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Abstract 

Tribocorrosion, a synergistic impact of wear and corrosion, impacts the lifespan of machine parts 

in most sectors. Consequently, duplex coating has emerged as the most promising solution to 

address tribocorrosion. In this work, advanced noble duplex coating systems of TiAlN/WC-

NiBSi/steel and TiAlN/TiC-SS/steel were developed by utilizing PVD/PTA techniques to combat 

the simultaneous impact of wear and corrosion. The coatings were used to assess the mechanical, 

wear, corrosion, and tribocorrosion properties. Indentation and scratch tests were used to 

investigate mechanical properties, and wear properties were investigated using a ball-on-flat tribo-

system with an alumina ball. The corrosion behavior of the various coatings' architecture was 

studied using a three-electrode cell system, and tribocorrosion characteristics were tested by 

immersing the ball-on-flat tribo-system in 3.5 wt.% NaCl electrolyte. SEM and EDS analysis were 

done to investigate the microstructure and surface morphology of the coatings. 

From indentation test results, the hardness was improved in the order of steel < TiC-SS/steel < 

WC-NiBSi/steel < TiAlN/TiC-SS/steel < TiAlN/steel < TiAlN/WC-NiBSi/steel. Scratch test 

results revealed an early disintegration of the TiAlN layer due to the brittle character of the TiAlN 

layer, whereas the harder intermediate layer of TiC-SS/steel and WC-NiBSi/steel coating improved 

the crack resistance of TiAlN.  

Single-thick TiC-SS or WC-NiBSi coatings revealed good wear resistance after dry sliding testing, 

with the WC-NiBSi/Steel coating system exhibiting the best tribological behavior due to its high 

load-bearing capacity. However, the addition of a TiAlN layer didn’t improve the wear resistance. 

This may be due to the reduced adhesion of TiAlN, the high surface roughness of thick coatings, 

or the brittle nature of the nitride. Nevertheless, the wear performance improved for the duplex 
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coatings compared to the single TiAlN coating due to the higher load-bearing capacity of the hard 

intermediate layer.  

The TiC-SS/Steel system showed the highest corrosion resistance without serious dissolution of 

stainless-steel matrix and TiC; while thick WC-NiBSi/steel and thin TiAlN/steel coating showed 

poor corrosion behavior due to surface defects which attracted the electrolyte to infiltrate through 

the pores. Moreover, the addition of TiAlN on the TiC-SS/Steel coatings system did not improve 

corrosion since oxidation occurred on the surface of the top TiAlN layer. However, when TiAlN 

was added to the WC-NiBSi/Steel coating, the top TiAlN layer sealed the pores, greatly improving 

the corrosion performance.  

From the tribocorrosion studies at OCP, TiAlN/steel and WC-NiBSi/steel coatings showed poor 

corrosion resistance due to the defects on the surface. The TiAlN/steel coating surface showed 

rupture, fractures, and layer breakdown as mechanical wear initiated the cracks, and chloride ions 

exacerbated the surface cracking. TiC-SS/steel coating showed excellent tribocorrosion resistance 

while adding a TiAlN cannot help further. However, the addition of the TiAlN layer improved the 

tribocorrosion performance of WC-NiBSi/steel coating at OCP. At potentiostatic polarization, all 

the coatings demonstrated more pronounced material deterioration than wear, corrosion, or 

tribocorrosion at OCP due to the applied external potential. The duplex coating of TiAlN/WC-

NiBSi/steel experienced a significant material loss due to the galvanic coupling between TiAlN 

and WC-NiBSi.  

Overall, the TiC-SS/steel system offers superior corrosion and tribocorrosion resistance due to the 

hard TiC, and corrosion resistance of stainless steel, while the WC-NiBSi/steel system provides 
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excellent wear resistance due to the wear-resistant nature of WC hard particles. Duplex coating of 

TiAlN/WC-NiBSi/steel showed good tribocorrosion resistance at OCP conditions. 
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1 Introduction 

1.1  General Background 

Typically, the performance of engineering materials is reduced due to materials degradation, 

leading to the early breakdown of components. Material deterioration such as wear, corrosion, and 

tribocorrosion can have a substantial economic impact on sectors that rely on equipment and 

machinery. The overall efficiency of production in the industries decreases, and the total cost of 

corrosion rises which is equivalent to 3 or 4% of the gross national product (GNP) [1]. 

Wear occurs whenever two solid objects are in motion relative to one another and is directly related 

to the nature of their contact. Wear is the removal of material from a surface caused by mechanical 

action such as friction or abrasion [1]. Corrosion, on the other hand, is the process by which a 

material deteriorates because of its contact with its surroundings. This interaction is fundamentally 

chemical and electrochemical, and it takes place between a solid surface and its surrounding 

environment [1]. Tribocorrosion is a synergistic interaction of these two processes that occur when 

mechanical wear and chemical corrosion combine [2]. Importantly, the combined effect of wear 

and corrosion can cause more detrimental effects on steel. Even though most of the mechanical 

components are made of steel, they cannot serve their purpose properly to resist the simultaneous 

effect of wear and corrosion under very severe conditions. For example, in oil and gas industries, 

both wear and corrosion properties must be considered while transporting solid-liquid mixtures 

because of their exposure to chloride (Cl-) environment in addition to abrasive wear [3]. Once a 

metal part is damaged by corrosion or wear, there is an urgent issue to replace the part, and this 
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replacement needs to be done regularly if no protective measures are taken. The replacement 

increases the total cost and decreases the overall efficiency of production in the industries. 

Degradation of materials, such as wear and corrosion, usually occurs at the component's surface. 

Consequently, the degradation of the material may be avoided by shielding the surface of the 

component from its potentially destructive surroundings. This is something that can be 

accomplished by engineering the surface of the component. The engineered surface may attain 

desirable surface features above the essential characteristics, which might enhance the materials 

from being deteriorated [4].  

Recently, protective coatings have been utilized by many researchers to improve the surface 

properties of a component [5,6]. The duplex coatings system normally has two layers: a thick hard 

layer that acts as a barrier towards the applied load, and a top layer that resists the outside 

environment. Although the top layer guards against chemical corrosion, the thick layer provides 

mechanical support and acts as a bond layer. Fig. 1. illustrates the general schematic of the duplex 

coating system. Duplex coatings, as opposed to conventional coatings, can offer better 

tribocorrosion protection. When compared to single-layer coatings, duplex coatings give higher 

corrosion protection. The combination of two layers forms a barrier that prevents corrosive 

materials from accessing the underlying substrate. Duplex coatings also improve the underlying 

material's adhesive strength. When the combined effect of wear and corrosion is evaluated, it 

exhibits improved performance [7,8]. 

Due to the unique features of duplex coatings, deploying these advanced duplex systems can 

alleviate the tribocorrosion problem in the oil and gas industries. The duplex coatings system can 
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also be used in other industries such as automotive, aerospace, marine, and others that include 

wear, corrosion, or tribocorrosion processes. Due to the superior mechanical, wear, and corrosion 

resistance features of duplex coating, it helps to extend the life of the material, decrease 

maintenance costs, and increase durability. 

In this study, a noble duplex coating system has been designed to mitigate tribocorrosion under 

aggressive environments. Because of the superior hardness and load-bearing capacity, TiC-SS and 

WC-NiBSi were chosen as the thick layer. TiAlN was chosen for the topcoat due to its high 

hardness and excellent corrosion resistance when interacting with the outside environment. TiC-

SS and WC-NiBSi metal matrix composites (MMCs) coatings were fabricated using plasma 

transferred arc (PTA) coating technology, while the top TiAlN layer was deposited by sputtering 

using physical vapour deposition (PVD). The wear, corrosion, and tribocorrosion properties of a 

single PTA layer on low carbon steel and duplex coatings PVD coating deposited on PTA were 

evaluated. The mechanical properties such as hardness and modulus of elasticity were evaluated. 

Mechanical characteristics are assessed and correlated to the performance and behaviour of 

materials under a variety of tribological and tribocorrosion conditions. The performance of any 

system can be optimized for any specific application by understanding the mechanical qualities 

and making the right material choices.   



4 

 

 

Fig. 1. General schematic of duplex coatings system. 

 

1.2  Motivation 

As mentioned in the preceding section, wear, corrosion, and tribocorrosion can have a significant 

economic impact on sectors including automotive, aerospace, and biomedical engineering that 

depend on equipment and machinery, leading to equipment failure, delays, and maintenance costs. 

In particular, tribocorrosion may pose a serious problem when machinery is subjected to corrosive 

environments in addition to mechanical wear. Pipelines, valves, and pumps, as well as waste 

incinerators, mining machinery, and medical implants, can all experience a reduction in life due to 

tribocorrosion [9]. 

Tribocorrosion involves complicated interactions between tribological and electrochemical 

mechanisms that are not yet fully understood. The study of duplex coatings for tribocorrosion 

mitigation can bring new insights into the underlying processes involved in the synergistic 

interactions of wear and corrosion. 
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Coatings made from hard-faced materials provide high hardness and a low coefficient of friction. 

Diamond-like carbon (DLC), for instance, exhibits high hardness but low corrosion resistance. 

High hardness, excellent wear resistance, and corrosion resistance are all features of ceramic 

materials. Ceramic materials, however, might have great hardness but limited toughness. On the 

other hand, composite coatings can incorporate both toughness and hardness qualities. Hardness 

and toughness might be balanced, for instance, by inserting tough TiC particles within a softer 

stainless-steel matrix. These days, nanoparticles are used to enhance the mechanical, tribological, 

and corrosion properties of materials.   

Duplex coatings can minimise the need for replacement components by enhancing the durability 

and lifetime of materials, contributing to a more sustainable and environmentally responsible 

approach to manufacturing and engineering. These coatings can improve the lifespan of 

components and minimize maintenance costs by enhancing the wear and corrosion resistance of 

materials. Single-layer coatings may not have all the qualities necessary to counteract the 

combined effect of wear and corrosion. It may be wear-resistant but not corrosion-resistant, or vice 

versa. Duplex coatings, on the other hand, can provide effective protection against tribocorrosion. 

The properties of the duplex coatings can be engineered by employing both layers.  

Overall, this research on duplex coatings for wear, corrosion, and tribocorrosion resistance has the 

potential to significantly contribute to scientific knowledge as well as practical applications in a 

variety of sectors, with considerable economic, environmental, and societal advantages. 
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1.3  Objectives 

The objectives of this study on duplex coatings for the mitigation of wear, corrosion, and 

tribocorrosion are as follows:  

1. Develop an optimized duplex coating system for wear, corrosion, and tribocorrosion 

protection for oil and gas industries. 

2. Investigate the effectiveness of TiAlN/TiC-SS/steel and TiAlN/WC-NiBSi/steel duplex 

coatings fabricated by PVD/PTA techniques in improving wear, corrosion, and 

tribocorrosion resistance. 

3. Evaluate the performance of duplex coatings under applied sliding load and aqueous 

solution of sodium chloride conditions. 

4. Investigate the microstructure and mechanical properties of the duplex coatings and 

establish a correlation between the properties and the coating’s performance. 

 

1.4  Thesis Organization 

Chapter 1, The "Introduction" chapter provides a summary of the research conducted in this study. 

This chapter also provides the motivation (why it is being done, what problems exist in the selected 

sectors, and how to address them) and objectives of this study. 

Chapter 2, The “Literature Review” chapter includes a brief overview of wear, corrosion, and 

tribocorrosion. This chapter describes materials used to create protective coatings using various 

coating manufacturing procedures. Duplex coatings system is introduced as well. The chapter 
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focuses on the gaps in this research and suggests ways to address them in order to enhance 

tribocorrosion characteristics.  

Chapter 3, The “Experimental Method” section describes the detailed fabrication method of 

duplex coatings by plasma transferred arc (PTA) and physical vapor deposition (PVD) method. 

The analysis of microstructure and mechanical properties is also explained. The procedures of 

tribological, electrochemical, and tribocorrosion tests are also presented.  

Chapter 4, The "Results and Discussions" section discusses the experimental findings for all work 

done on the characterization of the duplex coatings' structural and mechanical characteristics, as 

well as their tribological, electrochemical, and tribocorrosion behaviour. At the end of this chapter, 

a detailed explanation of the deterioration mechanism throughout each experiment of corrosion, 

wear, and tribocorrosion using SEM micrographs and EDS analysis is provided. 

Chapter 5, The section "Conclusions and Suggestions for Future Work" provides the key 

conclusions and new results from experiments in this study.  

Chapter 6, The section "Future Works and Recommendations" gives suggestions and 

recommendations for future work and how to improve corrosion, wear, and tribocorrosion 

resistance by choosing suitable materials in future studies. 
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2 Literature Review 

Tribocorrosion is a complex process caused by the simultaneous action of wear and corrosion. The 

combined effect of these two processes can cause materials to deteriorate quickly in a wide range 

of engineering applications. Duplex coatings, which combine a hard coating with a corrosion-

resistant coating, have been studied as a potential solution to the tribocorrosion problem [8,10]. In 

this literature review, we will review the current state of research on duplex coatings for 

tribocorrosion. 

 

2.1  Duplex Coatings 

By integrating various materials, coatings can give special properties that would not be achievable 

when utilizing such materials in bulk form, and as a result, offer improved mechanical, 

tribological, corrosion, and tribocorrosion characteristics. Using a range of materials, the 

fabrication of coatings can be possible in a number of shapes and architectures. Coatings may be 

single layer, bilayer or duplex layer, or multi-layers (more than two layers). In terms of the 

coatings' microstructure, it can be anything from a straightforward, homogenous single structure 

to more intricate systems including alloyed, composite, and gradient structures. Duplex coatings 

are among the most appealing coating design ideas since they provide a greater opportunity to 

tailor surface properties [11]. 

During the fabrication process of thick coatings by plasma spray, PTA, high velocity Oxygen fuel 

(HVOF), or different spray processes, imperfections could appear. Due to some porosity in the 

coatings, direct infiltration of the electrolyte through the flaws may result in the formation of a 

galvanic cell between the coating and the substrate, which results in more harmful damage than 
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corrosion on a bare substrate [12]. Pores are a typical feature in spray or fused coatings. For 

example, F. Pougoum et al. [13] reported that the surface degradation of Fe3Al-based HVOF 

coatings was caused by crack development and propagation via the imperfections on the surface. 

W.-M. Zhao et al. [14] investigated the corrosion mechanism of NiCrBSi coatings deposited by 

HVOF and found that the corrosion started around defects like pores, inclusions, and microcracks 

in the NiCrBSi coating and followed paths formed by pores, microcracks, and the lamellar 

structure, leading to exfoliation or laminar peeling off. These flaws allow liquid electrolytes to 

penetrate the coatings. To limit the material degradation process, various approaches have been 

taken for example by sealing the pores or adding a top layer [7,14].  

In recent years, extensive studies have been conducted on duplex coatings for wear, corrosion, and 

tribocorrosion [15–17]. For example, F. Pougoum et al. [13] investigated the sliding wear 

behaviour of Fe3Al-based duplex coatings deposited by PVD and HVOF methods to protect 

stainless steel against alumina balls. The duplex coating, also known as thin-on-thick coating, the 

system was designed with the HVOF interlayer supporting the applied load and the top PVD 

diamond like carbon, DLC layer interacting with the hostile outside environment. They then 

demonstrated that the addition of CrN or DLC top layers considerably improved the wear 

resistance of the SS304 substrate and the HVOF/SS304 systems. This enhanced performance was 

due to the outstanding tribological and friction characteristics of these PVD top layers, as well as 

the improved interlayer hardness, demonstrating the greater load-bearing capability of the thick 

and hard HVOF interlayer that helps to avoid localized plastic deformations of the substrate when 

the surface of the top thin film is subjected to repeated conditions of loading and unloading during 

sliding wear experiments. In another study, F. Pougoum et al. [7] examined the corrosion and tribo-
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corrosion performance of HVOF Fe3Al coatings with CrN and DLC PVD topcoats in NaCl 

aqueous solution using electrochemical impedance spectroscopy (EIS) method. The synergistic 

effect of corrosion and wear was investigated and the influence of topcoats on the interlayer in this 

synergy was discussed. They reported that the HVOF Fe3Al layer had poor corrosion and 

tribocorrosion resistance due to the existence of defects that enable the electrolyte to infiltrate into 

the coating. The duplex coating, on the other hand, demonstrated good corrosion resistance by 

establishing a protective barrier against the corrosive chloride solution; as a result, the DLC and 

CrN films improved the pitting resistance of the underlying coating.  

 

2.2  Materials for Duplex Coatings 

Typically, steel is used to make the components in industries. Amongst all types of steels, stainless 

steel (SS) is popular because of its excellent corrosion resistance as a passive oxide layer, 

especially Cr-oxide is formed naturally on the surface and is responsible to have excellent 

corrosion properties [18,19]. Nevertheless, stainless steels suffer from pitting, a severe form of 

localized corrosion. In addition, stainless steels may only be used in applications absent from 

tribological processes due to their generally poor hardness and wear resistance [20,21]. 

Consequently, engineered coatings have been developed to achieve all the material attributes for 

applications where severe wear, corrosion, and tribocorrosion are involved. As previously stated, 

duplex coatings are commonly employed because they exhibit more resilience than 

individual coatings. The architecture of duplex coating consists of a thick interlayer to withstand 

the applied load and a corrosion resistant thin layer to interact with the outside harsh environment 

[13].    
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2.2.1 Thick Intermediate Coatings 

Numerous materials have been chosen by different groups of researchers for making duplex 

coatings for the mitigation of material degradation [22,23]. Ceramics materials are extensively 

used to make coatings for mechanical, wear, corrosion, and tribocorrosion properties compared to 

metals [24]. TiC has great surface hardness, strong corrosion resistance, low friction coefficient, 

and high electrical conductivity. Due to its great chemical and thermal stability, TiC coatings are 

widely employed as wear-resistant materials in a variety of applications [25]. The corrosion and 

tribological properties of the metal matrix composite can be improved by adding ceramic particles. 

M. Yasir et al. [26] doped Al2O3 particles to enhance the tribological characteristics of coatings 

and demonstrated that the composite coating had better hardness and a lower friction coefficient 

than the coating without any inclusion when subjected to tribological environments. They reported 

that as the inclusion of the second phase may significantly improve the tribological performances 

of the coatings, the presence of hard Al2O3 particles may be related to the superior qualities of the 

composite coatings. Another study [27] explained that the inclusion of hard ceramic particles 

greatly enhances the tribological behaviour of Fe-based amorphous coatings due to the greater 

hardness and potential lubricating effect of the additives.  

Titanium carbide (TiC), out of all ceramic materials, has been recognized as a promising 

reinforcing phase to increase the mechanical characteristics of the matrix due to its superior 

mechanical, chemical, and thermal properties [28]. Chen et al. [29] reported that Fe-Al 

intermetallic reinforced with TiC exhibits good wear resistance against dry sliding. Najmeh et al 

[28] studied corrosion behaviour of TiC incorporated Fe3Al matrix prepared by high-velocity oxy-

fuel spraying and showed that the incorporation of TiC particles increases the corrosion resistance 
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of composite coating in NaCl solution. Rokanopoulou and Papadimitriou [30] investigated the 

microstructure and tribological properties of TiC incorporated SS matrix and found that MMCs 

exhibited improved wear rate and friction coefficient which is attributed to the higher hardness by 

the addition of hard TiC particles. Similar studies were done by other researchers where they used 

TiC as reinforcing particles to improve the microstructure and wear properties [31,32].    

Tungsten carbide (WC) has been used as a prominent hard material in many industrial applications 

due to its outstanding wear-resistant qualities, high hardness, and low coefficient of thermal 

expansion. The primary drawbacks of WC are its low heat of production, which allows it to be 

quickly dissolved by molten metals, and its brittleness, which frequently restricts its applicability 

in specific applications [3]. Several attempts have been made to improve the toughness of WC by 

including ductile elements such as Ni-based and Co-based alloys [33,34]. Nickel and nickel-based 

coatings are of interest to many researchers for improving plasticity, fracture toughness, and 

corrosion resistance [35]. Particularly, NiBSi and NiCrBSi are considered the binding materials 

with the tungsten carbide [36–38]. Boron is added to the matrix to lower the melting temperature 

of the metal and increase the coating’s hardness due to the formation of a hard Ni3B phase. The 

hardness is also slightly increased when Si is added. Cr is further added to improve the corrosion 

and wear resistance. However, the wear resistance of NiCrBSi-WC cannot be improved compared 

with NiBSi-WC coatings. In one study, P. Niranatlumpong and H. Koiprasert [37] investigated the 

microstructure of the NiCrBSi–WC and NiBSi–WC coatings deposited by electric arc spraying 

and studied the sliding wear behaviour of the coatings. Although the microhardness of NiBSi-WC 

is lower than that of NiCrBSi-WC coatings, the wear resistance is higher for NiBSi-WC coatings 

due to more dissolution of WC/W2C into the matrix in NiBSi-WC that results in good metallurgical 
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bonding between the matrix and carbide. The larger frequency of craters from WC/W2C 

detachments caused NiCrBSi-WC coatings to demonstrate reduced wear resistance. The 

dissolution of W has a significant impact on the microstructure and wear behaviour of NiCrBSi-

WC and NiBSi-WC coatings which is reported by P. Sheppard and H. Koiprasert [38]. They 

observed that because NiBSi contained more W than NiCrBSi, it had less thermal expansion 

mismatch, resulting in less thermal stress throughout the coating production process. Thermal 

stress in coatings can induce intergranular fractures, which can spread throughout the coating. 

More carbides separated from the NiCrBSi coatings during the dry sliding test, however, less 

carbides detached during the three-body abrasion. NiBSi, on the other hand, consistently provides 

greater performance.  

 

2.2.2 Thin Top Coatings 

Choosing the proper materials for the topcoat is critical since it will interact with the outside 

environment. Among the materials used for the topcoat, diamond-like carbon (DLC) is of much 

interest because of its excellent tribological properties. However, delamination of DLC film may 

result from the high stresses of the coating and high modulus of elasticity compared to the substrate 

[39]. Nitride films produced by PVD have received the most attention among possible materials 

for the top layer in terms of their ability to resist corrosion in chloride-containing solutions because 

of their high hardness, outstanding tribological characteristics, and good corrosion properties [7]. 

For instance, titanium nitride (TiN) has excellent corrosion resistance in most conditions because 

of its stability in aqueous solutions. Azzi et al. [40] utilized the PVD technique to produce TiN 

hard coatings for corrosion studies and showed improved corrosion properties. The ability of TiN 
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to resist corrosion, however, differs depending on the substrate and deposition conditions. AlN, on 

the other hand, is gaining much interest from many researchers because it is thermally stable and 

chemically inert. The exceptional properties of these two binary coatings have attracted the 

attention of researchers to study ternary titanium-aluminum nitride (TiAlN) coatings since it is a 

potential candidate for tribological and corrosion applications [12,41]. Finally, Fig. 2. shows an 

example of duplex coatings with the thin top CrN coating and thick intermediate CoCrMo(C) S-

phase coating. 

 

Fig. 2. Duplex coatings system showing CrN and CoCrMo(C) S-phase layers [8]. 

 

Among all the materials discussed in the literature, TiC-stainless steel (SS), WC-NiBSi 

composites, and TiAlN were chosen. To create duplex coatings, the composite materials were 

deposited on steel using the plasma transferred arc (PTA) method, and TiAlN was deposited as the 

top layer using the physical vapour deposition (PVD) method.  
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2.3  Wear 

Wear refers to the gradual removal of material from a solid surface as a result of mechanical action 

or other physical processes. It can occur due to a variety of factors such as abrasion, adhesion, 

erosion, or corrosion. Wear can lead to a reduction in the functional performance or lifespan of the 

affected component and can also result in the generation of debris or particles that can cause further 

damage or contamination in the surrounding environment. Wear is a common phenomenon in 

many engineering and industrial applications, and understanding and controlling wear behavior is 

important for optimizing performance, minimizing maintenance costs, and ensuring safety and 

reliability. The following are the different types of wear and Fig. 3. shows the wear mechanisms 

of different types of wear.  

• Abrasive wear: Abrasive wear occurs when hard particles or protuberances are pressed 

against and moving over a solid surface. The hard particles cause severe degradation of 

material by micro-cutting, micro-fracture, pull-out of individual grains accelerated fatigue 

by repeated deformations. The severity of abrasive wear in any system is determined by 

the size, shape, and hardness of the abrasive particle, the magnitude of the stress applied 

by the particle, and the frequency of contact of the abrasive particle [42]. 

• Erosive wear: Erosion is the mechanical interaction between a solid surface and an 

impinging liquid or solid particles which causes progressive loss of original material from 

that surface. The wear mechanisms involved in erosive wear mainly depend on the physical 

and mechanical characteristics of the erosive particles for instance, particle size, shape, 

hardness, impact velocity, and impingement angle of the particle to the solid surface [43].  
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• Adhesive wear: A very serious type of wear known as adhesive wear is characterised by 

high wear rates and a significant unstable friction coefficient. Adhesive wear can quickly 

destroy sliding contacts, and in extreme situations, very high coefficients of friction or 

seizures may stop sliding motion. Adhesion causes high coefficients of friction and severe 

damage to the contacting surfaces [44].  

• Corrosive and Oxidative wear: These types of wear are primarily caused by chemical 

reactions between the worn material and a corroding medium, which can be air, a chemical 

reagent, or a reactive lubricant. While oxidative wear refers to wear brought on by 

atmospheric oxygen, corrosive wear is a general term for any form of wear involving a 

chemical or corrosive process [45]. 

• Fatigue wear: Cycling loading during friction causes fatigue wear of a material. When a 

material is subjected to cyclic loading, it causes progressive and localised structural 

damage. Fatigue occurs when the applied load exceeds the material's fatigue strength. The 

term fatigue wear refers to the repeated high local stress contacts between asperities that 

occur during sliding or rolling. Wear particles are produced by fatigue propagated cracks. 

The mechanics of crack initiation, crack growth, and fracture determine wear under these 

circumstances. Compared to unworn surfaces, worn surfaces have extremely high levels of 

plastic strain [46]. 
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Fig. 3. Schematic of wear mechanisms [47]. 

 

2.4  Corrosion 

Corrosion is a natural process that involves the deterioration or destruction of a material, usually 

a metal. While wear is induced by physical processes, corrosion is caused by chemical or 

electrochemical reactions of a material with its environment. This process can occur due to a 

variety of factors such as exposure to moisture, oxygen, acids, salts, or other corrosive substances. 

Corrosion can lead to changes in the physical and chemical properties of the material, including 

loss of strength, changes in surface finish, and reduction in performance or functionality. Corrosion 

can occur on any surface, but is particularly common in metals and alloys, and can be accelerated 

by factors such as high temperature, pressure, or mechanical stress. Corrosion is a significant 

problem in many industries, including construction, transportation, and manufacturing, and 

controlling corrosion is important for maintaining the structural integrity and safety of materials 

and components. Corrosion reactions are mostly electrochemical which involves an anodic 
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oxidation reaction and a cathodic reduction reaction where electrons are being transported [48]. 

There are different types of corrosion that a metal can suffer when exposed to corrosive 

environments. The schematic representation of different types of corrosion is shown in Fig. 4. 

They are: 

• Uniform corrosion: The most common type of corrosion is a general or uniform attack. 

General or uniform corrosion affects the entire surface or over a large area of the material 

with equivalent intensity by a chemical or electrochemical reaction [49]. 

• Pitting corrosion: Pitting is regarded as one of the most destructive types of corrosion 

because failure happens so abruptly as it is sometimes challenging to find pits due to their 

small size and because they are usually covered by corrosion products. Pitting corrosion is 

a type of localised corrosion that causes the creation of microscopic cavities on the metal’s 

surface. The oxidation reaction in the pit lowers the pH and causes chloride ions to migrate 

to balance the charge of the metal ions. This generates a more aggressive environment 

locally and accelerates corrosion, allowing it to penetrate at a rapid rate [50]. 

• Galvanic corrosion: When dissimilar materials come into contact and are exposed to a 

conducting fluid, galvanic corrosion can occur. Typically, when two dissimilar metals are 

submerged in a corrosive or conductive solution, a potential difference exists between 

them. Because of their differing potentials, the more active material corrodes faster [1]. 

• Crevice corrosion: Crevice corrosion is a type of localised corrosion that happens when a 

metal surface is partially shielded from the environment, such as through small gaps, joints, 

or deep cracks. Because of the difference in aeration with the bulk environment, anodic 

reactions occur preferentially in the crevice. Crevice corrosion typically arises from 
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variations in the concentration of metal ions and oxygen between the crevice and its 

surroundings [51]. 

• Fretting corrosion: Fretting corrosion occurs at the interface of contacting surfaces with 

modest relative motion. Fretting damage can erode the oxide layer of passive metals, 

promoting corrosion [52].   

 

 

Fig. 4. Schematic of different types of corrosion [53]. 
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2.5  Tribocorrosion 

Tribocorrosion is a complex process that occurs when a material is subjected to both mechanical 

and chemical degradation in a corrosive environment. It is the combination of mechanical wear 

and corrosion that results in damage to the surface of a material shown in Fig. 5. Tribocorrosion 

is a phenomenon that occurs when both mechanical wear and corrosion processes occur 

simultaneously in a material or component that is exposed to a corrosive environment while 

undergoing friction or sliding [10,15]. It typically occurs in machinery and equipment that operate 

in harsh environments, such as marine vessels, pipelines, and automotive engines.   

When tribocorrosion occurs, the corrosion process can accelerate the wear process, and the wear 

process can accelerate the corrosion process. This mutual interaction can lead to accelerated 

material loss, increased friction, and ultimately, premature failure of the component. 

Tribocorrosion can be caused by a variety of factors, including the type and concentration of 

corrosive species in the environment, the type and properties of the material involved, the applied 

load and speed, and the surface roughness and topography. Managing tribocorrosion requires a 

comprehensive approach that includes proper material selection, surface modification, lubrication, 

and corrosion protection [54].  

 

Fig. 5. Schematic diagram for tribocorrosion [55]. 
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3 Experimental Method 

3.1  Coating Fabrication Techniques 

3.1.1 Plasma Transferred Arc (PTA) 

Numerous coating techniques are used to deposit protective coatings for applications involving 

wear, corrosion, and tribocorrosion [56–59]. The plasma transferred arc (PTA) hard-

facing technology has been used to create a thick protective layer by welding. This process is used 

for the fabrication of the coating in this study. The metallurgical connection between the injected 

material and the substrate can produce very pure and high-quality deposits. Fig. 6. illustrates the 

schematic of a PTA coating system. The powder form of filler material is introduced into the 

plasma arc in the shielding gas in order to prevent oxidation of melting particles. The outcome is 

a high-quality deposit with strong metallurgical bonding of the coating with the substrate. In 

comparison to other conventional arc methods, PTA has many benefits, including high melting 

efficiency, high flux stability, and enhanced bonding to the substrate [60]. Because of the high 

adhesion strength, high hardness, and excellent wear resistance, PTA deposited coatings are of 

interest in applications where high load-bearing capacity is important [61,62].  
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Fig. 6. Schematic of PTA coating [60]. 

 

3.1.2 Physical Vapor Deposition (PVD) 

Physical vapour deposition (PVD) hard coatings have been extensively utilized for the fabrication 

of a thin protective coating. This method is well-known to provide excellent wear and corrosion 

resistant hard protective coatings [12,63]. For the purpose of this work, the sputtering process is 

primarily considered. In reactive sputtering, the substrate is coated by films using metallic targets 

and a reactive gas, mixed with an inert working gas (e.g., Ar). The resulting coating can be a solid 

solution of the target metals doped with the reactive element, a compound, or a mixture of the two 

[64]. Sputtered coatings vary from nanometers to many microns in thickness and generally have a 

columnar structure and a smooth coating surface without the presence of macroparticles. Fig. 7. 

illustrates the typical PVD process.  
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Fig. 7. PVD sputtering process [65]. 

 

3.1.3 Duplex Coating 

As can be seen from the preceding literature, no substantial research has yet been conducted to 

investigate the simultaneous effect of wear and corrosion utilizing PTA deposited TiC- and WC-

based coatings and PVD deposited TiAlN coatings and their duplex coatings. In this regard, 

detailed investigations have been carried out with PTA/PVD deposited duplex coatings of 

TiAlN/TiC-SS/steel and TiAlN/WC-NiBSi/steel to determine the corrosion, wear, and 

tribocorrosion properties and to compare them to the single layer TiAlN/steel coating and the steel 

substrate. SEM, indentation, and scratch tests were used to determine microstructural and 

mechanical characteristics. Tribocorrosion properties were obtained by a sliding wear test under 

3.5 wt.% NaCl solution. 
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3.2  Fabrication of Duplex Coatings 

3.2.1 TiC-SS and WC-NiBSi Coatings using PTA 

Plasma transferred arc (PTA) method (Kennametal Starweld PTA system with a Kennametal 

Excalibur welding torch) from InnoTech Alberta, Edmonton, Alberta, Canada was utilized to 

fabricate thick layer of TiC-based and WC-based coatings. Two groups of coatings namely TiC-

316L grade stainless steel (SS) and WC-NiBSi were deposited on low carbon steel by PTA 

technique. Prior to the deposition, 30 wt.% of TiC (from Pacific Particulate Materials) with 70 

wt.% of SS (from Kennametal Delchrome), and 60 wt.% of WC (from Kennametal) with 40 wt.% 

of NiBSi (from Hoganas 1535-30) were mechanically blended. Commercial-grade argon was used 

as the shielding, arc, and powder gas. The powder size for the carbide and alloys was from 45 µm 

to 180 µm. The parameters for the preparation of TiC-SS and WC-NiBSi are summarized in Table 

1.    

Table 1: Deposition parameters for WC-NiBSi and TiC-SS coatings by PTA. 

Process Parameter WC-NiBSi TiC-SS 

Current (A) 200 200 

Carriage Speed (in/min) 2.5 2.5 

Powder feed rate (g/min) 25 25 

Arc Voltage (V) 26 27.5 
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3.2.2 TiAlN Coating using PVD  

A 2-micron thin layer of TiAlN was sputtered deposited on the top of a previously coated steel 

substrate with WC-NiBSi and TiC-stainless steel by PTA to make the duplex coatings. The 

“Amod” system for physical vapor deposition (PVD) method from Angstrom Engineering was 

used. Fig. 8. shows how the samples were mounted on the substrate holder for TiAlN deposition. 

Prior to the deposition of TiAlN films on steel substrate or PTA deposited TiC-SS/steel or WC-

NiBSi coatings, the surfaces were sputtered cleaned for a total time of 20 minutes in radio 

frequency (RF) plasma with a pressure of 10 mTorr and substrate biasing of -450 V. The cleaning 

process was done in a gas mixture of N2 and Ar (5 sccm and 30 sccm flow rate, respectively) at a 

temperature of 300 0C. A Ti interlayer of about 375 nm was added before the TiAlN deposition to 

enhance the adhesion of TiAlN with the substrate. Pulsed direct current (pDC) sputtered (300 W) 

from a pure Ti target under Ar atmosphere of 3 mTorr and 75 V of substrate biasing was used for 

interlayer. Reactive magnetron sputtering using a mixed N2 and Ar environment and 19 sccm and 

30 sccm flow rates, respectively, resulted in the deposition of a 2-micron thin TiAlN film at 3000 

C substrate temperature. The base pressure was 10-6 Torr, while the operating pressure was 3 

mTorr. The film was produced by co-sputtering two 3” diameter pure Ti and pure Al targets. Both 

targets (Ti and Al) were supplied by Kurt J. Lesker and the purity levels are 99.97 at. % (Ti) and 

99.995 at. % (Al). A pulsed DC discharge was applied to the Ti target (average power of 300W, 

30 kHz) and a high-power impulse magnetron sputtering (HiPIMS) discharge was applied to the 

Al target (average power of 660 W, frequency of 400 Hz and duty cycle of 8%). The substrate was 

subjected to a DC bias tension of -75 V. The distance of the targets from the substrates was 10 cm 

and the substrates were rotated at a speed of 3 RPM. Finally, a single layer coating of TiAlN on 

steel and two sets of duplex coatings were obtained by the PVD method. The two sets of duplex 
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coatings are namely, (i) TiAlN/WC-NiBSi/Steel coating, and (ii) TiAlN/TiC-316L grade stainless 

steel (SS)/Steel coating. In addition, the single layer coatings deposited by PTA and by PVD on 

low carbon steel were prepared. The coatings’ architecture is shown in Fig. 9. 

 

Fig. 8. Experimental set-up for PVD deposition. 
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Fig. 9. Schematic representation of the coating’s architecture with (a) TiAlN/Ti/Steel, (b) TiC-SS 

/Steel, (c) WC-NiBSi/Steel, and duplex coatings (d) TiAlN/Ti/TiC-SS/Steel (e) TiAlN/Ti/ WC-

NiBSi/Steel. 

3.3  Surface Characterization 

The surface morphology and chemical composition of coatings were analyzed using a Zeiss Sigma 

300 VP scanning electron microscope (SEM) facility from the University of Alberta. The SEM is 

equipped with secondary and backscattered electron detectors, an in-lens electron detector, a 

cathodoluminescence (CL) detector, and a Bruker energy dispersive X-ray spectroscopy (EDS) 

system. The EDS system includes dual silicon drift detectors, each with an area of 60 mm2 and a 

resolution of 123 eV. This equipment was used to examine the coatings both before and after 

exposure to the wear, corrosion, and tribocorrosion system.   Before the SEM analysis, the samples 
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were ultrasonically cleaned for 15 minutes with ethanol and finally air cleaned for any loosely 

attached particles. Scratch software by CSM Instruments was used to evaluate the surface after 

scratch testing.  

3.4  Mechanical Properties Analysis 

3.4.1 Hardness Tests 

Indentation tests (ASTM E2546-15(2015)) were performed to determine the mechanical 

characteristics such as hardness (H) and elastic modulus (E) of the substrate, PTA coatings, and 

PVD coatings. The microhardness and elastic properties of the steel substrate, thick TiC-SS/steel 

and WC-NiBSi/steel coatings were measured during the instrumented micro-indentation tests 

using a Micro Combi Tester (MCT3) with a Berkovich diamond pyramidal tip. Four indentations 

on four different areas with three repetitions per sample were completed. The applied load was 

gradually increased from 10 mN at a rate of 500 mN/min to a maximum load of 20 N, kept constant 

for 5s before linearly decreasing the load. For nano-indentation, a depth-sensing Hysitron TI 950 

TriboIndenter with a Berkovich diamond tip was utilized and the tip was calibrated using a fused 

silica standard. For each coating, a 25-cycle partial-unload and load function was applied to a 5 by 

5 indentation array with a 100 μm spacing between indentations. For each load cycle, the load 

increased from 10 mN to the maximum load of 600 mN for 5s followed by a 2s holding region, 

and then linearly decreased for 5s to the 80% of the maximum load. The average hardness and 

reduced modulus of elasticity were measured by the widely used approach given by Oliver and 

Pharr [66]. According to this method, the hardness is measured by  
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𝐻 =
𝑃𝑚𝑎𝑥

𝐴
 

The reduced modulus of elasticity is measured by  

               E∗ = S 
√Pmax

2√A
 

Where Pmax is the peak load, S is the stiffness, and A is the contact area. The area of contact at peak 

load is influenced by the depth of contact and the geometry of the indenter.  

More information on micro- and nano-indentation techniques for hardness and elasticity can be 

obtained from [67] and [68], respectively. 

3.4.2 Scratch Tests 

A scratch test (ASTM C1624-05) was performed at the Polytechnique Montreal, Canada using a 

CSM Micro-Combi scratch tester equipped with a Rockwell C diamond indenter (AV-233) of 200 

µm radius to evaluate the adhesion strength of PVD deposited TiAlN thin films on low carbon 

steel, PTA deposited TiC-SS and WC-NiBSi coatings. A progressive liner force ranging from 0 to 

30 N was applied at a speed of 10 mm/min across a 3 mm scratch length. The findings from the 

scratch test experiments were used to assess how the adhesion strength of the TiAlN thin films 

was influenced by the underlying layers of low carbon steel substrate, PTA fabricated TiC-SS, and 

WC-NiBSi thick coatings. SEM analysis was done to examine the scratch surface and determine 

the shape of the cracks.   
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3.5  Tribological and Tribocorrosion Analysis 

3.5.1 Tribological Characteristics  

The tribological behavior of various samples, including uncoated steel, single-layered, and duplex-

layered coatings on steel, was studied using a ball-on-flat tribo-system (ASTM G133-05(2016)) 

from Tricomat at normal ambient conditions, as shown in Fig. 10. Wear tests can be performed in 

either dry or wet conditions. While the contact ball or test specimen is fully submerged in the test 

solution for wet wear (tribocorrosion) tests, the cell is not filled with electrolytes for dry wear tests. 

Only a sliding contact motion is introduced with applied load without any electrolyte. An alumina 

(Al2O3) ball of 4.75 mm was used as a counterpart and a new alumina ball was used in each test. 

Two different normal loads of 2N and 5N were applied on the alumina counter body to study the 

wear properties and load-bearing capacity of the PTA coatings on the duplex coatings system. The 

wear tests were performed under dry conditions using a sliding frequency of 1 Hz and a sliding 

length of 10 mm with a sliding velocity of 20 mm/s. The total sliding distances are 20 m, 40 m, 

and 80 m for 1000, 2000, and 4000 loading cycles respectively. In this configuration, the surface 

of the sample was placed horizontally. During the wear tests, the tangential force was recorded 

continuously, and the coefficient of friction, µ was obtained from µ = Ft/F, where Ft is the 

tangential force and F is the normal force. The average value of the friction coefficient for each of 

the tests was obtained from the stable segment (preferably at the end) of the friction coefficient 

curves. After the wear tests, each of the wear tracks was investigated with a DektakXT contact 

profilometer to get the wear profile, wear depth, and area of the worn surfaces of the wear track. 

The total volume of the worn surfaces in mm3 was then calculated from the area and the total 

length of the wear track. A typical wear profile is shown in Fig. 11.  
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Fig. 10. Illustration of wear tests under dry sliding conditions [69]. 

 

Fig. 11. Typical wear profile after wear tests [70]. 
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3.5.1.1 Assessment of Tribological Properties 

The wear experiments are conducted by sliding or rotating a counter body in contact with a 

specimen.  During the wear tests, the tangential force was continually recorded throughout the 

wear tests, and the coefficient of friction is calculated using the formula below: 

𝜇 =
𝐹𝑡

𝐹
 

Where Ft is the tangential force and F is the normal force.  

After the wear tests, each of the wear tracks was investigated to get area of the worn surfaces of 

the wear track. The total volume of the worn surfaces is calculated from the area and the total 

length of the wear track.   

      V = A × L 

Where V is the volume of the worn surfaces, A is the area of worn surfaces, and L is length of the 

wear track. 

The wear rate is measured from the following equation:  

𝐾 =
𝑉

𝐹 × 𝑠
 

where F is the applied load and s is the total sliding distance. 
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3.5.2  Corrosion 

The performance of the PTA and PVD deposited single layer and duplex coatings as well as the 

bare steel was analyzed under the corrosion attack using a three-electrode electrochemical cell 

(ASTM G5-14(2021) and ASTM G61-86(2018)) in a 3.5 wt.% NaCl aqueous solution. The 

corrosion cell was modified from these standards to accommodate coated samples. The sodium 

chloride salt concentration of 3.5 wt.% was chosen because the typical salinity of ocean water is 

on average around 3.5 wt.% [71]. The sample which was pressed against a 10 mm inner diameter 

O-ring with a conducting plate for electrical connection served as the working electrode (WE). A 

copper plate was used for the electrical connection. The total exposure area of the sample inside 

the O-ring to the electrolyte solution was 0.79 cm2. In this configuration, the surface of the coating 

was vertically positioned. A standard calomel electrode (SCE) was used as the reference electrode 

and a graphite rod was used as the counter electrode (CE). The experimental set-up for corrosion 

is presented in Fig. 12. where the sample acted as an anode and graphite acted as a cathode. An 

Autolab PGSTAT302 Echochemie potentiostat equipped with a frequency response analyzer 

(FRA) was utilized for the electrochemical measurements including open circuit potential (OCP), 

electrochemical impedance spectroscopy (EIS) and polarization.  

To begin with the corrosion experiments, the surface of the examined coating was exposed to the 

electrolyte solution for 3600s until the stabilization of open circuit potential (OCP) was reached. 

After the OCP measurements, the electrochemical impedance spectroscopy was performed at OCP 

with a frequency varying between 105 Hz and 10−2 Hz using an AutoLab frequency response 

analyzer program (FRA, Eco Cemie B.V. Utrecht). Afterward, potentiodynamic polarization test 

was carried out starting from a potential of 0.2 V below the OCP from the cathodic region up to 2 
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V in the anodic region at a scan rate of 0.001 V/s. The corrosion potential (Ecorr) and corrosion 

current (icorr) were obtained from potentiodynamic polarization curve. 

 

Fig. 12. Experimental set-up for corrosion experiments under 3.5 wt.% NaCl. 
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3.5.2.1 Assessment of Corrosion Properties 

For corrosion studies, typically open circuit potential (OCP), electrochemical impedance 

spectroscopy (EIS), and polarization tests are conducted to understand the corrosion behaviour of 

the coatings. The open circuit potential (OCP) is one of the important techniques to study 

corrosion. In OCP, the corrosion potential is recorded as a function of time as shown in Fig. 13. 

Over time, the corrosion potential approaches to a stable value. Metal has a noble corrosion 

potential when it moves towards more positive potential. Noble corrosion potential is the 

electrochemical potential in a corrosive environment where a metal exhibits the least degree of 

electrochemical activity and where the potential typically approaches the potential of the noble 

element in the electromotive series. Noble metals often have high corrosion and oxidation 

resistance [72]. 

 

Fig. 13. The open circuit potential (OCP) [73]. 
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Electrochemical Impedance Spectroscopy (EIS) is a widely used electrochemical technique to 

understand the electrochemical reaction involved. Electrochemical impedance spectroscopy (EIS) 

measurements of impedance are represented graphically in the Nyquist plot. The Nyquist plot is 

generated by displaying the imaginary (Y-axis) part of the measured impedance versus the real 

(X-axis). A typical Nyquist plot is presented in Fig. 14. The equations [74] for the impedance 

analysis are presented below: 

The ratio of the applied sinusoidal voltage to the resulting current is the system's impedance Z. 

𝑍 =
𝛥𝐸

𝛥𝐼
=

𝐸0 sin(𝜔𝑡)

𝐼0 sin( 𝜔𝑡 − 𝜑)
 

The impedance, Z with magnitude Z0 can be written as a complex function. 

𝑍 =
𝛥𝐸

𝛥𝐼
=

𝐸0 sin(𝜔𝑡)

𝐼0 sin(𝜔𝑡−𝜑)
=  

𝐸0

𝐼0
 exp (j𝜑) = Z0 exp (j𝜑) = Z0 cos(𝜑) + j Z0 sin (𝜑) 

Where 𝐸0 is the imposed potential, 𝜔 is the radial frequency, 𝐼0 is the amplitude of current, and φ 

is the phase angle with respect to potential. 
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Fig. 14. Nyquist plot for an electrochemical system [47]. 

The polarization test is also extensively studied in corrosion studies. In this technique, the 

corrosion current is observed under applied potential. The relationship between corrosion current 

and corrosion potential is presented by the Butler-Volmer equation [74]. 

I = I0 exp (
2.303η

βa
) − I0 exp (

−2.303η

βc
) 

Where 𝜂 is the overpotential on working electrode (= E – Eoc), I0 (= 𝐼𝑐𝑜𝑟𝑟)  is the corrosion current 

density, βa is the Tafel constant at anodic, and βc is the Tafel constant at cathodic.  

For the large anodic potential, the equation can be rewritten as  
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I = I0 exp (
2.303η

βa
) 

Taking the logarithm of both terms, 

𝜂𝑎 = 𝛽𝑎 𝑙𝑜𝑔(𝐼𝑎 − 𝐼0) 

Similarly, for large cathodic potential,  

𝜂𝑐 = −𝛽𝑐 𝑙𝑜𝑔(−𝐼𝑐 − 𝐼0) 

This relationship is presented as Tafel plot in Fig. 15. The linear portions of the anodic and 

cathodic graphs can be extrapolated to determine the corrosion current (I0) and corrosion potential 

(E0). If a line is drawn from the intersecting point, the corrosion current and corrosion potential 

are represented by the intercepts to the X and Y axes, respectively.  

 

Fig. 15. Illustration of Tafel plot [73]. 
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3.5.3 Tribocorrosion 

To understand the synergistic effect of wear and corrosion, a series of tribocorrosion (ASTM 

G119-09(2021)) experiments were performed using the same linear reciprocating ball-on-flat 

tribometer system which was used for the dry wear analysis.  However, the sliding contact was 

fully immersed in a 3.5 wt.% NaCl corrosive medium for the tribocorrosion tests as shown in Fig. 

16. A three-electrode cell electrochemical system was used where the coating served as the 

working electrode, a standard calomel electrode was used as reference electrode, and a platinum 

wire was used as the counter electrode. As with the wear tests, the coatings’ surface was immersed 

in the electrolyte solution in a horizontal position. An alumina ball (4.75 mm in diameter) was 

used to continuously rub the surface of the specimen immersed in the test solution until the sliding 

cycle ends. The alumina ball was chosen due to its high hardness and chemical inertness. A 2N 

load was applied with 2000 cycles for all the tribocorrosion experiments and with a stroke length 

of 10mm.   

Two different tests for tribocorrosion studies were done namely (i) wear at OCP where no potential 

was applied, (ii) wear at potentiostatic polarization where a fixed potential was applied relative to 

the OCP of individual coatings. Each of these tests was done in several steps. Firstly, the sample 

was immersed in the electrolyte solution for 60min to reach the stability of the potential. Next, the 

sliding action was initiated with the pre-applied loaded condition (2N) for 2000 cycles on the 

surface of the sample which was immersed in the NaCl solution. After finishing the sliding wet 

wear, the sample was kept in the aqueous solution for another 60 min to allow the repassivation of 

the surface of the sample. Before, during, and after the sliding wear tests, the OCP was 

continuously monitored. Also, the frictional behavior was monitored during the wear tests. For the 
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potentiostat tests, first, the sample was immersed and kept in the solution for 1h to reach in a stable 

OCP, followed by the potentiostatic tribocorrosion tests where 0.2V potential was applied below 

the OCP. The current was monitored before, during, and after the sliding motion for 1000 seconds, 

2000 cycles, and 1000 seconds, respectively. The coefficient of friction was recorded during the 

rubbing action under wet conditions. After the potentiostatic tribocorrosion tests, the OCP was 

recorded for another 600 seconds without the applied potential.  

 

Fig. 16. (a) Tribocorrosion system where sliding contact immersed in NaCl aqueous solution and 

(b) position of the immersed sample at the end of the tribocorrosion tests.  

 

3.5.3.1 Assessment of Tribocorrosion Properties 

A series of experiments have been conducted to assess the tribocorrosion properties of different 

coating systems. In tribocorrosion experiments, the samples are immersed in the electrolyte 

solution where the tribological system is utilized to investigate the synergistic effect of wear and 

corrosion. M. Azzi et al. [75] investigated the tribocorrosion behaviour of DLC film on the 
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stainless-steel substrate. During assessing the tribocorrosion properties, they systematically 

described the sequence of tribocorrosion which is shown in Fig. 17. Firstly, the sample was 

immersed in the corrosive solution for 60 minutes, during which time the potential began to 

stabilize (Region I). Then the sliding wear test was started. The alumina ball was used to initiate 

the rubbing with the applied load on the surface of the sample. The electrochemical behaviour was 

observed during the sliding wear using EIS techniques which is shown in Region II. During this 

period, the OCP was continuously monitored (Region III). The sliding wear test was stopped after 

1800 sliding wear cycles. The OCP was also measured after finishing the wear tests (Region IV). 

The electrochemical behavior of the surface after sliding wear was then investigated using EIS 

(Region V). To further understand the tribological and corrosion characteristics of a-SiC:H 

coatings created by PECVD, S. Guruvenket et al. [76] conducted tribocorrosion tests using a linear 

reciprocating ball-on-plate tribometer. The equipment for reciprocating wear tests was submerged 

entirely in a sodium chloride solution. Before, during, and following the sliding wear experiments, 

the free corrosion potential (FCP) was measured. During the tribo-corrosive experiment, 

electrochemical impedance spectroscopy (EIS) was also used to assess how wear affected the 

coatings' ability to resist corrosion. The EIS data was represented using a Nyquist diagram. The 

friction behaviour and wear rate were studied during the tribocorrosion experiments. Y. Sun, V. 

Rana [10] explained the wear-induced corrosion and corrosion-induced wear behaviour during 

tribocorrosion tests on AISI 304 stainless steel in 0.5 M NaCl solution. Potentiostatic experiments 

at constant potential were done where transient current and coefficient of friction were 

continuously measured. Following each test, the measurement of the surface profile across the 

wear track enabled for the evaluation of the total wear volume resulting from the combined effect 

of wear and corrosion.  



42 

 

 

Fig. 17. The sequence of operations for tribocorrosion tests with OCP evolution [75]. 

In this study, similar techniques were adopted to analyze wear, corrosion, and tribocorrosion 

properties. For wear analysis, a tribological system with ball-on-flat slid through the coating. The 

friction behaviour was monitored, and the wear rate was measured. For corrosion analysis, a three-

electrode cell electrochemical system was employed to conduct the tests for open circuit potential 

(OCP), electrochemical impedance spectroscopy (EIS), and Potentiodynamic polarization. For 

tribocorrosion analysis, the tribological system in contact with the specimen was immersed in the 

electrolyte. The synergistic effect of wear and corrosion can be realized by this method. The 

tribocorrosion analysis was done in two different experiments; i) at OCP where no external 

potential was applied and ii) at potentiostatic polarization where external potential was applied. 

For OCP conditions, the friction behaviour and OCP were obtained during the tests, and wear rate 

was measured. For tribocorrosion at potentiostatic polarization, the friction coefficient and 

corrosion currents were obtained, and the wear rate was measured. SEM and EDS were employed 

to analyze the surface of the coatings after and before the tests.  
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4 Results and Discussions 

4.1  Microstructure of the Deposited Coating Systems 

Scanning electron microscopy (SEM) was used to perform a microstructural examination of 3 mm 

thick PTA single layer and about 2-micron thick PVD single layer deposited coating (TiC-SS/steel, 

and WC-NiBSi/steel), (TiAlN/steel), and duplex coatings (TiAlN/TiC-SS/steel and TiAlN/WC-

NiBSi/steel). The results are shown in Fig. 18. It can be seen from Fig. 18(a) for the PTA thick 

TiC-stainless steel composite coating that after the PTA melting process small-sized and some 

large TiC particles are embedded in the stainless-steel matrix. Particularly, there are no 

undissolved or unmelted TiC particles in the matrix. However, the surface of the TiC-SS coating 

is uneven, and some small pores are visible on the surface. On the other hand, a tree-like structure 

of WC particles can be observed all over the surface of WC-NiBSi coating shown in Fig. 18(b). 

In addition, large WC particles are grouped together in different areas on the surface and connected 

with the tree-like structure. There are some lateral cracks both on the NiBSi and WC phases. The 

thermal stress resulting from quick solidification and the mismatch in thermal expansion between 

the WC and NiBSi phases lead to cracks [38]. Besides the cracks, the surface also has some 

globular and intergranular pores due to insufficient contact between the subsequent splats. It is 

known that a continuous coating layer is formed when many overlapping splats solidify and stick 

to one another [77]. The surface of the TiAlN coatings on steel deposited by PVD in Fig. 18(c) 

displays quite a smooth and compact structure with 2-micron thickness with few numbers of 

defects [41]. Fig. 18(d) for TiAlN/TiC-SS/steel and Fig. 18(e) for TiAlN/WC-NiBSi/steel duplex 

display relatively uniform surfaces with numerous defects. Interestingly, the TiAlN coating sealed 
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the pores of the TiC-SS/steel and WC-NiBSi/steel coatings. As a result, no pores are observed in 

the duplex coatings systems.  

 

Fig. 18. SEM images on the surfaces of single and duplex coatings on steel: a) TiC-SS/steel coating 

by PTA, b) WC-NiBSi/steel coating by PTA, c) TiAlN/steel coating by PVD, d) TiAlN/TiC-

SS/steel coating by PVD/PTA, and e) TiAlN/WC-NiBSi/steel coating by PVD/PTA. 
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4.2  Mechanical Characterization 

4.2.1 Mechanical Properties 

The mechanical properties obtained from the micro- and nano-indentation testes are presented in 

Fig. 19. for hardness (H) and reduced Young’s modulus of elasticity (E*), and in Fig. 20. for elastic 

strain to failure (H/E*) and resistance to plastic deformation (H3/E*2). The ratio of hardness and 

elasticity H/E is the resistance of elastic strain to failure. Toughness is defined as the ability to 

absorb energy to fracture [78,79]. The H3/E*2 indicates the coating's capacity to withstand a load 

[80]. As a result, these are the important factors to access the toughness of the film. The bare 

substrate had the lowest hardness while the coating on steel improved hardness in the following 

order: TiAlN/WC-NiBSi/steel > TiAlN/steel > TiAlN/TiC-SS/steel > WC-NiBSi/steel > TiC-

SS/steel > steel. However, E, H/E, and H3/E*2 do not follow the same trend. Duplex TiAlN/WC-

NiBSi/steel coating showed the highest H and E value due to the harder interlayer of WC-NiBSi 

than steel. E value for TiAlN is comparatively lower which results in the highest H/E and H3/E*2 

value. J. Musil [81] explained that the higher H/E helps to lower the coefficient of friction and 

wear rate due to enhanced resistance to cracking. E. Bousser et al. [82] showed that the erosion 

behaviour of Cr–Si–N coating system improved with increasing H3/E*2. However, in order to 

increase deformation resistance because hard coatings are prone to brittle fracture, H/E and H3/E*2 

should be maximized by decreasing E value with optimal hardness [83]. The lowest values were 

found for steel, whereas the H/E and H3/E*2 values for duplex coatings are substantially lower than 

TiAlN. 
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Fig. 19. Hardness, H, and reduced modulus of elasticity, E* for the substrate and coatings. 

 

 

Fig. 20. Elastic strain to failure, H/E*, and Resistance to plastic deformation, H3/E*2, for the 

substrate and coatings. 
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4.2.2 Adhesion Strength of TiAlN Coating 

The micro-scratch test measurement was used to assess the adhesion strength of TiAlN with the 

steel substrate, TiC-SS/steel coating, and WC-NiBSi/steel coating with increasing load from 0 to 

30 N. Fig. 21(a) shows the scratch tracks with or without a TiAlN layer and Fig. 21(b) represents 

the higher magnified images toward the end of the track with the EDS analysis. To determine if 

the TiAlN for the duplex coatings has completely delaminated, image analysis was conducted 

towards the end of the track. The critical load values, Lc, are consisted of three load values (Lc1, 

Lc2, and Lc3), where Lc1 represents the load at which the first crack emerges, Lc2 represents the 

load at which there are consistent cracks over the scratch track, and Lc3 represents the load at 

which the coating completely delaminates [84]. Table 2 displays the critical load values (Lc1, Lc2, 

and Lc3) that correlate to the coatings' surface cracking. At very low loads (less than 1 N), 

TiAlN/steel experienced the first crack. The value of Lc1 increased to 2.4 N and 4.9 N when PTA 

coated TiC-SS and WC-NiBSi layers, respectively were added. TiAlN layer was completely 

removed at Lc3 = 14.7 N where no removal of TiAlN could be seen for the TiAlN on PTA-coated 

coatings. The Lc2 values for TiAlN/TiC-SS/steel and TiAlN/WC-NiBSi/steel are 11.4 N and 15.5 

N, respectively demonstrating the improvement of adhesion strength in the order of TiAlN/WC-

NiBSi/steel > TiAlN/TiC-SS/steel > TiAlN/steel.  

The top surfaces after the scratch test were investigated by SEM micrographs in Fig. 21. Steel, 

TiC-SS/steel coating, and WC-NiBSi/steel coating all show ploughing of the material with some 

cracks; however, as hardness increases, the width of the scratch tracks decreases. For TiAlN/steel 

coating, adhesion failures occurred for TiAlN hard coating on ductile steel substrate due to 

compressive stress developed as the applied load increased [84]. The TiAlN coating-substrate 
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interface was plastically deformed due to the applied load, and with the increasing load, the 

coatings failed due to the increased plastic deformation as shown in Fig. 21. in region 4. EDS 

confirmed the delamination of the TiAlN coating from steel. In Fig. 21(b), in regions 5 and 6, EDS 

showed large peaks of Ti, Al, and N elements indicating TiAlN layer sustained on the coatings. 

This indicates good adhesion strength of PVD coating with the PTA coatings. Nevertheless, cracks 

of TiAlN coating towards the end of the scratch track and some delamination could be observed. 

TiAlN/WC-NiBSi/steel coating exhibited greater resistance to plastic deformation with increased 

hardness (H) and H3/E*2 ratio. Thus, the relatively higher tribological performance of hard 

TiAlN/WC-NiBSi/steel is because of the higher load-bearing capacity of the intermediate WC-

NiBSi layer.    

Table 2: Critical load values for the single layer TiAlN coating and duplex TiAlN/TiC-SS/steel 

and TiAlN/WC-NiBSi/steel coatings after scratch test of varying load from 0 to 30 N. 

Samples Lc1 (N) Lc2 (N) Lc3 (N) 

TiAlN/steel 0.9 5.4 14.7 

TiAlN/TiC-SS/steel 2.4 11.4 _ 

TiAlN/WC-NiBSi/steel 4.9 15.5 _ 
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Fig. 21. (a) 
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Fig. 21. SEM micrographs (a) for the scratch track of steel, TiC-SS/steel, WC-NiBSi/steel, 

TiAlN/steel, TiAlN/TiC-SS/steel, and TiAlN/WC-NiBSi/steel after the scratch tests and (b) 

represents the higher magnified images toward the end of the track with the EDS analysis. 
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4.3  Tribological Testing 

4.3.1 Coefficient of Friction  

The evolution of the coefficient of friction under reciprocating sliding load at 5N load for 1000, 

2000, and 4000 cycles/s against alumina ball is presented in Fig. 22. For all the coatings systems, 

the coefficient of friction rises very quickly before stabilizing. This rapid rise is due to the 

transition from smaller to larger contact between the mating surfaces (the substrate/coating and 

counter body). Firstly, sliding wear experiments were done with the bare substrate to observe the 

friction and wear behaviour. There was an instability in the coefficient of friction value for steel 

before reaching a stable value of ~ 0.5 which may be due to the ferrous oxide. The instability 

caused by iron and iron oxides was well investigated by H.J. Noh and H. Jang [85] and they have 

demonstrated that ferrous particles exacerbated friction stability. They reported that the static 

coefficient of friction increased because of the stick-slip phenomena and the magnitude of stick-

slip depends on the types of ferrous oxide. PTA deposited TiC-SS/steel coating showed a rise in µ 

value to ~ 0.8 during the initial stage of the rubbing and then a gradual reduction can be observed. 

The formation of TiO2 oxide layer, which acts as a lubricant to help reduce friction, may have 

contributed to the progressive decline in the friction coefficient value to 0.6 [86]. However, the 

value climbed to roughly 0.75 again, which is believed to be caused by the breakdown of TiO2 

film and the dominance of the Fe2O3 layer, which raises the coefficient of friction by the stick-slip 

phenomena [85]. A similar trend in friction coefficient value was observed for WC-NiBSi/steel 

coating. For the case of TiAlN/steel coating, the maximal coefficient of friction for TiAlN layer 

on steel was ~ 0.94. TiAlN typically has a high coefficient of friction (0.9-1.0 at room 

temperature), especially in dry environments [87]. After sliding cycles of 50, 27, and 22 for the 
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total sliding cycles of 1000, 2000, and 4000 respectively at 5N load, the friction coefficient 

decreased suddenly from ~0.94 to a quite stable value. This sudden decrease in the coefficient of 

friction is due to the removal of the top TiAlN layer from the steel. It is evident from the optical 

microscope photographs in Fig. 23. that the TiAlN has been fully removed, exposing the fresh 

steel substrate. TiAlN/steel coating has an average coefficient of friction of 0.72. This suggests 

that increasing the sliding time accelerates the deterioration of the coating. The TiAlN/steel 

coating's average coefficient of friction is roughly 0.72 up to about 1800 sliding cycles in Fig. 

22(b). The surface of the coatings usually has surface asperities and roughness. Because the rough 

portions typically smooth out when the surfaces interact and slide against each other, the 

coefficient of friction value becomes stable [88,89]. After 1800 cycles, the value began to fall 

further and eventually reached around 0.6, indicating that the interaction of the alumina counter 

body is primarily with the base material because of the removal of TiAlN layer.  

The friction coefficient of TiAlN/TiC-SS/steel duplex coating rapidly declined from 0.9 after 

roughly 266 cycles, 1494 cycles, and 490 cycles for total sliding cycles of 1000, 2000, and 4000, 

respectively, then plateaued at 0.7, comparable to TiC-SS/steel coating at 5N load. TiAlN was 

partially or entirely removed from the TiC-SS surface for 1000 cycles in Fig. 23., while TiAlN 

was fully removed for 2000 and 4000 cycles of loading and unloading which is shown in Fig. 24. 

and Fig. 25. In the case of TiAlN/WC-NiBSi/steel duplex coating, the friction value suddenly 

dropped from 0.8 to 0.6 and stabilized at ~ 0.55 for 5N load and 1000 running cycles in Fig. 22(a). 

This abrupt decline is generally caused by the removal of the top TiAlN layer. However, detailed 

optical microscope observation of the TiAlN/WC-NiBSi/steel duplex coating revealed that no 

removal of TiAlN had taken place after 1000 sliding cycles at 5N load in Fig. 23. The friction 
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value in this case in Fig. 22(a) towards the end (~ 0.55) is much lower than that of thick WC-

NiBSi/steel coating (~ 0.7). This may be due to the alumina film formation that significantly lowers 

the coefficient of friction. When the sliding cycles are extended to 2000 and 4000, the friction 

value stabilises at 0.7, identical to the WC-NiBSi/steel coating, due to the complete elimination of 

TiAlN from the wear track, as seen by optical images (Fig. 24. and Fig. 25.). When compared to 

a TiAlN coating on steel with no interlayer, the better performance of the duplex coatings was due 

to the addition of the thick, hard intermediate layers.  

 

Fig. 22. Coefficient of friction as a function of sliding cycles from the dry sliding tests at 5N load 

against alumina ball for bare steel, a single layer of TiAlN and TiC- and WC-based coatings, and 
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their duplex coatings systems on steel under different sliding cycles of (a) 1000 cycles/s, (b) 2000 

cycles/s, and (c) 4000 cycles/s. 

 

Fig. 23. Optical microscopy images for TiAlN/steel, TiAlN/TiC-SS/steel (partial and full removal 

of TiAlN top layer), and TiAlN/WC-NiBSi/steel coatings architecture after reciprocating sliding 

wear experiments at 5N and 1000 cycles (20m of total sliding distance). 
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Fig. 24. Optical microscopy images for TiAlN/steel, TiAlN/TiC-SS/steel, and TiAlN/WC-

NiBSi/steel coatings after reciprocating sliding wear experiments at 5N and 2000 cycles (40m of 

total sliding distance). 

 

Fig. 25. Optical microscopy images for TiAlN/steel, TiAlN/TiC-SS/steel, and TiAlN/WC-

NiBSi/steel coatings after reciprocating sliding wear experiments at 5N and 4000 cycles (80m of 

total sliding distance). 
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Another set of sliding wear studies was carried out with a 2N applied force and sliding cycles of 

1000, 2000, and 4000, with the results displayed in Fig. 26. Because all TiAlN coatings were 

destroyed with all coating systems and conditions at 5N except TiAlN/WC-NiBSi/steel duplex 

coating at 5N, 1000 cycles, we chose 2N load at this time to further analyze the wear and 

tribocorrosion properties. Our goal in this thesis is to apply duplex coatings to more severe 

tribocorrosion situations than only wear or corrosion. We cannot utilize the coatings for 

tribocorrosion investigations if the complete removal of TiAlN coating occurs so early in the wear 

stage since doing so would result in inaccurate tribocorrosion results. In Fig. 26(a), the friction 

coefficient for pure steel substrate is ~ 0.5 for all 2N conditions. Due to the oxide film formation 

as described before, the friction behaviour of TiC-SS/steel and WC-NiBSi/steel duplex coating at 

low load is comparable to that at 5N load. EDS analysis of steel (see Fig. A1 in Appendix A.) 

from inside and outside of the wear track showed the oxygen enrich region inside the wear track 

while no oxygen outside the track. For TiAlN/steel coating, the friction is flat at ~ 0.9 for 1000 

cycles in Fig. 26(a) and gradual decrease to a value of ~ 0.8 until 4000 cycles in Fig. 26(b) and 

Fig. 26(c), which may be due to the broken TiAlN films, as seen in the SEM images for 2N, 2000 

cycles. 

For TiAlN/TiC-SS/steel duplex coating, the coefficient of friction remains at ~ 0.9 for 1000 in Fig. 

26(a) and 2000 cycles/s in Fig. 26(b), but a rapid drop was found at around 1925 cycles for 4000 

cycles/s in Fig. 26(c), indicating TiAlN layer failure owing to repeated loading and unloading, 

followed by an increasing-decreasing pattern due to the oxide films formed on the surface of the 

coating. TiAlN/WC-NiBSi/steel coating exhibits a stable value of µ until ~ 2600 cycles and after 

that, the value suddenly dropped due to the damage of TiAlN layer. For TiC-SS/steel (see Fig. A1 
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in appendix A.), EDS analysis revealed that area 1 inside the wear track had high O and Ti content, 

whereas region 2 had high O and Fe content. Some regions were rich in O and Fe content for WC-

NiBSi/steel. This explains the formation of the tribofilm.  

 

Fig. 26. Coefficient of friction as a function of sliding cycles from the dry sliding tests at 2N load 

against alumina ball for bare steel, single layer of TiAlN/steel, TiC-SS/steel, WC-NiBSi/steel, 

TiAlN/TiC-SS/steel, and TiAlN/WC-NiBSi/steel duplex coatings systems under different sliding 

cycles of (a) 1000 cycles/s, (b) 2000 cycles/s, and (c) 4000 cycles/s.   
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4.3.2 Wear Rate 

 

Fig. 27. and Fig. 28. depict the wear rate, K, of PTA-coated metal matrix composite single-layer 

coatings and PVD/PTA coated duplex coatings under different sliding cycles (1000, 2000, 4000 

cycles) at 5N and 2N applied load, respectively, and corresponding wear properties are shown in 

Table 3 and Table 4. In the beginning, reciprocating sliding wear experiments were performed for 

bare steel to compare the wear rate with the coatings. Under 5N load, steel shows good wear 

resistance even after 1000, 2000, and 4000 sliding cycles despite having a low hardness, which 

might be attributed to the high toughness of hot rolled steel. In addition, because the worn materials 

were piling up on the wear track, it was difficult for the profilometer to measure the volume loss 

from the wear track, resulting in a low value of wear rate. In some of the regions of the wear track, 

positive wear depth or positive volume was obtained (see Fig. B1. in Appendix B). The TiC-

SS/steel coating and WC-NiBSi coating showed a very low rate of wear under all the load 

conditions until 4000 sliding cycles where WC-NiBSi coating exhibited superior performance 

which is attributed to the high hardness and high wear resistance of WC. L. Du et al. [90] showed 

that the inclusion of hard particles into the composite coating can significantly improve wear 

resistance and reduce the coefficient of friction. So, the hard phase WC particles with the NiBSi 

improved wear resistance significantly in this study. In the case of TiAlN/steel coating, the wear 

rate increases from 59.18 ± 10.06 × 10-6 mm3N-1m-1 to 71.1 ± 6.33 × 10-6 mm3N-1m-1 when the 

sliding time is increased from 1000 to 2000 cycles under 5N load in Table 3, but it decreases when 

the sliding time is increased further. This decrease in wear rate after 4000 cycles for both load 

conditions is believed to be because of the complete removal of the TiAlN layer. Under 5N load, 

the TiAlN layer is broken down early in less than 50 cycles and removed completely after 1000 
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cycles from steel as evident from optical micrographs (see Fig. 23.) and the average material 

removal of 5910 µm3 in Fig. 29. with a wear track depth of ~ 4 µm which is higher than the TiAlN 

coating’s thickness (2 µm). A large amount of material (~8300 µm3) in Fig. 29. was removed at 

1000 to 2000 cycles. This significant material loss occurs in the case of TiAlN/steel coatings as a 

result of third-body abrasion, with TiAlN particles acting as the third body. When TiAlN particles 

encounter steel and counter body, it accelerates wear rate by removing more material. However, 

material removal slowed at 2000 cycles to 4000 cycles (from 14210 µm3 to 16650 µm3 volume 

loss), which is approximately 3.5 times less than material removal at 1000 cycles to 2000 cycles. 

As a result, the wear rate for 4000 cycles was lower than 1000 or 2000 cycles as the alumina 

interacts with the steel substrate with little or no TiAlN particles interacting as a third body because 

of the complete removal of TiAlN. Nonetheless, the TiAlN/steel coating performed worst under 

high-stress situations. The poor wear resistance of TiAlN/steel coating, especially under high load 

is related to the brittle failure of TiAlN and poor adhesion. The volume loss for steel, TiAlN/steel 

coating, TiC-SS/steel coating, WC-NiBSi/steel coating, TiAlN/TiC-SS/steel duplex coating, and 

TiAlN/WC-NiBSi/steel duplex coating is shown in Fig. 29. 

In this study, TiAlN was added on top of steel, TiC-SS/steel coating, and WC-NiBSi/steel coating 

to improve the wear resistance of the intermediate layer. In general, the addition of the top layer 

increases the wear resistance of the substrate and of the intermediate coatings [13].  However, for 

TiAlN/TiC-SS/steel and TiAlN/WC-NiBSi/steel duplex coatings, the wear resistance of both 

coatings was lower than that of single layer coatings of TiC-SS/steel and WC-NiBSi/steel coatings. 

Hence, the addition of top TiAlN cannot improve the wear resistance further. This may be because 

of the poor adhesion of TiAlN with the TiC-SS/steel and WC-NiBSi/steel coatings. Although the 

duplex coatings exhibit lower wear resistance, they improve the fracture strength of TiAlN as no 
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brittle failure was seen from SEM micrographs (see Fig. 21.) of the duplex coatings when an 

interlayer was added demonstrating the duplex system improves the load-bearing capacity of the 

top TiAlN layer when compared to TiAlN/steel coating.   

 

Under 2N load in Fig. 28., PTA WC-NiBSi/steel coating outperformed all the coatings in wear 

resistance under all the sliding cycles. TiC-SS/steel coating also showed good wear resistance 

against alumina balls under sliding loading and unloading. However, TiAlN/TiC-SS/steel showed 

a slightly higher wear rate compared to TiAlN/steel as the hardness of TiAlN/TiC-SS/steel coating 

is lower than TiAlN/steel. The volume loss at 2N load in Fig. 30. is quite similar except 4000 

cycles for TiAlN/steel regardless of the interlayer used.  

Table 3: Wear rate of PTA and PVD deposited single and duplex coatings obtained after dry 

sliding tests using 5N load and 4.75 mm diameter alumina counterpart.  

 

Sample 

Wear rate, K (× 10-6 mm3N-1m-1) 

1000 cycles/s 2000 cycles/s 4000 cycles/s 

Steel 0.48 ± 0.14 4.67 ± 1.96 4.38 ± 0.51 

TiC-SS/steel 5.56 ± 0.43 5.69 ± 0.12 5.75 ± 0.36 

WC-NiBSi/steel 0.31 ± 0.15 2.6 ± 0.54 3.94 ± 0.35 

TiAlN/steel 59.18 ± 10.06 71.1 ± 6.33 41.64 ± 1.09 

TiAlN/TiC-SS/steel 29.29 ± 13.01 30.98 ± 3.24 31.05 ± 1.69 

TiAlN/WC-NiBSi/steel 15.32 ± 0.93 20.35 ± 4.56 22.14 ± 1.03 
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Table 4: Wear rate of PTA and PVD deposited single and duplex coatings obtained after dry 

sliding tests: 2N load, 4.75 mm diameter alumina counterpart. 

 

Sample 

Wear rate, K (× 10-6 mm3N-1m-1) 

1000 cycles/s 2000 cycles/s 4000 cycles/s 

Steel 0.48 ± 0.1 1.74 ± 0.32 5.48 ± 1.53 

TiC-SS/steel 3.55 ± 0.24 5.05 ± 0.15 5.71 ± 0.29 

WC-NiBSi/steel 0.2 ± 0.03 1.81 ± 0.58 4.34 ± 0.28 

TiAlN/steel 38.96 ± 2.43 38.47 ± 0.7 26.77 ± 0.89 

TiAlN/TiC-SS/steel 45.45 ± 1.25 49.3 ± 0.8 44.15 ± 2 

TiAlN/WC-NiBSi/steel 32.59 ± 0.78 38.22 ± 1.09 42.39 ± 0.52 

 

 

Fig. 27. Wear rates of the fabricated coatings and the steel substrate as a reference, under 5N load. 



62 

 

 

Fig. 28. Wear rates of the fabricated coatings and the substrate as reference under 2N load. 

 

Fig. 29. Volume loss during sliding wear for 5N load. 
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Fig. 30. Volume loss during sliding wear for 2N load. 

 

4.4  Corrosion 

4.4.1 Open Circuit Potential (OCP) 

The electrochemical potential state of a material using electrolytes over time can be understood 

effectively through OCP measurements. OCP is the equilibrium potential between the working 

electrode and the electrolyte which is measured by using a reference electrode. When this 

equilibrium potential is recorded, the circuit is open, so there is no current flowing and no external 

voltage is applied. As a result, when a component is in a corrosive environment, the OCP 
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accurately portrays the real corrosion behavior. The evolution of the OCP of the steel substrate, a 

single layer of TiC-based and WC-based coatings, and their duplex coatings with the top TiAlN 

layer exposed to a 3.5% NaCl aqueous solution as a function of time during the corrosion test is 

presented in Fig. 31. The value of the OCP for the coatings stabilized at the end of the 3600s OCP 

measurements indicating a steady state condition of the surface of the coating has been reached 

during the electrochemical evolution. However, a gradual decrease of potential from – 0.42 V to 

– 0. 72 V was observed for the case of the bare substrate which indicates the poor corrosion 

behavior of fresh steel. This behavior may be related to the early breakdown of the oxide layer 

which was formed to protect the surface during the attack of Cl– ions. The OCP for TiAlN coating 

on steel and WC-NiBSi on steel slightly decreased because of the presence of surface defects and 

has a marginal difference in the corrosion resistance of TiAlN/Steel and WC-NiBSi/Steel coatings. 

However, when TiAlN is added on top of WC-NiBSi as a duplex layer coating, the potential is 

stabilized though it has initial instability (potential dropped from – 0.22 V to – 0.33 V) until about 

300s due to the presence of the defects on the surface. Then it was stabilized at a potential – 0.34 

V meaning duplex TiAlN/WC-NiBSi can protect steel under a chloride environment that led to 

significant improvement of its corrosion resistance in compared to the TiAlN or WC-NiBSi 

coatings alone. On the other hand, TiC-stainless steel composite coating showed a noble behavior 

under corrosive attack maintaining a stable open circuit potential at – 0.04 V. But the addition of 

TiAlN on top of TiC-SS could not improve corrosion resistance further rather decreased the 

corrosion resistance compared to TiC-SS coating because of the poor corrosion behavior of TiAlN. 

However, in comparison with the TiAlN/steel coating, TiAlN/TiC-SS/steel coating exhibited 

better performance which is attributed to the superior performance of TiC-SS interlayer.  
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Fig. 31. The evolution of OCP during corrosion test. 

 

4.4.2 Electrochemical Impedance Spectroscopy (EIS) 

The Nyquist plots for bare substrate, single layer coatings, and duplex coatings are shown in Fig. 

32. and corresponding corrosion properties from Nyquist plots are presented in Table 5. Nyquist 

plot for each coating revealed a distinct capacitive loop. The greater the radius of the loop, the 

higher the corrosion resistance. The radius of the semi-circular arc is very low in Nyquist plots 

meaning steel is very susceptible to corrosion. The preferential absorption of chloride ions causes 

the passive layer to rupture, which increases steel corrosion [20]. The higher corrosion resistance 

of TiC-SS was demonstrated by the fact that the radius capacitive loop is extremely large, in fact, 
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a straight line in this coordinate which is due to the high corrosion resistance of both TiC and SS. 

The properties obtained from Nyquist plot are presented in Table 5. The TiC-SS/steel coating has 

a high polarization resistance due to the fewer active sites. The incorporation of the TiC decreases 

the active site by decreasing the pore resistance and hence increasing the corrosion resistance. It 

can be deduced that the inclusion of TiC into the SS matrix exhibited enhanced corrosion resistance 

by reducing active sites in the SS matrix due to the inertness of TiC, inhibiting the pores, and 

limiting the migration of Cl- ions toward the substrate [91]. The polarization resistance increased 

3.5 times than steel when TiAlN was added on the top of steel. However, the surface defects with 

the increased surface-active sites allowed more Cl- ions to infiltrate which increased the corrosion 

process. SEM images showed rupture and cracks after corrosion. For duplex TiAlN/TiC-SS/steel, 

polarization resistance is lower than the TiC-SS/steel coating. On the other hand, the polarization 

resistance for TiAlN/WC-NiBSi/steel was more than 4 times higher than WC-NiBSi/steel coating. 
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Fig. 32. Nyquist plots for bare steel, single layer coatings, and duplex coatings. 

Table 5: Corrosion properties obtained from electrochemical impedance spectroscopy (EIS) 

Nyquist plots results. 

Samples Rs (Ω cm2) Rp (Ω cm2) C (F/cm2) n W (Ω cm2) 

Steel 35 1814 3.8 × 10−4 0.85  

TiAlN/steel 35 6300 3 × 10−4 0.8  

TiC-SS/steel 47 2123000 1.4 × 10−4 0.89 7 × 10−4 

WC-NiBSi/steel 49 11400 5.8 × 10−4 0.78  

TiAlN/TiC-SS/steel 44 35800 3.9 × 10−4 0.99 1 × 10−3 

TiAlN/WC-NiBSi/steel 43 48700 7.3 × 10−5 0.83  
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4.4.3 Potentiodynamic Polarization 

Potentiodynamic polarization curves for the bare substrate, PTA-coated single thick layer coatings, 

and PVD/PTA-coated duplex layer coatings are presented in Fig. 33. The electrochemical 

parameters obtained from the Potentiodynamic polarization curve are in Table 6. While comparing 

the corrosion potential and corrosion current of uncoated steel and coated steel (single and duplex 

coatings), it is clear that the coated steels have a nobler corrosion potential than the uncoated steel. 

The corrosion potential for steel is – 0.71 V while TiC-SS has a corrosion potential of – 0.16 V. 

This indicates that the corrosion potential of steel has moved towards positive corrosion potentials 

as a result of the addition of layer(s), implying that coatings can shield steel from corrosion. 

However, various coatings provide varying amounts of corrosion protection in a NaCl 

environment. Duplex coatings on steel have been created to improve the corrosion resistance of 

steel. Initially, thick PTA-coated single TiC-SS and WC-NiBSi composite coatings were 

fabricated on steel, followed by a PVD layer of TiAlN for duplex coatings. Furthermore, thin 

TiAlN layers were deposited on steel to assess corrosion characteristics. However, Thin TiAlN 

cannot provide much corrosion protection, since SEM micrographs (see Fig. 18.) for TiAlN show 

that they have some number of flaws on the surface through which chloride ions may permeate 

and rapidly destroy the steel. The corrosion current of TiAlN coating is comparable to that of steel 

(2.4 × 10−6 A/cm2 for TiAlN and 2.8 × 10−6 A/cm2 for steel). Single TiC-SS layer, on the other 

hand, shows the highest corrosion resistance with the lowest corrosion current (2 × 10−8 A/cm2) 

due to the good corrosion resistance of stainless steel and TiC. The corrosion resistance of TiC-SS 

coating is two order of magnitude or 140 times higher than bare steel substrate. However, the 

addition of the top TiAlN layer on TiC-SS coating does not increase the corrosion resistance of 
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TiC-SS and instead worsens it. The corrosion resistance of TiAlN/TiC-SS/steel duplex coating 

exhibits approximately 13 times higher increase in terms of corrosion current when compared with 

TiAlN/steel single layer coating alone, despite the fact that the enhancement cannot be achieved 

for TiAlN on TiC-SS duplex systems. Here, it can be stated that the intermediate thick TiC-SS 

coating has a significant influence on the corrosion of the top TiAlN layer since a single layer of 

TiAlN on bare steel showed poor corrosion behaviour. Though TiC-SS/steel single layer coating 

displayed excellent corrosion resistance, WC-NiBSi/steel single layer coating revealed 

comparably low corrosion resistance due to probable galvanic cell formation between the WC and 

NiBSi phases. Interestingly, the addition of the TiAlN layer increased the performance of the WC-

NiBSi coating by breaking the galvanic cell while shifting the corrosion potential from – 0.49 V 

for WC-NiBSi/steel coating to – 0.37 V for TiAlN/WC-NiBSi/steel coating and lowering the 

corrosion current roughly 4.5 times compared with WC-NiBSi coating, and 14 times compared 

with steel.  

Table 6: Corrosion current and corrosion potential from potentiodynamic polarization curve. 

Samples Ecorr (V) Icorr (× 10-6 A/cm2) 

Steel ˗ 0.71 2.8 

TiAlN/steel ˗ 0.54 2.4 

TiC-SS/steel ˗ 0.16 0.02 

WC-NiBSi/steel ˗ 0.49 0.93 

TiAlN/TiC-SS/steel ˗ 0.28 0.18 

TiAlN/WC-NiBSi/steel ˗ 0.37 0.2 
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Fig. 33. Potentiodynamic polarization curve for bare steel and single layer, and duplex coatings. 

Finally, the corrosion resistance of the coatings in aqueous sodium chloride solution is as follows, 

based on the OCP, EIS, and Potentiodynamic polarisation for corrosion results: TiC-SS/steel single 

layer coating > TiAlN/WC-NiBSi/steel duplex coating > TiAlN/TiC-SS/steel duplex coating > 

WC-NiBSi/steel single layer coating > TiAlN/steel thin single layer coating > steel substrate. 
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4.5  Tribocorrosion 

4.5.1 Wear at OCP 

Sliding tests and OCP measurements are done concurrently for tribocorrosion testing to analyze 

the tribocorrosion performance of the substrate and coatings. First, a steady OCP is achieved 

before sliding against an alumina counterpart to quantify tribocorrosion at OCP for 3600s. A 

change in OCP may be noticed during sliding to determine if the mechanism is active or passive. 

Fig. 34. depicts the evolution of the OCP before, during, and after sliding wear in the NaCl 

environment for bare steel and coatings. For bare steel, OCP decreased gradually for the first hour 

before sliding wear started, then suddenly increased when rubbing began, which may have been 

brought on by the development of a tribo-film on the surface. The continued rubbing on the 

surface, however, is causing the tribo-layer to deteriorate as evident by the reduction in OCP once 

more, and repassivation cannot happen once rubbing is stopped since the steel surface will have 

completely degraded owing to the simultaneous action of wear and corrosion. In the case of 

TiAlN/steel, the Al2O3 is formed on the surface and the friction decreases after 4700s (see Fig. 

35.), with stable potential. However, after 5475s, this thin Al2O3 started to be removed and TiAlN 

was broken down due to the continuous rubbing action and the friction is increasing and 

repassivation was not possible when the rubbing was stopped. Interestingly, WC-NiBSi/steel 

coatings showed a very similar pattern in their potential behaviour. On the other hand, when the 

reciprocating motion was stopped, all other coatings, including the two duplex coatings, showed 

repassivation. The potential was very stable during the rubbing action, indicating that the TiC-

SS/steel coating has good corrosion resistance. However, when the TiAlN layer was removed 

through repeated loading and unloading, the chloride ions attempted to reach the TiC-SS layer, as 
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evidenced by the sudden decrease in potential value. However, once the absorption of chloride 

ions was equilibrated, no more ions could infiltrate, causing the potential to rise again and then re-

passivated during the last hour when there was no sliding action. 

 

Fig. 34. OCP measurements during tribocorrosion tests at 2N, 2000 cycles/s. 

 

The corresponding coefficient of friction after the tribocorrosion tests at OCP is shown in Fig. 35. 

As sliding movement stopped in the first and last 3600s, no friction values were recorded during 

those times. In wet sliding, the values of µ for steel, TiC-SS/steel coating, and WC-NiBSi/steel 

coating were much lower than in dry sliding. This is due to the lubricant action of NaCl aqueous 
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solution. However, TiAlN-based coatings had no lubrication effect in duplex coating because the 

µ value was similar to that of dry conditions.  

 

Fig. 35. Coefficient of friction obtained during tribocorrosion tests at OCP for 2N, 2000 cycles/s. 

 

The wear rate obtained from the tribocorrosion experiments under OCP is displayed in Fig. 36. 

Thick single layer TiC-SS/steel and WC-NiBSi/steel coatings showed low wear rates, indicating 

that wear has less of an impact on tribocorrosion. Furthermore, TiC-SS/steel demonstrated superior 

tribocorrosion resistance. The WC-NiBSi/steel coating, on the other hand, is susceptible to 
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corrosion. The addition of TiAlN degraded the surface further, possibly due to the abrasion of 

TiAlN particles, resulting in increased wear rates. 

 

Fig. 36. Wear rates of different coatings during tribocorrosion tests at OCP for 2N, 2000 cycles/s. 
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4.5.2 Potensionstatic Wear 

Fig. 37. depicts the OCP for the bare steel and coatings during tribocorrosion under potentiostatic 

polarization. The OCP stabilized for 3600s, followed by a 2000s region with a 2N load and a 0.2V 

external potential relative to the OCP, resulting in a flat line in the curve. The adsorption of Cl- 

ions caused the OCP of the bare substrate to gradually approach its lowest level. On the other hand, 

the creation of metastable pits and repassivation caused the possibility of TiAlN/steel and WC-

NiBSi/steel specimens to exhibit fluctuating behaviour [92]. 

 

Fig. 37. OCP measurements during tribocorrosion tests under potentiostatic polarization at 2N, 

2000 cycles/s. 
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Fig. 38. depicts the time-dependent behavior of the corrosion current during a tribocorrosion test 

with potentiostatic polarisation. The sliding wear tests at 2N and 2000 cycles/s were done under 

3.5 wt.% NaCl aqueous solution where 0.2V vs OCP external potential was applied. For all 

coatings, no current was recorded for a period of 3600s during the OCP measurement. Before the 

start of the wear test, the corrosion current for TiAlN/steel coating was fluctuating (up to 2 mA) 

because chloride ions in NaCl were trying to reach the substrate through the defects that TiAlN 

coating surface had. Similar results were obtained for the WC-NiBSi/steel coating, where the 

corrosion current increased to 3.5 mA during 1000s. In contrast to WC-NiBSi and TiAlN coatings, 

an addition of TiAlN layer on WC-NiBSi/steel coating results in a negligible current increase. For 

the case of TiC-SS/steel coating in Fig. 38(b), an entirely flat line except for some fluctuations in 

current was observed during the same period with a corrosion current of 10 µA, whereas a higher 

value (actually decreasing from 60 µA to 50 µA) of corrosion current was recorded when TiAlN 

coating was added to TiC-SS coating compared to single layer TiC-SS coating. Based on this 

observation, it can be concluded that alumina oxide layer was formed during the OCP 

measurements to protect the surface of the pure TiAlN/steel coating and then the protective layer 

was broken. For WC-NiBSi/steel coating, the oxide layer is gradually broken down. A passive 

layer, on the other hand, protects the surface of the single TiC-SS/steel coating and the duplex 

coatings of TiAlN/TiC-SS/steel and TiAlN/WC-NiBSi/steel. 

When rubbing began, the current for the TiAlN coating gradually increased until the wear test 

ended. This is because the TiAlN coatings are worn away as can be seen from the SEM 

micrographs (see Fig. 41.) as a result of the continuous loading and unloading with alumina ball 

and the infiltration of chloride ions toward the fresh steel through the worn part. In the case of 
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WC-NiBSi coating, the corrosion current steadily rises until 3.5 mA as the passive film 

deteriorates. After that, the corrosion current dropped until the wear test was completed. Three 

assumptions can be made to favour this evolution which is as follow: i) the passivation of the WC-

NiBSi surface, which occurred as a result of the formation of aluminum oxide that was transferred 

from the Al2O3 counterpart, ii) the closure of pores as a result of the mechanical action of the 

counter body, and iii) the oxidation of the substrate, which occurred after significant infiltration of 

the electrolyte into the coating to the substrate. However, the aluminium oxide tribolayer was 

broken down as the current increased very rapidly during the last 1000 cycles when the wear tests 

stopped, causing further material degradation. For the duplex TiAlN/WC-NiBSi/steel coating, an 

increase in current was observed throughout the wear cycle for 2000s, which could be due to the 

gradual removal of the TiAlN layer and exposure of fresh WC-NiBSi layer caused by the 

continuous rubbing action. As soon as rubbing ceased, the current leveled off gradually, possibly 

because an aluminium oxide tribolayer formed to further protect the WC-NiBSi coating from the 

attack of chloride ions. Among all of the coatings, the TiC-SS coating demonstrated the best 

performance when subjected to the synergistic effect of wear and corrosion. The recorded 

corrosion current is low compared to the corrosion current of all other coatings. Although TiAlN 

coating cannot improve the corrosion and wear further when it is applied on top of TiC-SS coating, 

the overall performance of duplex TiAlN/TiC-SS/steel coating is higher than the single TiAlN 

coating. In the absence of any delamination of the TiAlN layer, the corrosion current is low (60 

µA), but once the layer is worn off due to constant rubbing, the current spikes to 140 µA. This 

delamination of the TiAlN layer occurred after 1600 cycles of rubbing, which can be explained by 

the sudden rise in current shown in Fig. 38. and the drop in friction value shown in Fig. 39. 

However, after the removal of the TiAlN layer, the fresh TiC-SS coating was then exposed to the 
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wear and corrosive medium at which point corrosion current decreased, and a steady current was 

observed when the wear stopped. This may be related to the decrease of active areas on the surface 

as a result of re-passivation. Finally, it can be said that although further improvement was not 

achieved with the duplex TiAlN/TiC-SS/steel coating compared to TiC-SS/steel coating, TiAlN 

improved the performance when a harder intermediated layer was added than the soft steel 

substrate.   
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Fig. 38. Corrosion current measurements after the tribocorrosion at potentiostatic polarization for 

(a) steel, TiC-SS/steel coating, WC-NiBSi/coating, TiAlN/steel coating, TiAlN/TiC-SS/steel 

duplex coating, and TiAlN/WC-NiBSi/steel duplex coatings and (b) zoomed-in image for TiC-

SS/steel coating and TiAlN/TiC-SS/steel duplex coating with 2N, 2000 cycles/s load and 0.2V 

external applied potential.  
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Fig. 39. Coefficient of friction obtained during tribocorrosion tests at potentiostatic polarization. 

Fig. 40. depicts the wear rate after the tribocorrosion tests under potentiostatic polarization. 

Compared to the results of all other tests (dry sliding, corrosion, tribocorrosion at OCP conditions), 

the wear rate increased for each sample in this case. This is because increasing the environment's 

severity by adding external potential and the imposed load damages the coating's surface more. 

For TiAlN/steel coating, the wear rate rose by nearly 2.5 times compared to dry sliding tests at 2N, 

2000 cycles. Due to the applied external potential and the load, the coating's surface underwent 

severe torturing. SEM micrographs of the TiAlN surface show the rupture, fractures, and large 

pores that were caused by that torture on the surface. The WC-NiBSi coating had the lowest wear 

rate, however, the surface suffered severe damage in tribocorrosion. The addition of TiAlN layer 

accelerated the wear rate by the formation of a galvanic cell between TiAlN and WC-NiBSi. On 
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the other hand, TiC-SS/steel coating also performed well under the torture with a relatively low 

wear rate. Despite the absence of galvanic cell formation, the wear rate was greater than that of 

TiC-SS/steel coating due to the elimination of the TiAlN layer. When compared to TiAlN/steel, 

TiAlN/TiC-SS/steel performed better, demonstrating the load-bearing capacity of the intermediate 

hard TiC-SS coating.    

 

Fig. 40. Wear rate during tribocorrosion tests under potentiostatic polarization for 2N load for 

2000 cycles and 3.5 wt.% NaCl solution. 
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4.6  Degradation Mechanism  

4.6.1 During Dry Sliding 

SEM micrographs of tribological behaviour under dry sliding conditions of 2N load with 2000 

cycles of reciprocating movement by an alumina ball are presented in Fig. 41. for the bare substrate 

(steel), single layer coatings on steel (TiAlN/steel, WC-NiBSi/steel, and TiC-SS/steel), and duplex 

coatings on steel (TiAlN/WC-NiBSi/steel and TiAlN/TiC-SS/steel). For the bare steel substrate in 

Fig. 41(a), the formation of oxides occurred in different regions in the wear track. The surface 

developed fractures because of the oxides being broken down by the continuous loading and 

unloading of the sliding movement, suggesting oxidative wear occurred on the surface of the steel. 

This resulted in more wear when the newly exposed steel contacted the counter body. On the wear 

track, sticky patches were seen, indicating an adhesive form of wear. Evidence of delamination 

within the wear track was seen by inspecting the top surface of the worn area of the steel. During 

the wear test, the hard Al2O3 ball subjected the sample's surface to alternating tensile and 

compressive stresses, which likely resulted in the formation of fractures in the vicinity of the 

contact region. The appearance of cracks and debris in SEM image of the void indicates that 

the material was removed by delamination. Abrasive wear is evident by the appearance of cracks, 

micro-cutting on the surface, and dispersed wear debris. In contrast, the hard thin film of TiAlN in 

Fig. 41(d) on the soft steel substrate showed lower tribological performance. The wear track of 

the TiAlN/steel coating displays curved cracks usually at 45º to the sliding direction, which can be 

attributed to the brittle nature of the nitride and the soft nature of the steel substrate. The cracks 

can initiate at the interface between the soft substrate and hard TiAlN during the loading and 

unloading and then propagate throughout the surface [13].  
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As demonstrated by the reciprocating sliding wear test, the WC-NiBSi coating offers superior wear 

resistance to any other coating tested. The micrograph of the WC-NiBSi/steel coating in Fig. 41(c) 

clearly shows some oxidation because the sliding movement raises the temperature of the track 

and promotes oxidation on the track [1]. This oxide acts as a lubricant reducing wear significantly 

at lower sliding cycles. Micro-cracks and deformation of WC particles, on the other hand, can be 

seen where some cracks propagated towards the relatively softer NiBSi matrix. Even though some 

of the oxides are broken and some cracks are propagated, no debris from those broken oxides or 

fragmented WC particles were found in the wear track, which could act as a third body to 

deteriorate the wear further. P. Niranatlumpong and H. Koiprasert [37] investigated the 

microstructure of NiCrBSi–WC and NiBSi–WC coatings prepared by electric arc spraying. During 

their dry sliding tests, they found that the main reason for higher wear depth for NiCrBSi–WC 

coating is the detachment of the carbide particles which allowed the softer matrix to expose under 

loading and unloading causing more rapid wear. Interestingly, no craters due to the WC particles 

delamination can be seen from the NiBSi matrix during the dry sliding of Al2O3 ball in this study 

due to the strong metallurgical bonding between WC and NiBSi matrix during the alloying process 

of carbides into the matrix. Therefore, because WC was effectively dissolved into the NiBSi 

matrix, WC-NiBSi/steel coating exhibited enhanced wear resistance. Fig. 41(b) shows the 

micrograph of TiC-stainless steel coating on steel after dry sliding of 2000 cycles under 2N load. 

As like WC carbides, TiC also exhibits micro-cracks and propagates toward a softer SS matrix 

when subjected to sliding under an alumina ball. In addition, some of the TiC particles had partly 

delaminated, leaving behind traces of wear debris that contributed to more wear. Because of this, 

the wear rate of the TiC-SS/steel coating was somewhat greater than that of the WC-NiBSi/steel 

coating. Delamination wear and abrasive wear are the major types of wear mechanism for TiC-
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SS/steel coating, as shown by the presence of parallel grooves and plastic deformation on the wear 

track. 

Hard coatings on soft substrates can protect the surface, but if an interlayer is added to strengthen 

the surface, the coating can protect the surface even better. To further enhance the wear 

performance, a hard thin layer of TiAlN was placed on the top of thick WC-NiBSi/steel and TiC-

SS/steel to produce duplex coating. The wear mechanisms of TiAlN/WC-NiBSi/steel and 

TiAlN/TiC-SS/steel duplex coatings were comparable, with smooth scratch lines parallel to the 

reciprocation suggesting a moderate abrasive mechanism of wear. It was also found that the 

TiAlN/TiC-SS/steel wear track in Fig. 41(e) had a patchy structure of TiAlN, suggesting an 

adhesive wear process. Delamination of the TiAlN coating caused by contact stresses generated 

by the alumina ball may lead to the appearance of large and tiny voids in the case of TiAlN/TiC-

SS/steel, while some smaller voids can be observed in the case of TiAlN/WC-NiBSi/steel duplex 

coating in Fig. 41(f). In addition, the number of craters on the surface of the TiAlN/TiC-SS/steel 

coating is higher than that of the surface of the TiAlN/WC-NiBSi/steel coating. These craters were 

revealed spontaneously as a consequence of TiAlN detachments that occurred during the wear 

testing. Because of the greater wear depth caused by the bigger voids, the wear rate of the 

TiAlN/TiC-SS/steel duplex coating is greater than that of the single layer of TiAlN/steel coating 

or the duplex layer of TiAlN/WC-NiBSi/steel. Additionally, the wear rate of duplex TiAlN/WC-

NiBSi coating is higher than the single WC-NiBSi coating but lower than TiAlN coating. Poor 

adhesion between the thick layer and the thin layer of TiAlN, attributable to either increased 

roughness of the thick coatings or insufficient optimization of parameters during TiAlN layer 

fabrication, is responsible for the increased wear rate of duplex coatings. 



85 

 

 

Fig. 41. Worn surfaces of (a) steel, (b) TiC-SS/steel coating, (c) WC-NiBSi/steel coating, (d) 

TiAlN/steel coating, (e) TiAlN/TiC-SS/steel duplex coating, and (f) TiAlN/WC-NiBSi/steel 

duplex coating under reciprocating sliding motion of 2N and 2000 cycles/s against alumina ball.   
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4.6.2 During Corrosion 

Fig. 42. displays SEM micrographs of the surfaces of the steel substrate, the PTA/steel coatings, 

and PVD/PTA/steel coatings after the corrosion tests under 3.5 wt.% NaCl aqueous solution. 

Corrosion pits and craters can be seen in the substrate's surface morphology (Fig. 42a). These pits 

typically developed because of the breakdown of the passive oxide layer, whereby chloride ions 

(Cl-) diffused into the layer and started material dissolution. The surface morphology shows that 

corrosion products are randomly distributed all over the steel surface. The extent and distribution 

of corrosion products suggest that the passive film cannot protect the surface of the steel. Because 

the passive layer that developed on the steel was unable to adequately separate the metal from the 

corrosive environment, it can be said that untreated steel is incapable of providing effective 

corrosion protection. For thin TiAlN coating deposited on steel by PVD method (see Fig. 42(d), 

localized pitting is the corrosion mechanism expected for the failure of the coatings as TiAlN 

coatings present some defects. Pitting can be initiated by the passage of Cl ions through defects in 

the protective layer and these ions congregate around the weak points and cause the protective 

layer to rupture. Local chemical dissolution results from complexes formed by Cl- anions with the 

precipitated oxide during this process [93,94]. The cracks generate at the weak points of pits 

propagate to the surface. TiC is typically well passivated and has a high barrier to electrochemical 

reactions, whereas stainless steel has superior corrosion properties. As a result, the combination of 

these two materials provides excellent resistance to corrosion which can be easily seen from the 

micrographs of TiC-SS/Steel coating in Fig. 42(b). The TiC-SS/steel coating's surface is relatively 

fresh after the corrosion tests, with no significant matrix dissolution which makes it the best coating 

for preventing corrosion amongst all the coatings. Additionally, the well-distributed TiC particles 

in the SS matrix increase pitting resistance by increasing charge transfer resistance [94,95]. 
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However, when TiAlN thin layer is formed on the top of TiC-SS/steel Fig. 42(e) some level of 

surface oxidation occurred on the TiAlN surface, but no pitting or cracks can be seen. For WC-

NiBSi/steel in Fig. 42(c), it is obvious that the pits grew bigger because of the dissolution of the 

WC particles. When the TiAlN is added Fig. 42(f), it prevented the infiltration of chloride ions to 

seal the pores of WC-NiBSi which enhanced the corrosion resistance of TiAlN/WC-NiBSi/steel 

compared to single WC-NiBSi coating. 
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Fig. 42. SEM micrographs for corrosion behaviour of different single-layer and duplex coatings 

under 3.5 wt.% NaCl solution: (a) steel, (b) TiC-SS/steel coating, (c) WC-NiBSi/steel coating, (d) 

TiAlN/steel coating, (e) TiAlN/TiC-SS/steel duplex coating, and (f) TiAlN/WC-NiBSi/steel 

duplex coating. 

4.6.3 During Tribocorrosion 

Images of typical wear scars by scanning electron microscopy are presented for all samples (steel, 

TiAlN/steel, WC-NiBSi/steel, TiC-SS/steel, TiAlN/WC-NiBSi/steel, and TiAlN/TiC-SS/steel) 

subjected to tribocorrosion under OCP conditions in Fig. 43. and under potentiostatic polarization 

conditions in Fig. 44. Under OCP conditions, plastic shearing marks on uncoated steel were visible 

and were oriented in the direction of reciprocating motion of the Al2O3 ball counter body in Fig. 

43(a). On the wear track and the sides of the wear track, some debris and/or oxide scale formation 

were seen. However, the frequent loading and unloading caused oxide films to easily crack in the 

wear track, and eventually, they delaminate, making the steel more vulnerable to corrosion and 

wear during the tribocorrosion process. For PTA deposited thick TiC-SS/coating in Fig. 43(b), 

plastic deformation, and crack from hard TiC to softer SS matrix was evident due to the severe 

interactions with alumina ball. However, these cracks are not through the thickness of the coating. 

Through-thickness fractures offer quick routes for O2 and Cl- ions to diffuse inside and penetrate, 

potentially enhancing oxidation [41]. Furthermore, the tribocorrosion tests with close inspection 

of the wear track revealed no further fractures in the wear track and no dissolution of the SS matrix, 

making the TiC-SS/steel coating the best of all the coatings. However, the other thick layer coating, 

WC-NiBSI/steel in Fig. 43(c) cannot show good performance in tribocorrosion under OCP. Pits 

were seen at the interface of the WC and NiBSi matrix, and corrosion development occurred in 
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the NiBSi matrix when chloride ions penetrated via the surface defects in the WC-NiBSi coating. 

Although the surface of the WC-NiBSi/steel coating underwent surface oxidation, it demonstrated 

higher load support [96,97]. Interestingly, the aluminum transfer occurred during the loading of 

the alumina ball, and tribo-film of alumina was formed in different regions on the wear track, 

especially on the valley of the hard WC phase and the deformed area with the alumina ball. 

Because of the tribo-film formation and the lubrication during the wet wear, the coefficient of 

friction for WC-NiBSi/steel was low.    

On the other hand, for thin TiAlN/steel coating fabricated by PVD in Fig. 43(d) for tribocorrosion 

studies, damaged TiAlN coating in the center of the wear track with pores, cracks, and 

delamination and some parallel groves in the direction of reciprocating movement away from the 

center are characteristic of TiAlN/steel coating’s wear under OCP. During the rubbing action, 

cracks were initiated due to the high contact stresses induced by the alumina ball and propagated 

to the subsurface, and as a result, the TiAlN was removed via delamination because of this repeated 

loading and unloading. Because tribocorrosion is the simultaneous action of wear and corrosion, 

as soon as the wear initiates a surface crack, chloride ions from the aqueous solution congregate 

near the crack and induce high interfacial stresses, which promotes further cracks and further 

corrodes the surface.     

For TiAlN/TiC-SS/steel duplex coating in Fig. 43(e), the addition of a TiAlN top layer cannot help 

the TiC-SS/steel coating to increase its wear or tribocorrosion resistance. Complete removal of 

TiAlN layer can be seen from the SEM images. Wear debris and microcracks can also be observed. 

As the TiAlN degraded earlier, the broken TiAlN particles interacted with the surface of the 
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coating and alumina ball via a three-body abrasion mechanism, resulting in a higher wear rate. 

Interestingly, no rupture or cracks, or brittle fracture due to the interaction of chloride ions and 

under repetitive load can be observed, indicating an improved fracture strength of TiAlN due to 

the hard TiC-SS interlayer. No galvanic coupling occurred despite the removal of the top layer. 

For the TiAlN/WC-NiBSi/steel duplex coating Fig. 43(f), TiAlN coating sustained on the WC-

NiBSi/steel coating due to the high bearing capacity of WC-NiBSi under tensile and compressive 

stress. No cracks were observed from the TiAlN surface. Some parallel groves can be seen along 

the reciprocating direction. Complete removal towards the end of the wear track and no or partial 

removal of TiAlN in the middle of the wear track can be observed. 
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Fig. 43. SEM micrographs for tribocorrosion under OCP conditions at 2N, 2000 cycles load, and 

3.5 wt.% NaCl: (a) steel, (b) TiC-SS/steel coating, (c) WC-NiBSi/steel coating, (d) TiAlN/steel 

coating, (e) TiAlN/TiC-SS/steel duplex coating, and (f) TiAlN/WC-NiBSi/steel duplex coating. 
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Under potentiostatic polarization conditions in Fig. 44., the degradation of the uncoated steel 

surface was more pronounced under the action of wear and corrosion where an external potential 

of 0.2 V was also applied. There were few scratch marks as seen in Fig. 44(a) since the wear track 

was primarily covered by corrosion products. The oxide clusters can be observed on the surface of 

the steel. Pits and craters of varying sizes could be seen all over the surfaces, indicating that pitting 

had occurred under the aqueous NaCl medium. Furthermore, wear had weakened the surface near 

the pits, allowing the pits to grow and leave craters. Under tribocorrosion tests with the applied 

potential, the TiC-SS/steel coating Fig. 44(b), displayed a very stable performance. Although very 

few microcracks are visible, they are unable to cause the surface to deteriorate further when wear 

and corrosion are acting simultaneously due to the excellent corrosion and wear resistance of TiC 

and stainless steel. In the contrary, WC-NiBSi/steel coating Fig. 44(c), cannot perform well under 

the corrosive medium while being the best coating under wear studies. The surface of the corroded 

WC-NiBSi/steel displayed large pits as a result of the continuous growth of pits caused by the 

interaction of chloride ions. For TiAlN/steel coating, the synergistic mass loss for TiAlN/steel 

coating is substantially more than the mass loss due to wear or corrosion alone. This could be well 

understood by the wear rate and careful inspection of the SEM images of the surface of TiAlN/steel 

after tribocorrosion. The wear rate caused by synergy under potentiostatic polarization is more 

than twice the rate of dry wear (see Table 4) or wear under OCP at 2N, 2000 cycles load and in 

an aqueous NaCl solution (see Fig. 36.). The SEM images for TiAlN/steel coating in Fig. 44(d), 

displayed cracks, growth of cracks and larger pits on the surface of TiAlN/steel coating. In the 

case of duplex coating, the wear process accelerated the corrosion process of the TiAlN/WC-

NiBSi/steel duplex coating, as shown in the SEM picture in Fig. 44(f), where the TiAlN is 

completely removed in the center of the wear track but not on the sides. This is because the duplex 
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coating's surface develops strong galvanic couplings between TiAlN and WC-NiBSi during 

tribocorrosion testing. Rubbing removes the oxide layer that formed on the surface by repeated 

sliding motions, leaving a clean surface that is exposed to the electrolyte and stimulates 

electrochemical activity, resulting breaking down of TiAlN layer. Furthermore, due to the breaking 

down of the TiAlN coating, TiAlN particles as wear debris inside the wear track acted as abrasive 

material which accelerated wear more. As a result, more chloride ions accumulated in the center 

of the wear track to reach the substrate, resulting in a strong galvanic coupling between TiAlN and 

WC-NiBSi. In contrast, no galvanic coupling was seen in the case of TiAlN/TiC-SS/steel duplex 

coating in Fig. 44(e), making TiAlN/TiC-SS/steel an acceptable choice for applications involving 

concurrent wear and corrosion. Pure mechanical removal of TiAlN happened from the surface 

where corrosion has less of an influence on the surface of the TiAlN/TiC-SS/steel duplex coating's 

degradation. 

In summary, steel is the worst material to be used under tribocorrosion studies where TiAlN 

addition on steel could not help steel to protect it further from the simultaneous effect of wear and 

corrosion. When TiAlN layer was added on top of WC-NiBSi/steel coating, no galvanic coupling 

was seen under tribocorrosion tests at OCP, but strong galvanic cells formed between TiAlN and 

WC-NiBSi under potentiostatic polarization where external potential was applied which resulted 

in a huge material loss from the TiAlN/WC-NiBSi/steel duplex coating. However, TiAlN/TiC-

SS/steel exhibited better tribocorrosion results without forming any galvanic couples. In this study, 

TiC-SS/steel by PTA technique stands out to be the best coating for tribocorrosion applications.   
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Fig. 44. SEM micrographs for tribocorrosion under potentiostatic polarization at 2N, 2000 cycles 

load, and 3.5 wt.% NaCl: (a) steel, (b) TiC-SS/steel coating, (c) WC-NiBSi/steel coating, (d) 

TiAlN/steel coating, (e) TiAlN/TiC-SS/steel duplex coating, and (f) TiAlN/WC-NiBSi/steel 

coating. 
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5 Conclusions 

In conclusion, the material deterioration caused by tribocorrosion, which is a combined effect of 

wear and corrosion, has a significant impact on production and the economy in a variety of 

industrial sectors. An innovative noble duplex coatings system has been designed and developed 

in this study to solve tribocorrosion concerns in industries. The main objective of this research is 

to improve tribological, corrosion, and tribocorrosion characteristics using a duplex coating 

system. Thin-on-thick TiAlN/TiC-SS and TiAlN/WC-NiBSi duplex coatings on steel were 

fabricated using two distinct deposition processes, plasma transferred arc (PTA) for the thick layer 

(TiC-SS/steel and WC-NiBSi/steel coatings; thickness ~ 3 mm) and physical vapor deposition 

(PVD) for the thin layer (TiAlN layer; thickness ~ 2 µm). The prepared duplex coatings were used 

to conduct wear tests in corrosion environments and then the tribocorrosion properties were 

evaluated and compared with the results of substrate and single-layer coatings.  

A series of dry sliding tests were carried out using a ball-on-flat tribo-system with 2N and 5N 

applied load against alumina to investigate the tribological performance of the single and duplex 

coatings. At 5N load, the wear rate of PVD-coated TiAlN/steel was very high, and the coefficient 

of friction was also high (~0.9) which is the typical value for TiAlN in dry conditions. The TiAlN 

coating on ductile steel broke down so quickly—less than 50 cycles under dry sliding and was 

totally eliminated during the experiments at 1000 cycles per second as evidenced by optical 

microscope images. The poor wear resistance of TiAlN/steel is because of the brittle nature of 

nitride coatings. However, the addition of the TiAlN layer greatly improved the wear resistance of 

TiC-SS/steel and WC-NiBSi/steel when compared with TiAlN/steel, for example decreasing the 

wear rate from 71.1 ± 6.33 × 10-6 mm3N-1m-1 for TiAlN/steel to 30.98 ± 3.24 × 10-6 mm3N-1m-1 
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for TiAlN/TiC-SS/steel and 20.35 ± 4.56 × 10-6 mm3N-1m-1 for TiAlN/WC-NiBSi/steel, 

respectively. This is because of the high load-bearing capacity of steel as the H, H/E*, and H3/E*2 

values are significantly higher for coatings than steel. As seen from the optical images, partial or 

complete delamination for TiAlN/TiC-SS/steel duplex coating and no delamination for 

TiAlN/WC-NiBSi/steel at 1000 cycles/s; however, when the sliding cycles increased the TiAlN 

was removed completely for WC-NiBSi/steel as well. Nonetheless, the single-layer coatings 

showed a very low wear rate for all the sliding cycles. Moreover, WC-NiBSi/steel coating 

exhibited an exceptionally low wear rate, which may be because of the uniformly distributed WC 

hard particles inclusion into the NiBSi matrix.  

At 2N load, no substantial influence of the intermediate layer was observed. The wear rates for 

TiAlN/steel, TiAlN/TiC-SS/steel, and TiAlN/WC-NiBSi/steel were comparable which may be due 

to the stress field generated at low load was confined only in the top TiAlN coatings having limited 

influence from the intermediate layer. Although TiAlN showed the highest hardness, literature 

explained that the harder nitride coating on ductile substrate exhibited brittle nature. Single-layer 

of TiC-SS/steel and WC-NiBSi/steel showed very good performance under sliding wear where 

WC-NiBSi exhibited superior wear resistance compared to all coatings utilized in this study.  

Electrochemical measurements including open circuit potential (OCP), electrochemical 

impedance spectroscopy (EIS), and potentiodynamic polarization were performed under 3.5 wt.% 

aqueous NaCl solution. The corrosion performance of duplex TiAlN/TiC-SS/steel and TiAlN/WC-

NiBSi/steel coatings were compared with the single TiAlN/steel, TiAlN/TiC-SS/steel, and WC-

NiBSi/steel coatings and bare steel substrate. The bare steel cannot show any protection in 3.5 

Wt.% NaCl solution as indicated by the decrease in corrosion potential from – 0.42 V to – 0.72 V 
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for 1h, a very low polarization resistance, and a very high corrosion current. SEM micrographs 

showed pits, craters, and corrosion products on the surface of the steel. The addition of a TiAlN 

layer to steel cannot significantly increase its corrosion resistance with a similar corrosion current 

(2.4 × 10-6 A for TiAlN and 2.8 × 10-6A for steel) and slightly higher polarization resistance for 

TiAlN. Pitting is the characteristic form of corrosion where Cl- ions infiltrate through defects and 

congregate around the weak points and cause the protective layer to rupture. On the other hand, 

the thick WC-NiBSi/steel layer also showed relatively poor corrosion resistance because of pores 

in the microstructure whereas TiC-SS/steel showed the best corrosion performance amongst all 

coatings with excellent corrosion properties (corrosion potential: – 0.04 V, corrosion current: 2 × 

10-8 A, polarization resistance: 2123000 Ω cm2). The addition of the TiAlN layer on TiC-SS/steel 

cannot further improve the corrosion resistance but higher corrosion resistance than TiAlN/steel 

was achieved. It is interesting to note that the addition of a TiAlN layer increased the corrosion 

resistance of the WC-NiBSi/steel coating because the top layer sealed the pores of the WC-NiBSi 

coatings.  

All tribocorrosion tests were done at 2N and 2000 sliding cycles. A sliding ball-on-flat 

configuration was immersed in the corrosive medium of 3.5 wt.% NaCl solution for the 

tribocorrosion studies. This makes it feasible to access both the individual wear and corrosion-

related deterioration of material as well as the interaction of the two in the overall degradation of 

materials. The coating acted as the working electrode in a three-electrode cell electrochemical 

system. Under OCP conditions, mechanical wear accelerated the corrosion of bare steel. For 

TiAlN/steel, pores, cracks, delamination, and parallel grooves can be observed after SEM studies. 

The wear rate was higher and a higher µ value was obtained that indicates no lubrication effect for 
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TiAlN. The low wear rate of WC-NiBSi/steel indicates mechanical wear has less effect on the 

corrosion behavior, and the friction coefficient is low due to the lubrication effect under an aqueous 

solution. Although the wear rate is higher than WC-NiBSi/steel, the addition of the TiAlN layer 

improved the corrosion behavior of WC-NiBSi coatings. On the other hand, the TiAlN layer on 

TiC-SS/steel degrades the coating's ability to resist corrosion.  

 Under potentiostatic polarization where external potential was applied, the corrosion current and 

wear rate suddenly increased when the TiAlN was removed because of the constant loading and 

unloading. Because the TiAlN layer was no longer providing protection when the rubbing stopped, 

the current for TiAlN/steel increased further. While TiC-SS/steel showed an entirely flat line of 

corrosion current, demonstrating excellent tribocorrosion, the corrosion current for the WC-

NiBSi/steel coating increased during the rubbing, indicating poor tribocorrosion of the WC-

NiBSi/steel coating. On the other hand, due to the formation of galvanic cells between the TiAlN 

and WC-NiBSi layers, the duplex coating of TiAlN/WC-NiBSi/steel demonstrated exceptionally 

poor corrosion resistance when the TiAlN layer was continuously removed by rubbing.   

In conclusion, it can be said that the TiC-SS/steel coating showed superior corrosion and 

tribocorrosion behavior, whereas the WC-NiBSi/steel coating demonstrated outstanding wear 

resistance. In contrast, for the duplex coatings, the addition of a harder intermediate layer improved 

the TiAlN/steel coating's brittleness, while the deposition of TiAlN as the top layer increased the 

WC-NiBSi/steel coating's tribocorrosion resistance for tribocorrosion under OCP but deteriorated 

under potentiostatic polarization. 
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6 Future Works and Recommendations 

In order to achieve optimal performance of the duplex coatings, the following recommendations 

can be made: 

1. Different PVD coatings should be fabricated and studied, for example TiC or TiSiC.  

2. The parameters for the preparation of the coatings should be further optimized to reduce 

the presence of microdefects in the coatings.  

3. The mixing ratio for all the powder blends can be varied to obtain proper material 

properties for the application in wear, corrosion, and tribocorrosion.  

4. The synergistic tribocorrosion interactions occurring on the surface of the coatings need to 

be fully understood.  
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Appendix A – SEM Images and EDS analysis of Coatings  

 

Fig. A1. SEM micrographs for (a) steel, (b) TiC-SS/steel coatings, and (c) WC-NiBSi/steel coating 

under dry sliding tests at 2N and 1000 sliding cycles. 
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Appendix B – Wear, corrosion, and tribocorrosion behavior 

 

Fig. B1. Line profile from profilometer for showing positive wear depth or positive volume region 

for steel under the dry sliding wear tests conditions against alumina at 5 N load and 1000 sliding 

cycles.  

 


