates and with 

different thicknesses (a) (c) and their indentation load-displacements curves (b) (d). 



CHAPTER IV:         Effect of the electrodeposition conditions on the properties of Ni-Co coatings 

 

 
 
 

127 
 

On the other hand, it can be clearly seen that the variation of the hardness of the coatings 

depending on the type of the used metallic substrate does not present a very significant 

evolution (Figure IV.25 (a)). Since the hardness varies between about 853HV for the coating 

on brass to about 880HV for the coating on StW24 steel. While the Ni-Co alloy coatings 

deposited with different deposition times show a more significant change in hardness with the 

increase in their thickness (Figure IV.25 (b)). Where the hardness increases from about 813 to 

880 HV as a result of increasing the thickness of the layer from about 43 to about 80 m and 

then decreases to about 785 HV with further increase in thickness to about 110 m. Thus, it can 

be suggested that the type of substrate and, to a greater extent, the thickness of the layer has a 

slight effect on the hardness of nanocrystalline Ni-Co alloy coatings.  

IV.3.3.f) Effect on the tribological behavior of coatings 

We want to investigate the tribological properties of the coatings by scratch test in this part of 

the work to test in addition to the anti-wear properties of the coatings, their adhesion to the 

substrates. Since different metal substrates and coating thicknesses are applied in this part, this 

is what could affect the coating/substrate adhesion force. Recording the normal force (FN) acting 

on the scratch stylus and the tangential force (FT) acting in the direction of the scratch is 

potentially used to determine the critical load (LC) characterizing the substrate/coating adhesion 

force. Tangential force monitoring, in particular, can provide information on the adhesion loss 

and the frictional resistance that can be used with microscopic observations to accurately 

determine the critical load (LC) [203]. The variation of the tangential force (FT) as a function of 

the applied normal force (FN) in the scratch tests of Ni-Co coatings deposited on different 

substrates and having different thicknesses are presented in Figure IV.26. As expected, the 

curves show a continuous increase in tangential force FT with increasing applied load FN. There 

is also some fluctuations in the FT vs FN curve, which are explained by the presence of asperities, 

pores and roughness on the surface of the elaborated Ni-Co coatings. These deform when the 

stylus comes into contact with the coating to give a smooth and polished intermediate layer 

[204]. However, no transition points that might be indicative of the critical delamination force 

(LC) of the Ni-Co coating on the substrate can be observed in the frictional behavior of the 

system from the (FT vs FN) graphs.  
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Figure IV.26: FT vs. FN monitoring during the scratch test of Ni-Co coatings deposited on 

different substrates (a) and with different thicknesses (b).  

The plot of friction coefficient ( = FT/FN) versus the normal force (FN) may be more useful 

than the (FT vs. FN) plots in the determination of the critical load (LC) [204]. Figure IV.27 shows 

the variation of the friction coefficient as a function of the applied normal load.  

 

Figure IV.27: Friction coefficient vs. FN monitoring during the scratch test of Ni-Co coatings 

deposited on different substrates (a) and with different thicknesses (b). 

Except the first transition due to the first contact of the stylus with the coating surface, no 

transition points can be observed in the frictional behavior of all the electrodeposited 

nanocrystalline Ni-Co coatings. This means that under these test conditions, the deposited Ni-
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Co layers do not delaminate from the substrate surface, whatever the type of the used metallic 

substrate or the thickness of the deposited layer. These results can be attributed to the thickness 

and hardness of the coating. Indeed, when the coating is relatively hard and too thick, the 

penetrator cannot reach the coating/substrate interface in order to delaminate the coating from 

the substrate. However, despite the fact that the stylus could not reach the substrate due to the 

thickness of the deposited layers (≥ 43 m), it can be stated that the adhesion of the deposited 

layers is strong on all the studied substrates and with all the applied thicknesses insofar as the 

layers do not delaminate despite the application of a normal load up to 100 N. On the other 

hand, if we refer to Figure IV.23, it can be noticed that the friction coefficient of the deposited 

Ni-Co coatings is decreases with the increase of their thickness. 

The monitoring of critical loads and friction coefficients is not a sufficient parameter to study 

the adhesion and tribological properties of the elaborated coatings. Optical microscopy 

observations of scratch test scars can provide additional information on the adhesion and 

tribological behavior of the layers [205]. Optical micrographs taken along the length of the 

scratch channels produced on the different electrodeposited Ni-Co coatings are shown in Figure 

IV.28 and Figure IV.29.  

 

Figure IV.28: Optical micrographs of the scratches performed on the Ni-Co coatings 

deposited on StW24 steel, copper and brass.  

It appears that all the coatings behave as ductile materials and exhibit significant plastic 

deformation in the direction of the stylus, which deformation increases with the penetration of 

the stylus into the coating as a result of the increase in the applied normal load. However, no 

cracks, fragmentation or spalling that could characterize critical loads can be observed along 

the scratch channel on all the examined Ni-Co coatings, these observations are also confirmed 
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by SEM observations on one of the realized scratches, as shown in Figure IV.30. Accordingly, 

the scratch test under such conditions on ductile Ni-Co alloy coatings can be operated more as 

an abrasion test than as an adherence test. 

Figure IV.29: Optical micrographs of the scratches performed on Ni-Co coatings of different 

thicknesses. 

 

Figure IV.30: SEM micrographs of a scratch made on one of the electrodeposited Ni-Co 

coatings. 

The scratch test is not only reserved to the characterization of the adhesion of coatings on 

substrates, but it can also be exploited to obtain information about the tribological performances 

and the wear resistance of the coatings. Profiles on the largest width of the scratch channel are 

made by mechanical profiler in order to qualitatively evaluate the abrasion resistance of the 

various elaborated Ni-Co layers as illustrated in Figure IV.31. As can be clearly observed, there 

are slight variations (in the micrometer range) in the width and depth of the scratches, which 

correspond to the differences in abrasion resistance and plastic deformation of the different 

prepared coatings. As the scratch test is a two-dimensional indentation test [206,207], these 
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slight differences in wear resistance can be attributed mainly to the slight differences in 

hardness of the examined Ni-Co coatings. Accordingly, by comparing the results in Figure 

IV.25 with those in Figure IV.31, we can conclude that the hardness of the coating is the 

decisive parameter in the scratch resistance of the coating. It can be seen that narrower and 

shallower scratches corresponding to less plastic deformation and higher abrasion resistance 

can be observed with the increase in hardness following the change of substrate or the variation 

in coating thickness.  

Figure IV.31: Cross-sectional profiles on the largest width of the scratches made on the 

different studied coatings. 

IV.4 CONCLUSIONS 

In order to optimize the electrodeposition conditions of anti-wear Ni-Co coatings, this chapter 

was devoted to the examination of the effect of some experimental parameters of their 

electrodeposition, namely the Co content of the electrolyte and the bath temperature on their 

composition and on their morphostructural, mechanical and tribological properties. The 

maintenance of the properties of the Ni-Co coatings, in particular their tribological 

performances, was also tested on different substrates, namely StW24 steel, copper and brass 

and using different coating thicknesses (43.2, 79.8 and 110.6 m). The following important 

conclusions can be drawn from these different investigations. 
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(1)  The analysis of the chemical composition of the electrodeposited Ni-Co coatings showed 

that the anomalous codeposition mechanism of Ni-Co alloy (discussed in detail in the previous 

chapter) was always present, regardless of the concentration of Co in the electrolyte, the bath 

temperature, the substrate type or the deposition time. Varying these parameters can only affect 

the degree of the anomalous codeposition.   

 (2) The variation of Co concentration in the electrolyte had a great influence on the composition 

and the properties of the electrodeposited Ni-Co coatings. Since, the Co content in the coatings 

has gradually increased, in parallel with its gradual increase in the electrolyte. This gradual 

increase in Co content has led to a gradual change in morphology, from granular smooth to 

branched-porous, passing through a mixture of both, and a change in the crystal structure from 

α (fcc) to ɛ (hcp) passing by a mixed α (fcc) + ɛ (hcp) structure. The formation of the branched-

porous morphology and the increase in crystallite size with increasing Co content led to a 

significant decrease in the hardness of the Ni-Co coatings according to a quasi-Hall-Petch 

gradient. However, the formation of ɛ (hcp) phase with excellent friction reduction behavior in 

Co-rich Ni-Co nanocrystalline coatings resulted in their very good wear resistance despite their 

relatively low hardness. 

(3) The bath temperature also showed a significant effect on the composition and on the 

different properties of the elaborated Ni-Co coatings. The Co content in the coatings changed 

as the bath temperature varied. Increasing the bath temperature did not appear to have a 

significant effect on the grains shape, but led to a significant porosity rate in the coatings 

electrodeposited at a bath temperature ≥ 65°C. It did not cause any change in the crystalline 

phases of the deposits but resulted in a slight variation in the crystallites size. The variation of 

the coatings hardness with the variation of the crystallites size exhibited a deviation from Hall-

Petch gradient in this case, due to the appearance of a significant porosity rate in the coatings 

deposited at a bath temperature ≥ 65 °C. The frictional and anti-wear properties of the coatings 

also varied due to the variation in the composition, microstructure and microhardness with the 

variation of the bath temperature. The Ni-Co coating deposited at 25°C demonstrated the better 

tribological performances among the elaborated coatings, which implies a review of the use of 

higher temperatures in the electroplating of Ni-Co coatings for anti-wear applications. 

(4) The electrodeposited Ni-Co coatings showed a strong adhesion on all the studied substrates 

and with all the applied thicknesses. They also maintained their good tribological properties 
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and showed only a slight change in the anti-wear performances despite the change in the type 

of metal substrate and the layer thickness, which could allow to extend the fields of their 

applications. 
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GENERAL CONCLUSIONS AND PERSPECTIVES 

1. GENERAL CONCLUSIONS 

As recent studies have shown, the electrodeposited microcrystalline Ni-Co alloy coatings have 

better tribological properties than pure microcrystalline Ni coatings. However, the 

microhardness must be further increased by decreasing the crystallite size according to the Hall-

Petch effect. The objective of this thesis was to study the tribological performances of Ni-Co 

coatings with reduced nanometric crystallite size elaborated under different electrodeposition 

conditions, on different substrates and with different thicknesses, aiming at improving their 

mechanical and tribological properties as economical and eco-friendly alternatives to the 

environmentally harmful hard chromium coatings commonly used in anti-wear applications. 

The objective was also to investigate the disputed and poorly understood role of tribofilms and 

wear debris on the different tribological behaviors of these coatings. 

For this purpose, nanocrystalline Ni and Ni-Co coatings were electrodeposited on a StW24 mild 

steel substrate in the presence of 2-butyne-1,4-diol (BD) and saccharin as crystallites refiners. 

Special attention being paid to the effect of the latter on the morphostructural characteristics of 

these coatings. Chemical, morphological, structural and mechanical characterizations on the 

worn and unworn surfaces of the substrate and electroplated coatings were conducted by 

different surface analysis techniques. The performances of the nanocrystalline Ni-Co coatings 

as anti-wear coating on StW24 mild steel was examined. The anti-wear performances of these 

coatings were compared also with the commonly used coating for such applications, namely 

the electrodeposited nanocrystalline pure Ni coating. Furthermore, the wear mechanisms, the 

wear debris, the tribofilms and their roles on the tribological behavior of all studied materials 

have been thoroughly investigated. The results showed that the nanocrystalline electrodeposited 

Ni and Ni-Co coatings exhibit a very good hardness-toughness combination and a strong 

adhesion to the StW24 mild steel substrate. The nanocrystalline Ni-Co coatings showed 

superior anti-wear performance compared to the uncoated StW24 steel substrate and to the pure 

nanocrystalline Ni coating. However, it was noticed that the Ni-rich Ni-Co coating (63 wt.% 

Ni) exhibited a relatively high friction coefficient, while the Co-rich Ni-Co coating (87 wt.% 

Co) showed a relatively low hardness, which means that the Co content in the coatings has a 

very significant effect on their mechanical and tribological properties. 

Therefore, in the second part of this thesis, we focused on the study of the different parameters 

that can affect the Co content of Ni-Co coatings and consequently their mechanical and anti-
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wear performances, namely the Co2+ concentration and the temperature of the electrodeposition 

bath. The results showed that the gradual addition of Co2+ to the electrolyte resulted in the 

gradual increase of the Co content in the electrodeposited coatings. This led to the substantial 

change of the crystal structure from α (fcc) to ɛ (hcp) passing by a mixed α (fcc) + ɛ (hcp), and 

a gradual change in morphology from granular smooth to branched-porous, passing through a 

mixture of both, which translated by the gradual decrease in the hardness according to a quasi-

Hall-Petch gradient. The friction coefficient of the Ni-Co coatings was also decreased sensibly 

to the increase of their Co content, which could be explained by the lubricant effect of Co, the 

gradual change of crystal structure toward ɛ (hcp) phase with excellent friction reduction 

behavior and the disappearance of tribofilms on the worn surfaces of Co-rich Ni-Co coatings. 

The dramatic decrease in the friction coefficient resulted to a decrease in the wear rate and an 

improvement in the wear resistance, despite the decrease in the hardness of the coatings, what 

contradicts the Archard's law. 

The bath temperature has also showed a significant effect on the composition and on the 

different properties of the elaborated Ni-Co coatings. The Co content in the coatings changed 

as the bath temperature varied. Increasing the bath temperature did not appear to have a 

significant effect on the grains shape, but led to a significant porosity rate in the coatings 

electrodeposited at a bath temperature ≥ 65°C. It did not cause any change in the crystalline 

phases of the deposits but resulted in a slight variation in the crystallites size. The variation of 

the coatings hardness with the variation of the crystallites size exhibited a deviation from Hall-

Petch gradient in this case, due to the appearance of a significant porosity rate in the coatings 

deposited at a bath temperature ≥ 65 °C. The frictional and anti-wear properties of the coatings 

also varied due to the variation in the composition, microstructure and microhardness with the 

variation of the bath temperature. The Ni-Co coating deposited at 25°C demonstrated the better 

tribological performances among the elaborated coatings, which implies a review of the use of 

higher temperatures in the electroplating of Ni-Co coatings for anti-wear applications. 

The mechanical and anti-wear properties of the electrodeposited Ni-Co coatings were also 

tested on different metal substrates (StW24 steel, copper and brass) and with different 

thicknesses (43.2, 79.8 and 110.6 m). The results indicated that the electrodeposited Ni-Co 

coatings showed strong adhesion on all the substrates studied and with all the thicknesses 

applied. They also retained almost the same structure, mechanical properties and good 

tribological properties and showed only a slight change in their anti-wear performances despite 

the change in their thicknesses and the type of metal substrate. 
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The outcomes of this thesis also revealed that whatever the various conditions applied in this 

thesis (bath composition, temperature, type of the substrate, and deposition time):  

 The electrodeposition of Ni-Co alloys maintained an anomalous codeposition 

mechanism where the less noble metal (Co) deposited preferentially to the more noble 

metal (Ni).  

 The coefficient of friction of Ni-Co coatings showed always an inverse relationship with 

their Co content. 

The above results allowed us to conclude that: 

 Nanocrystalline Ni-Co alloy coatings exhibit very good tribological performances better 

than that of pure Ni. 

 There is considerable scope to further improve the anti-wear performances of 

nanocrystalline Ni-Co alloy coatings to exceed those of hard chromium, simply by 

optimizing the electrodeposition conditions. 

 The tribological applications of these coatings can be very broad, as their properties 

vary only slightly when varying their thickness and the type of metallic substrate. 

2. PERSPECTIVES 

Through this study, we have concluded that the Co-rich Ni-Co coatings (more than 50 wt.% 

Co) exhibit the best tribological properties of friction reduction and wear resistance. However, 

the hardness of these coatings is decreased with increasing Co content. Therefore, the subject 

of increasing the hardness of this kind of coatings without altering their desirable tribological 

properties is a subject that can be of great interest. The approach that we have considered for 

the increase of the hardness of these coatings is their reinforcement by hard micro or nano 

particles. Figure 1 illustrates macroscopic observations of Ni-Co-SiO2 nanocomposite coatings 

deposited in the presence of different amounts of 2-butyne-1,4-diol (BD) and saccharin as grain 

refiners and sodium dodecyl sulfates (SDS) as surfactant. We find that the coatings with a 

microcrystalline Ni-Co metal matrix, deposited in the absence of grain refiners (0 BD 

0Saccharine) exhibit the highest homogeneity among the deposited coatings and the best 

dispersion of SiO2 nanoparticles. The addition of 0.5 g/l BD leads to inhomogeneous coatings 

(0.5BD 0Saccharin), where the majority of SiO2 nanoparticles were concentrated on a single 

part of the coating surface. But the progressive addition of saccharin leads to increasingly 

homogeneous coatings. It is also observed that the coatings electrodeposited in the absence of 

SDS show a very poor homogeneity, but the progressive addition of SDS to the bath leads to 
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the progressive improvement in the homogeneity of the deposits. Thus, it can be concluded that 

the used additives have a great influence on the homogeneity and quality of the electrodeposited 

Ni-Co-SiO2 nanocomposite coatings. For this purpose, we wish in our next work to optimize 

the concentration of the different additives in the electroplating bath to obtain more 

homogeneous and harder Ni-Co-SiO2 nanocomposite coatings with tribological performances 

better than that of Co-rich nanocrystalline Ni-Co coatings. 

 

Figure 1: Macroscopic observations of Ni-Co-SiO2 nanocomposite coatings deposited in the 

presence of different additives amounts. 
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Abstract 

The objective of this thesis was the electrodeposition and the characterization of the eco-friendly and the cost-effective Ni-Co alloy 

coatings intended to replace the eco-harmful hard chromium coatings in the tribological applications. In the first part, an attempt was 

done to prove the performances of Ni-Co alloy nanocrystals as anti-wear coatings through their electrodeposition on StW24 mild steel, 

and then comparing their tribological behavior with those of the uncoated StW24 steel substrate and a coating used commonly against 

wear, i.e. the electrodeposited nanocrystalline Ni coating. The results of the mechanical and tribological analysis have shown that the 

nanocrystalline Ni-Co coatings have better anti-wear performances compared to the uncoated substrate and the nanocrystalline pure 

Ni coating. However, it has been noticed that the Ni-rich nanocrystalline Ni-Co coating presents a higher friction coefficient than the 

uncoated substrate, while the Co-rich Ni-Co coating exhibits a lower hardness than the pure Ni coating, which means that the Co 

content in the coating has a great influence on its properties. For this purpose, we aimed in the second part of this thesis to study the 

effect of two essential parameters of electrodeposition, namely the Co2+ ions concentration in the bath and the bath temperature on the 

Co content in the coatings. It was observed that the Co content in the coatings varied proportionally to the variation of the Co2+ ions 

concentration in the bath, resulting in significant changes in their morphology, structure and consequently significant changes in their 

mechanical and tribological properties. The hardness of the coatings decreased with the increase of their Co content, but in spite of 

this, the wear resistance increased, which is attributed to the lubricating effect of Co and to the progressive variation of the crystalline 

structure from the α (fcc) phase to the ɛ (hcp) phase that has an excellent friction-reduction behavior. The bath temperature also showed 

its influence on the composition and properties of the elaborated coatings. It has significantly affected their Co content, their crystallite 

size as well as their porosity rate, resulting in a change in their hardness, their friction coefficient, as well as their wear resistance. It 

has been concluded also that the coatings deposited at room temperature (25°C) have the best anti-wear performances thanks to their 

low porosity rate, their high hardness and thanks to their low friction coefficient compared to the other coatings. The ability of Ni-Co 

alloy nanocrystalline coatings to maintain its anti-wear performances on different metal substrates (StW24 steel, copper and brass) and 

with different thicknesses (43.2, 79.8 and 110.6 µm) was also examined. The results showed only a slight effect of the latter parameters 

on the properties of the coatings. In addition, these coatings have proven to have a high adhesion capacity on all the studied substrates 

and with the different thicknesses, which would offer the possibility of their use in many industrial applications. 

 ملخص
في الحماية من  قتصادية بهدف تطبيقهاوالا صديقة للبيئةال كوبالت–طلاءات سبيكة النيكلالكهروكيميائي وتوصيف  ترسيبال ان الهدف من خلال هذه الاطروحةك

للتآكل  ةمضادطلاءات ك البنى النانو بلورية لهذه السبيكة كفاءةالاول محاولة اظهار تم في القسم التآكل الميكانيكي كبدائل لطلاءات الكروم الصلب الضارة بالبيئة. 
طلاء يستعمل وأيضا ب المطلي غيربركيزة من الفولاذ اللين  ة سلوكها الترايبولوجيمقارن لين ثمترسيبها كهروكيميائيا على ركيزة من الفولاذ ال خلال منالميكانيكي وذلك 

رايبولوجية ان طلاء نتائج الاختبارات الميكانيكية والت اثبتت. وقد كهروكيميائيا ترسيبه ايضاالذي تم  انو بلوريالنيكل النعادة كمضاد للتآكل الميكانيكي وهو طلاء 
 طلاءان  لاحظنا لنقي. لكننااالنانو بلوري  النيكل بطلاء طلية ومقارنة ايضامقارنة بركيزة الفولاذ غير الميتمتع بمقاومة تآكل عالية  النانو بلوري وبالتك–لنيكلا سبيكة
صلادة اقل من ر اظهكوبالت الغني بالكوبالت –النيكل كما لاحظنا ان طلاء ،المطليةغير  ركيزة الفولاذمعامل احتكاك اعلى من  أظهركوبالت الغني بالنيكل –النيكل

رطين هامين من شروط ش تأثير ندرس في القسم الثاني أن ذا قررناهل وهو ما يعني ان نسبة الكوبالت في الطلاء لها تأثير كبير على خصائصه. غطاء النيكل النقي
ري ام الطلاء الكهروكيميائي وايضا درجة حرارة الحمام على نسبة الكوبالت في الطلاء النانو بلو الترسيب الكهروكيميائي المتمثلان في تركيز ايونات الكوبالت في حم

الى تغيرات  يؤدىما مالحمام في  مع تركيز ايونات الكوبالت يتغير وفق علاقة طردية لطلاءات المترسبةا جدنا ان تركيز الكوبالت فيقد و . و كوبالت–لسبيكة النيكل
استمرار مع ارتفاع نسبة بتتناقص يبولوجية، حيث ان صلادتها اخصائصها الميكانيكية والتر ونتيجة لذلك تغيرات هامة في  بلوريةا وبنيتها الهامة في مورفولوجيته

لتحول التدريجي ابفضل تزداد وهذا ما يعزى الى الانحدار الكبير في معامل الاحتكاك الخاص بها  الميكانيكي من ذلك فإن مقاومتها للتآكللكن على الرغم الكوبالت 
ايضا درجة حرارة الحمام تأثيرها على الخصائص البنيوية، الميكانيكية اظهرت  .المعروفة بخاصية تقليل الاحتكاك ɛ (hcp)البنية  الى α (fcc)بلورية من البنية ال للبنية
تغير في المما ادى الى ا هنسبة المسامية في وأيضا بلوراتهاالمنجزة وحجم  طلاءاتنسبة الكوبالت في ال بشكل كبير على المنجزة، حيث اثرت لطلاءاتيبولوجية لاوالتر 

فعالية ضد  تمتلك أفضل (درجة مئوية 52) في درجة حرارة الغرفة ترسبةالم طلاءاتال لوحظ انوقد  الميكانيكي. احتكاكها وايضا مقاومتها للتآكل ، معاملتهاصلاد
قدرة الطلاءات  متحاناتم ايضا  .الاخرى طلاءاتض مقارنة بالفمعامل احتكاكها المنخ بفضل ، صلادتها الكبيرة وايضاتقريبا المنعدمة التآكل بفضل نسبة مساميتها
، 4..2) بسماكة مختلفةو  والتمباكالنحاس الفولاذ اللين،  وهي مختلفةمعدنية  على ركائزكوبالت في الحفاظ على فعاليتها ضد التآكل –النانو بلورية لسبيكة النيكل

بشكل  لاا العوامل الاخيرة هذه تؤثر التآكل الميكانيكي، حيث لمالاحتكاك و على فعاليتها ضد  لطلاءات المنجزة حفاظهاا ظهرتوقد ا (.رمايكرومت 0.1..و 7..8
امكانية  ميع الحالات ما من شأنه أن يوفرهذه الطلاءات. بالإضافة الى ذلك اثبتت هذه الطلاءات قدرة التصاق عالية مع جميع الركائز وفي جطفيف على خصائص 

 لاستعمالها في العديد من التطبيقات الصناعية. 


