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Abstract 

 

Energy efficiency is a major concern in all industries as well in society because of limited 

resources and pollution related problems. Friction is one of the major sources which can affect 

energy efficiency and approximately one-third of the energy resources are consumed worldwide 

to overcome friction between mechanical components. This is the case in particular with internal 

combustion (IC) engines, in which friction in the piston assembly contributes approximately to 

50-60% of the total engine friction [74, 75]. Sliding contacts in the boundary or mixed 

lubrication regimes experience heavy friction losses due to the presence of thin oil films. 

Therefore, solutions to reduce friction between the mechanical components are considered 

crucial in improving energy efficiency. Lubrication improvement and surface modification are 

key factors in minimizing friction of mechanical tribo-systems. The surface modification 

techniques such as surface texturing of components have been remarkable in improving the 

tribological behavior of the sliding pairs, particularly at instances such as boundary or mixed 

lubrication regimes.  

Proper lubrication is one of the key factors to improve the tribological behavior of interacting 

sliding surfaces under lubricated conditions. Therefore, in order to select the appropriate 

lubricant, different lubricants which are commercially available, such as SAE20W-50, SAE15W-

40 and SAE10W-30, were tested on four ball tester. Based on the experimental results, 

SAE15W-40 was selected to lubricate the contact. Square-shaped positive textures are fabricated 

by using a new masking method followed by chemical etching process, which is simple and 

efficient to produce the required geometry. Afterward, experimental tests were conducted on pin 

on disc friction and wear test rig to evaluate the friction and wear properties of the developed 

textured parallel sliding contact. The parameters that have been varied in the present work are 

texture area density, height and normal load.  In order to assess the lubrication regimes, Stribeck 

curves were drawn with friction coefficient as a function of lubrication parameter. The results 

showed that the contact was operating in the mixed lubrication regime. Furthermore, minimum 

friction coefficient and wear rate were obtained at a normal load of 5 N, texture area density of 

0.1 and, a texture height of 10 µm at a constant sliding velocity of 1.67 m/s. For these conditions, 
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friction coefficient and wear rate reduced by 85.4% and 88.9% respectively, in comparison with 

un-textured surfaces. 

Furthermore, texture shape may also effect the tribological properties; however, conducting 

experiments for different texture shapes is costly and time-consuming. In this regard, a 

theoretical model of textured parallel sliding contact has been developed under mixed lubrication 

regime. The modified Reynolds equation (Patir-Cheng flow model) and asperity contact model 

(Greenwood-Tripp model) were solved for hydrodynamic and asperity pressures, respectively. 

The textured surfaces were modelled by considering the surface roughness effect on the fluid 

flow. The numerical result of the developed model was compared with the experimental results 

of square-shaped positive textures. The results indicated that simulation results were qualitatively 

in agreement with experimental results. In addition, the developed model was quantitatively 

validated with previously available literature. 
 

The theoretical model developed has been used to investigate the impact of various texture 

parameters such as texture shape, area density and height on tribological performance parameters 

such as friction coefficient, hydrodynamic load support percentage, and minimum film thickness. 

In addition, the effect of sliding velocity on tribological performance parameters was 

investigated. The numerical simulation results depicted that an area density of 0.1 and a texture 

height of 5 µm exhibited lower value of friction coefficient for all the texture shapes. Sliding 

velocity showed a prominent effect on friction coefficient, hydrodynamic load support 

percentage, and minimum film thickness for all texture shapes. As for the texture shape’s 

concern, elliptical shape was superior in improving frictional performance compared to other 

shapes. Furthermore, at an area density of 0.1, texture height of 5 µm and sliding velocity of 0.5 

m/s, a maximum friction reduction of 87% was obtained with elliptical shape as compared to un-

textured case. 

 

Keywords: chemical etching; friction; parallel sliding contact; pin on disc; surface texture; 

tribological performance; wear  
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Chapter 1 

 

Introduction 

 

This chapter describes the brief history and background of friction and wear. The definition and 

types of surface texture and its parameters are discussed. The chapter also discusses the role of 

surface textures in improving the tribological performance and its use in tribological 

applications. It also outlined the motivation of the present research work. At last, the 

organization of the dissertation is discussed. 

1.1 Friction and wear 

In general, friction is intrinsic, and is induced between sliding surfaces, which are in relative 

motion. Friction has a tendency to oppose relative motion between the sliding surfaces through 

loss of energy mostly in the form of heat, mechanical vibration and noise. Excessive friction can 

cause damage to the sliding surfaces, and as a result, the surfaces become worn out. Hence, in 

most of the mechanical applications, friction is an undesirable phenomenon. 

The main reason for the existence of friction is that there is no perfectly smooth surface. 

In reality, no matter how well the surfaces are prepared, they have a small degree of 

roughness/waviness in the form of valleys and hills. When two surfaces slide against each other 

under the relative motion, the asperities on the surfaces interact with each other producing 

friction as a result. Wear can occur as a result of excessive friction. Thus, each time some 

material from the sliding surfaces is removed, the surface topography changes and new valleys 

and hills are generated, and the removed material from the surface can be called wear debris. 

Some of the wear debris remains at the contact and induces more resistance against the motion. 

As a result, the form of wear occur can be termed abrasive wear. 

Therefore, the intrinsic roughness of the sliding surfaces could be the main reason for the 

existence of friction and thus wear. However, this friction and wear can be reduced by polishing 

the sliding surfaces to a fine degree. After some point, although the sliding surfaces are smooth 

enough, both friction and wear will start to increase again. This is because as the surfaces 
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become smoother, the attractive forces between the sliding surfaces increases; thus, the surfaces 

stick to each other. Therefore, some of the material from each surface is transferred to another 

surface and removes the surface films. This form of wear is called adhesive wear. Although other 

forms of wear may occur under different conditions; these two wear mechanisms are considered 

to be significant wear mechanisms. For example, corrosion wear occurs due to the chemical 

reaction of interacting surfaces with each other or with the environment.  

For a long time, it has been discovered that introducing a third element between the 

sliding surfaces can substantially reduce friction and wear. These elements can keep the 

asperities of the interacting surfaces apart from each other and also protect the surfaces from 

unwanted contamination and chemical reaction. Such an element is known as lubricant. A 

lubricant can be solid, liquid or gas. In general, liquid lubricants such as oils are most common. 

The lubricating oils that are used in industries can be mineral, organic or synthetic oils. In 

addition, depending on the application, different additives can be added to the base oil to 

facilitate the required function of a lubricant. 

Along with appropriate lubricants, improvements in the tribological behavior of 

interacting surfaces can also be achieved through surface engineering. Generally, surface 

engineering can be considered in two categories: surface coating and surface modification. In 

surface coating technique, a layer or layers of a material or materials are introduced on the 

surfaces that are in contact to improve the tribological properties such as friction and wear 

resistance. The coating process can also be attained by changing the chemical composition of the 

surface itself. The methods in which the surface is modified without changing its composition 

such as polishing, honing, heating or local melting are known as surface modification methods. 

In recent years, most of the researchers have focused on controlling friction and wear through the 

modification of surface topography by considering parameters such as surface roughness and 

skewness in a controlled manner. It is believed that surfaces with controlled micro-geometry 

such as surface textures can be emerging in improving tribological performance. The ranges of 

the tribological performance improvement in terms of friction coefficient through surface 

engineering can be seen in Table 1.1. 

In addition to the processes mentioned above, the idea of introducing artificial and 

deterministic surface roughness in the form micro-features with specific shape, size, orientation 
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and distribution have been of increasing interest. It is believed that well designed micro-features 

can enhance the tribological performance parameters such as friction and wear of the interacting 

surfaces.  

Table 1.1 Tribological performance improvement through surface engineering 

 

Author 

Friction coefficient 

 

Plain surface 

Surface 

texturing 

Surface  

coating 

Surface texture 

with coating 

Vilhena etal. [1] 0.013-0.018 0.006-0.01 - - 

Wang et al. [2] 0.21-0.28 0.15-0.18 - - 

Jiang et al. [3] 0.122-0.181 - 0.11-0.137 - 

Martins et al. [4] 0.027-0.034 - 0.02-0.025 - 

Garrido et al. [5] - - 0.0845-0.1201 0.0587-0.0608 

He et al. [6] - - 0.16-0.31 0.11-0.24 

Hu et al. [7] - - 0.06-0.08 0.03-0.06 

Ye et al. [8] - - 0.082-0.095 0.06-0.072 

 

1.2 Surface textures 

Several mechanisms may contribute to hydrodynamic lift in bearings according to the 

conventional theory of lubrication. These mechanisms are lubricant density variation, viscosity 

and thermal wedge, squeeze film effect, non-Newtonian effects, eccentric rotation and surface 

roughness/waviness.  

 

Fig.1.1 Types of surface roughness: (a) random surface roughness [9]; (b) deterministic surface 

roughness [10] 
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In recent years, many researchers have focused on surface roughness to achieve improvements in 

lubrication and tribological performance. The surface can be modified by random and 

deterministic surface roughness, as shown in Fig.1.1. The surface textures are micro-features that 

come under the category of deterministic surface roughness. Surface texturing is an effective and 

reliable method that can alter the surface topography to optimize tribological performance of the 

interacting sliding surfaces. The concept of surface texturing is inspired by nature. For example, 

shark skin boosts up the swim speed against drag force, and hence the swimsuits of Olympic 

athletes have v-shaped grooves which resemble the texture of shark skin [11].   

In literature, different terminology has been used to describe intentionally created surface 

irregularities such as surface features, surface structures or geometries, surface topographies and 

surface textures. Surface textures can be classified as positive and negative textures, as shown in 

Fig.1.2. Generally, positive textures protrude out of the surface (see Fig.1.2 (a)), whereas 

negative textures recess into the surface (see Fig.1.2 (b)). 

 

Fig.1.2 Types of surface texture 

The negative textures are described by different names in the literature such as dimples, 

pores, grooves, pits, pockets, while positive textures are called protrusions, bumps, asperities, 
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etc. Surface texture geometry and dimensions can vary in shape and range from some microns to 

a lot of microns in size. A typically fabricated texture shapes are shown in Fig 1.3. In recent 

years, many researchers have focused on different surface texture shapes and distributions. 

However, circular dimples are still the most commonly used because of the ease of 

manufacturing and lower costs. 

In general, positive texture gives high preferential end flow and high hydrodynamic 

pressure but they are difficult to manufacture. Whereas, negative textures always ensure the 

availability of fluid film between the interacting sliding surfaces while acting as oil reservoir and 

they are easy to manufacture. However, the negative textures are weak in generating high 

hydrodynamic pressures at the contact. 

 

Fig.1.3 SEM images of different surface textures: (a) square-shape (positive) [12], (b) 

hemispherical shape (negative) [13], (c) grooves (negative) [14], (d) hexagonal shape (positive) 

[15], (e) square shape (negative) [16], (f) triangular shape (negative) [17]. 

1.2.1 Surface texture parameters 

A parallel sliding contact with square dimples is explored in Fig.1.4 to describe the commonly 

used parameters of textured surfaces. An individual texture can be illustrated by parameters such 
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as shape, size, texture height/depth and its orientation related to sliding direction. The commonly 

used surface texture parameters are explained below: 

Aspect ratio (λ): The aspect ratio is defined as dimple depth/height over diametric length ratio. 

2

t

p

h

r
                                                                                                                                                                    (1.1) 

 It is noticed that ht is texture’s height/depth in the case of positive/negative texture and 

2rp is diametric length. 

 

Fig.1.4 Schematic view of parallel sliding contact with square-dimples 

Area density (Sp): The area density is defined as the area occupied by the textured portion to the 

total area of the considered surface. 

t t
p

s u

A N A
S

A A
                                                                                                                            (1.2) 

Where, N=number of textures, At=Area occupied by a single texture, As=total area occupied by 

the surface, Au= Area occupied by an imaginary unit cell. 
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Relative dimple depth (S): The relative dimple depth of the texture is defined as the ratio of 

texture’s depth/height to minimum film thickness. 

0

th
S

h
                                                                                                                                         (1.3) 

Where h0 is the minimum film thickness. 

Height ratio (hr): The texture’s height ratio is defined as follows; 

0

0

1t
r

h h
h S

h


                                                                                                                        (1.4) 

Pitch (Pt): It is the center distance between the two consecutive textures in sliding direction. 

Although all the above-mentioned parameters considerably affect the overall 

performance of the mechanical systems, it is recognized that aspect ratio, area density, texture 

depth/height and shape are the most influential and important parameters of textured surfaces 

[18]. Therefore, most of the studies have been focused on optimization of these parameters.  

1.2.2 Use of surface textures in tribological applications 

In the mid-1960s, Hamilton et al. [19] studied the influence of surface irregularities on the 

lubrication performance of mechanical face seals. They investigated both asperities and cavities. 

Their results showed that by introducing the micro-surface irregularities on the sliding surfaces, 

an additional load carrying capacity had been developed. Afterwards, their work was continued 

by Anno et al. [20, 21]. Since then it is believed that micro-irregularities such as asperities and 

grooves can be implemented on the sliding surfaces to get a beneficial effect on lubrication 

performance of mechanical seals. Moreover, this concept was further developed by Etsion and 

his group [22, 23]. The authors utilized laser technology to produce surface textures in the form 

of micro-pores or dimples on the surfaces. 

Since the 1990s, surface texturing has been gaining increasing attention in tribological 

applications due to its potency to improve lubrication, friction and wear performance of 

mechanical components in relative motion. In recent years, the idea of introducing micro-

textures on the surfaces has increased in industrial applications in order to experience the 

beneficial effects of tribological performance. For example, in order to prevent the adhesion of 
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recording heads with contacting surface in magnetic storage discs, surface textures are provided 

in landing areas of the disc [24, 25]. Furthermore, in order to overcome the adhesion and stiction 

in the MEMS devices, surface texturing is employed to reduce adhesion and stiction [25]. 

Surface texturing has been applied to the surfaces of the functional tool in forming processes 

such as deep drawing [26], cold forging [27] and cold rolling [28] and this increased the tool life 

and reduced the lubricant consumption. In recent times, surface textures have been successfully 

employed on the rake face of cutting tools, and this yielded better lubrication conditions in an 

orthogonal machining operation [29, 30].   

 In addition, great breakthroughs have been achieved by means of surface texturing of 

many tribological surfaces such as mechanical seals [31-34], journal bearings/thrust bearings 

[35-39], PR-CL contact in IC engines [40-43]. Moreover, surface texturing has also been 

proposed in the applications such as engine power train and drive train components and wrist pin 

bearings, where the starved lubrication conditions may exist [44, 45]. 

1.2.3 Role of surface texturing in improving tribological performance 

The mechanisms through which the surface texture enhances the tribological performance of 

sliding contacts are “lubricant replenishment”, “wear debris entrapping” and “additional 

hydrodynamic lift” [46-48]. A normally grounded surface roughness cannot hold the lubricant in 

place since there is no physical mechanism to entrap the lubricant or wear debris effectively. It is 

believed that well-designed textured surface can improve the tribological behavior of sliding 

contacts. The mechanisms of surface texture can be seen in Fig.1.5. The first mechanism is 

related to lubricant starvation, i.e., the inadequate lubricant present at the inlet of the contact 

causes a reduction in film thickness, which can be found in automotive PR-CL contacts at piston 

reversals. In general, starvation occurs when the lubricant is pushed away from the contact 

during one pass and does not flow back into the contact in time for the next pass. In such 

situations, textures on the surfaces act as “micro-reservoirs” and increase the lubricant flow back 

into the contact- this process is known as “lubricant replenishment.” Many researchers have 

investigated this mechanism [44, 46-50]. 

The other mechanism is “wear debris entrapment” in which surface textures reduce the 

wear by removing the wear debris from the contact zone through accumulating in the pockets; 

otherwise, the debris remains at the contact and accelerates the wear of the components. Several 



9 
 

studies have identified that surface textures can remove wear particles from the contact zone and 

help in delaying the wear process through debris entrapment, which results in prolonged life of 

the components [14, 51-53].  The role of surface texture in improving tribological performance is 

mainly based on the contact conditions as well as operating lubrication regime. In the case of 

hydrodynamic or mixed lubrication, these micro-features (surface textures) act as Rayleigh step 

bearings to generate additional hydrodynamic lift by forming convergent clearances [54-57]. In 

the case of boundary lubrication, these micro-features acts as secondary lubricant reservoirs and 

supply lubricant to the desired locations [13, 58, 59]. In boundary lubrication, these intentionally 

created undulations trap the wear debris and hence decrease ploughing between interacting 

surfaces. As a result, abrasive wear and friction can be reduced [35, 60-62].  

 

Fig.1.5 Mechanisms of surface texture in improving tribological performance [63]: (a) capturing 

Wear debris; (b) lubricant reservoir; (c) generating hydrodynamic pressure   
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In addition to the above-said mechanisms, the lubricant present in micro-pockets can 

prevent the abnormal temperature rise due to dry sliding conditions during the start or stop 

operations of the contact [13]. Furthermore, it is reported that the leading edge of each texture 

becomes worn out during the initial stages of sliding and acts as an inclined surface which 

promotes hydrodynamic lift at the contact [64]. This leading-edge concept was reported by Hupp 

[64] with the help of experimental data, which indicates that the initial startup friction coefficient 

is much more than the average friction coefficient values. Furthermore, another mechanism of 

surface textures is based on the occurrence of cavitation. In general, local cavitation may occur 

in the diverging clearance of micro-pocket due to asymmetric hydrodynamic pressure 

distribution over each pocket, which offers a substantial amount of load-carrying capacity. In 

general, for incompressible fluids, pressure increases in convergent regions, whereas it decreases 

in diverging regions. Theoretically, the cavity induced in the diverging region is an isobaric 

region owing to the pressure generated in this region which cannot be lower than cavity pressure. 

Because of this, the pressure rise in convergent regions is more than the pressure drop in 

divergent regions; as a result, an additional load carrying capacity can be generated [65, 66]. This 

beneficial effect of generating the additional load support by hydrodynamic action is called 

micro-hydrodynamics of surface textures [67]. Surface texturing can also have a significant 

effect in expanding the boundaries of hydrodynamic lubrication regime under boundary or mixed 

lubrication conditions [68-70]. In addition to these, the reduction of stiction and micro-plasto-

hydrostatic lubrication effects are also reported as the beneficial outcomes of surface texturing 

[71]. 

1.3 Motivation of the present work 

Energy efficiency is a major concern in industries as well in society because of insufficient 

resources and pollution related problems [72]. In recent days, approximately one-third of the 

energy resources are consumed worldwide to overcome the friction between mechanical 

components [73]. This is the case in particular with IC engines, in which friction in the piston 

assembly contributes approximately to 50-60% of the total engine friction [74, 75]. Therefore, 

solutions to reduce friction between the mechanical components are considered crucial in 

improving energy efficiency. In this context, tribology plays a crucial role in reducing friction 

and wear between the mechanical components which are in relative motion. Tribological 
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solutions may include but are not limited to surface treatments of components, such as applying 

coatings to the surfaces [76], chemical modifications [77] and surface texturing [13, 62, 77-79]. 

Among all the methods, surface texturing has evolved as a prominent method for improving 

tribological performance of interacting surfaces. This motivates to do the research work in the 

area of surface texturing to improve the tribological performance of sliding sufaces.  

1.4 Scope of the work  

It is crucial to understand the fundamental concept of surface texturing and mechanisms behind 

the improvement in friction and wear performance. The surface texture geometry and fabrication 

methods also play a key role in deciding the performance of textured surfaces. Surface textures 

are classified as positive and negative textures. Considerable work have been reported on 

negative textures, while a lot of scope is available for fabrication of positive textures and its 

investigation on tribological behavior of sliding contacts. In numerical modelling, most of the 

researchers have focused on modelling the textured surfaces in pure hydrodynamic lubrication 

regime. There is a scope for the numerical study of positive textured surfaces in mixed 

lubrication regime to predict more accurately the tribological characteristics of interacting sliding 

pairs. Furthermore, the effects of surface roughness of the sliding surfaces on fluid flow may be 

included while modelling the textured sliding contacts.  

1.5 Thesis organization 

The thesis is organized into seven chapters, and the contents of each chapter are summarized as 

follows: 

  

Chapter 1 deals with the significance of surface texture concerning the tribological performance 

of mechanical components. It describes the history and background, classification of surface 

textures and its parameters, applications, mechanisms of surface textures and also rationale for 

the present research. 

 

Literature review on surface texturing and its industrial applications are discussed in chapter 2. 

The literature on experimental and numerical investigation of surface textures and its beneficial 

effect on the tribological performance of various sliding pairs has also been discussed. The 

objectives of the present work have also been outlined. 
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 Chapter 3 provides different fabrication techniques to produce surface textures. The fabrication 

technique of chemical etching method to produce square-shaped positive texture with varying 

area density and texture height is presented. The effect of etching concentration and etching time 

on texture height has been highlighted.  

  

The selection of materials and appropriate lubricant to lubricate the parallel sliding contact is 

presented in chapter 4. The sliding experiments were conducted with square-shaped textures 

under lubricated condition and worn surfaces were analyzed. The experimental results of square-

shaped positive textures on the tribological performance have been studied, and the results are 

compared with un-textured reference. 

 

Chapter 5 addresses the development of numerical code for surface textured parallel sliding 

contact under mixed lubrication regime. The modified Reynolds equation proposed by Patir-

Cheng and asperity contact model proposed by Green Wood-Tripp are discussed. 

 

The developed numerical code is used to optimize the tribological properties of the parallel 

sliding contact. The effect of surface texture geometric parameters such as texture shape, area 

density and height through the developed numerical code is discussed in chapter 6. 

 

Chapter 7 summarizes the concluding remarks of the present research work carried out. The 

chapter also provides future recommendations based on the present work. 
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Chapter 2 

 

Literature review 

 

Lubrication improvement and surface modification are key factors in minimizing the friction of 

mechanical tribo systems [80]. Surface texturing has been found to be a potential method which 

can purposefully modify the surface topography in a pre-determined manner by generating 

specific features to improve the lubrication conditions and hence the tribological performance of 

mechanical components, which are in relative motion [81]. The chapter presents a brief literature 

review of experimental and numerical studies of the textured surfaces. This chapter also provides 

a summary of literature review and objectives of the present work. 

 

2.1 Impact of surface texture on tribological performance: Experimental 

studies 

Many researchers have studied the impact of surface texturing on tribological performance under 

different lubricated sliding conditions and drawn different conclusions. Kovalchenko et al. [82] 

performed experiments on smooth and laser textured surfaces at different load and speed 

conditions in the presence of low and high viscous oils on pin-on-disc apparatus. They found that 

laser textured surfaces exhibited maximum reduction in friction compared to smooth surfaces 

with high viscous oils at higher loads and speeds. Henry et al. [83] studied the influence of 

square-shaped dimples on load support and frictional performance of parallel thrust pad bearing. 

Their results showed that textured bearings reduced the friction by up to 30% at low loading 

conditions, while for heavy loading conditions, the effect of textured bearing was found 

detrimental when compared with un-textured bearings. Furthermore, an experimental 

investigation of micro-texture parameters on friction performance was reported by Wakuda et al. 

[13]. Their results showed that the texture size and area density were found to be significant on 

the tribological properties, while texture shape had no effect. A maximum reduction in friction 

was observed for a texture size of 100 µm and an area density below 20%. On the contrary, 

Galda et al. [69] observed that texture shape, size, and area density were critical factors in 
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friction and wear reduction of sliding contacts under lubricated conditions. Etsion et al. [84] 

investigated the laser surface textured parallel thrust bearing on the performance characteristics 

such as clearance and friction. Spherical shaped dimples were tested under hydrodynamic 

lubrication conditions for various load and speed conditions. Their results showed 50% reduction 

in friction coefficient and also a drastic increase of clearance of about three times with textured 

bearings when compared with un-textured bearings. Furthermore, Dumitru et al. [85] 

investigated micro-dimpled steel disks under mixed lubrication regime. The array of micro-

dimple patterns were arranged in the form of micro holes as shown in Fig.2.1. The dimple 

diameter and depths were varied in a range of 50-100 µm and 5-8 µm, respectively. The spacing 

between the dimples varied in the range of 30-60 µm. The authors measured the lifetime of the 

textured sample in terms of the sliding distance at which the friction coefficient increases rapidly 

and reached the friction coefficient of an un-textured sample. Their results showed eight times 

improvement in lifetime of the textured sample compared with un-textured sample.     

 

Fig.2.1 Micro-dimples arranged in square pattern [85] 

On the other hand, Wang et al. [86] investigated the effects of triangular-shaped dimples 

on tribological behavior of lubricated point contacts. The authors utilized laser ablation process 

to produce triangular-shaped dimples on steel disks by varying coverage ratio and depth. The 

image of textured steel disk for different coverage ratios is shown in Fig.2.2. Their results 

suggested the lowest value of friction coefficient was obtained at optimum parameters of texture 

depth 10-15 µm and coverage ratio 10%. In addition, the sliding direction perpendicular to the 

base of triangular texture had a prominent effect in reducing friction. 
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Fig.2.2 The textured steel disk with triangular-shaped dimples [86] 

Furthermore, in order to study the effects of the texture size, depth and density on the 

frictional performance of sliding contact, Echávarri Otero et al. [87] conducted experiments on 

ball-on-disc tribometer under high load and low-speed conditions. Elliptical textures have been 

fabricated on disc surface (see Fig.2.3) by photolithography and chemical etching methods. The 

experimental results have been used to optimize the texture parameters by using artificial neural 

networks. A minimum friction coefficient was found at optimum texture parameters of the 

density of 5%, depth of 78 µm, major and minor axes of size 600 µm and 150 µm, respectively. 

Furthermore, Varenberg [88] studied the effect of groove width and depth on friction and wear 

reduction. They found that wider grooves reduced the friction more compared to smaller 

grooves. This may be due to more wear debris captured with wider grooves. In addition, 

reduction in friction was achieved with increase of groove depth to a certain point, and after that 

no effect of groove depth on friction reduction was observed. This is because once the depth of 

the groove reached a certain point below which the lowest particle had a size of wear debris, then 

wear debris may not reach the bottom and thus, there is no beneficial effect in creating deeper 

grooves.  

 

Fig. 2.3 Elliptical textured disc surface fabricated by chemical etching method [87] 
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Meng et al. [16] investigated the effect of rectangular dimpled parallel sliding surfaces 

for friction reduction. The laser textured rectangular dimples with a length 400 µm, width of 100 

µm and depth of 25 µm (see Fig.2.4), were tested under different sliding conditions. Their results 

indicated the beneficial effects of dimples crucially depended on operating conditions. Friction 

reduction was obtained at larger loads and larger speeds with lower roughness values. However, 

with smaller loads and speeds, the beneficial effect of using dimples was found negligible. 

 

Fig.2.4 Rectangular dimples fabricated by laser surface texturing [16] 

Yan et al. [89] investigated the significance of dimple textured parameters on frictional 

performance. The authors conducted the experiments on dimple textured chromium coated 

samples with area density of 5 to 20%, dimple diameter of 50 to 300 µm and depth of 5 to 20 

µm. The authors reported that a dimple diameter of 100-200 µm, area density of 5% and dimple 

depth of 5-10 µm exhibited a friction reduction of 77.6% when compared with un-textured case. 

In a similar study, Schneider et al. [90] investigated the effect of textured area density, aspect 

ratio and dimple packing patterns (distribution) on the tribological properties of steel surfaces. 

The dimple aspect ratio was varied in a range of 0.02-0.2 and area density was varied from 5% to 

30% with cubic, hexagonal and random dimple distribution. The authors reported that an aspect 

ratio of 0.1 showed more friction reduction regardless of changing dimple diameter or depth. 

Higher friction reduction was observed at an area density of 10% with hexagonal dimple 

distribution. Furthermore, a maximum friction reduction of 80% was achieved with textured 

surfaces than un-textured surfaces. However, Gachot et al. [78] summarized the optimal 

coverage ratios of dimple texture for friction reduction under different lubrication regimes. The 

textures with coverage ratio of 10-30% under full film lubrication, 7-12% under mixed 
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lubrication regime and 5-7% under boundary lubrication regime showed optimal results, whereas 

in case of textured coating surfaces, higher coverage ratios (40-70%) yielded better performance.  

In recent studies, some of the authors pointed out the importance of combined surface 

texturing and coating deposition. In this regard, Chen et al. [91] performed some pin on disc 

experiments on die steel substrate to identify the beneficial effects of surface texturing as well as 

coating deposition. The authors produced triangular-shaped dimples on steel substrate after TiN 

coating deposition. The authors compared the results of surface texturing, coating deposition and 

surface texturing with coating deposition in terms of friction coefficient and wear volume. Their 

results indicated the combination of surface texturing and coating deposition exhibited excellent 

tribological performance when compared with other two cases. Furthermore, Sedlaček et al. [92] 

investigated the effects of surface texture geometry and sequence on tribological properties of 

sliding surfaces. The authors introduced the negative textures in the form of pyramid, cone and 

dimples before and after deposition of TiAlN coating. The results showed that dimple shaped 

textures exhibited better tribological performance, while pyramid shape provided worst 

tribological performance. In addition, if the surface textures were introduced after coating 

deposition, the friction coefficient is lower regardless of the texture shape.  

Moreover, Segu and his colleagues [93, 94] introduced an innovative approach of multi-

scale textures by combining different texture shapes (see Fig.2.5). Their idea of combining 

micro-dimples and ellipses resulted in faster transition between lubrication regimes and also 

lower values of friction coefficient for conformal contact conditions [93]. Their results indicated 

that the maximum friction reduction was obtained at an area density of 0.12 and a dimple depth 

of 5.5 µm. Furthermore, similar effects have been observed in case of non-conformal conditions 

with multi scale texture combining squares and triangles [94].  In their study, the results of 

combined dimples and square, dimples and triangle were compared with dimple textured and un-

textured surfaces. It has been observed that the friction coefficient of the surfaces with multi 

scale texturing was lower than dimple textured and un-textured surfaces. 
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Fig.2.5 SEM image of multi scale texturing of combining dimples and ellipse [93] 

In some of the recent studies, positive textures (protrusions) have shown significant 

impact in reducing friction and wear of the sliding surfaces. Sawant and co-workers [29] 

investigated the impact of spot textures (protrusions) on the machining performance of High-

Speed-Steel (HSS) tools. In their work, the protrusions were fabricated on the rake face of the 

HSS tool by plasma transferred arc powder deposition method. Their results recommended that 

spot textured tools were superior in reducing cutting and thrust forces when compared with a 

non-textured HSS tool. Furthermore, Obikawa and co-workers [30] introduced positive square-

shaped textures on the rake face of carbide tools, and this yielded better lubrication conditions in 

an orthogonal machining operation. In their studies, protrusions were created through spattering, 

photolithography and etching method.  

 As for surface texturing in IC engines, Etsion and his research group performed 

numerous experimental and numerical studies to investigate the effect of negative surface 

texturing by considering different geometries under different operating conditions. They 

investigated the impact of surface textures on a flat ring surface under hydrodynamic lubrication 

and reported some important observations [75]. Based on their studies, there exists an optimum 

ratio of dimple depth to diameter and area density, which reduced friction and increased the load 

support of PR-CL contact. Afterward, these results were validated experimentally by performing 

some reciprocating sliding tests on laser textured dimples [79]. In their study, the authors 

considered laser textured dimple diameter of 100 µm, depth of 10 µm, and area density of 0.2. 

They reported a maximum friction reduction of 40% when compared with un-textured case. 

Zhang et al. [95] conducted experiments with rectangular and circular shape surface textured 

piston ring surfaces to study the frictional performance near the top and bottom dead centers by 
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considering real engine conditions. The results indicated that rectangular shaped textures had the 

lowest average friction coefficient than circular textures and the optimum area density for 

textured napier ring was found at 15%. Furthermore, in order to investigate the frictional 

performance of PR-CL contact, Shen and Khonsari [96] designed different piston ring prototypes 

by varying geometrical parameters of pockets like area ratio, depth, and shape. The experimental 

results indicated that area density ratio and depth had significant influence, while pocket shape 

had limited influence on friction reduction.  

Extensive work was carried out by Vladescu and his research group [97-99] to explore 

the impact of micro-dimples on piston ring-cylinder liner (PR-CL) contact under different 

lubrication regimes. Interestingly, micro-dimples showed beneficial effects under a 

mixed/boundary lubrication regime. The results indicated friction reduction of 62% [97]. The 

authors also measured the film thickness and friction force simultaneously by ultrathin film 

interferometry under transient mixed lubrication conditions. Their results suggested that the 

presence of surface pockets enhanced the film thickness by 20 nm due to which the friction force 

was reduced by 41% when compared with un-textured reference case [98]. Afterward, the 

authors developed a numerical model to validate the experimental results by considering the 

mixed lubrication conditions of textured PR-CL contact contact [99]. They also conducted some 

reciprocating tests to identify the optimal geometric parameters of a textured PR-CL contact 

under different lubrication regimes [100]. In their studies, rectangular-shaped surface pockets of 

varying depth, width, and density were investigated. They placed the long axis rectangular 

pockets perpendicular to the sliding direction. Their results suggested that the micro-pockets 

should be deep, wide, and densely packed for boundary lubrication to have beneficial effects, 

while shallow, narrow, and sparsely placed micro-pockets were advantages for mixed 

lubrication. 

Surface textures do not always produce beneficial effects, they can also exhibit 

detrimental effects if the textures are not properly designed. For example, the study conducted by 

Ryk et al. [79] showed the negative impact of micro-dimpling of surfaces under boundary 

lubrication. The authors reported that if the dimple depth is not chosen appropriately or the 

lubricant feed rate is not high enough, the textured surfaces may increases the friction. Their 

study showed that at high dimple depth and at a low rate lubricant supply, the friction resulting 
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from textured surfaces was higher than un-textured surfaces.  Similarly, Galda and his colleagues 

[101] reported that micro-dimples had no beneficial effects in terms of friction, wear and seizure 

resistance. They investigated the effect of spherical and drop-shaped dimples on wear and 

seizure resistance. The authors provided the most severe conditions of the lubricant by adding 

dust particles such as SiO2 and Al2O3. Their results concluded that surface textures had no 

beneficial effect in enhancing the wear and seizure resistance. Another study by Koszela et al. 

[102] showed similar effects of surface texturing on friction and abrasive wear resistance. They 

concluded that even when using surface textures, the abrasive particles present at the contact 

zone cause more plowing friction and thus increased the abrasive wear.  

 

2.2 Influence of surface texture on tribological performance: Numerical 

studies 

Many numerical/theoretical work in the field of surface texturing have focused on the influence 

of surface texture parameters such as shape, area density/size, distribution as well as operating 

conditions. Rahmani et al. [103] investigated the optimal geometrical parameters of a parallel 

slider bearing with square-shaped dimples on tribological performance characteristics including 

load support, frictional force and friction coefficient. In their analysis, a one-dimensional 

Reynolds equation was considered under hydrodynamic lubrication regime. They analyzed three 

parameters, namely number of dimples, length ratio (the ratio of dimple length to distance 

between two consecutive dimples) and height ratio (the ratio of dimple height to minimum film 

thickness). The results indicated that increasing the number of dimples didn’t affect the 

tribological performance in terms of load support or friction coefficient. The length ratio and 

height ratio of 1 and 1.5-1.7 exhibited superior tribological performance. In a similar analysis 

conducted by the same group [104], three different bottom shapes were considered including 

rectangular, equilateral triangular and isosceles triangular textures. The performance of 

rectangular textures was found superior when compared with other shapes in terms of maximum 

load support as well as minimum friction coefficient. Furthermore, Fowell et al. [36] assessed the 

influence of textured surfaces with rectangular pockets on the hydrodynamic performance of 

parallel bearing. They reported the most influential texture parameters on the performance of the 

bearing. They suggested that the number of textures had little effect, while the texture area 

density and texture height were crucial parameters in deciding the overall performance (such as 
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load carrying capacity and friction) of textured surfaces. In addition, sliding speed and lubricant 

viscosity had no influence on the performance of textured bearing. Their results reported that the 

textured surfaces enhanced the bearing performance 10% more than un-textured case.  

Ji et al. [105] presented a hydrodynamic lubrication model to study the influence of 

geometric parameters as well as orientation of elliptical textured slider bearing. The authors 

evaluated the performance of bearing in terms of average hydrodynamic pressure. They 

suggested elliptical dimples with larger slender ratio (the ratio of length of major axis to length 

of minor axis) for better hydrodynamic effect. In addition, more hydrodynamic pressure was 

observed when elliptical dimples were placed parallel to the direction of sliding. Furthermore, 

Uddin and Liu [106] analysed the tribological performance of a new ‘star like’ shape of parallel 

slider surfaces. They observed that the number of apex points of ‘star like’ shape significantly 

influence hydrodynamic pressure and friction rather than apex angle and orientation. 

Furthermore, their results depicted that ‘star like’ shape of apex points six and texture area 

density of 0.4 reduced the friction coefficient by 80%, 64.39%, 19.32% and 16.14% when 

compared to elliptical, chevron, triangular and circular shapes, respectively.    

Recently, many researchers studied the combined effects of surface roughness and 

surface texturing on the frictional performance of sliding surfaces [107-109]. Brunetière and 

Tournerie [107] studied the behavior of textured mechanical seal surfaces under mixed 

lubrication regime. The authors solved hydrodynamic Reynolds equation and asperity contact 

model for hydrodynamic and asperity pressures, respectively. They investigated perfectly smooth 

surface, rough surface and rough surface with micro-dimples. Their results suggested that a 

rough surface with surface textures reduced the friction more in hydrodynamic as well as mixed 

lubrication. This reduction in friction was because of the effects of surface roughness, surface 

texture and interaction between them [107, 108]. In a similar work, Ma et al. [109] presented a 

theoretical model to investigate the combined effects of surface texturing and roughness on 

performance parameters of a parallel sliding contact. The authors modeled the single dimple 

shaped texture under hydrodynamic as well as mixed lubrication regime by considering different 

surface roughness values. Their results indicated that the effect of surface roughness on load 

carrying capacity and friction coefficient is crucial in the case of mixed lubrication, while its 

effect can be ignored under hydrodynamic lubrication conditions. Furthermore, the increase of 

surface roughness resulted in increased friction coefficient under mixed lubrication regime.   
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Furthermore, Siripuram and Stephens [110] addressed the impact of both positive and 

negative textures under hydrodynamic lubrication regime. They modeled both positive and 

negative textures by considering different shapes such as square, diamond, circular, triangular 

and hexagonal. The performance was evaluated in terms of friction coefficient and leakage rate. 

They reported that texture shape had insignificant impact on friction coefficient; however it had a 

great impact on leakage rate. The triangular shape shown superior performance whereas square 

shape shown worst performance in terms of leakage rate. Additionally, the minimum friction 

coefficients were obtained corresponding to area densities of 0.2 and 0.8 for positive and 

negative texturing, respectively. Furthermore, Syed and Sarangi [111] presented a hydrodynamic 

lubrication model to study the performance of sliding contact with positive and negative textures 

by including the fluid inertia effects. The results indicated that the positive textures exhibited 

better frictional performance compared to negative textures. 

 Ronen et al. [75] studied the effect of partially textured piston rings on reduction of 

friction force. The authors modelled dimple textured ring surfaces under hydrodynamic 

lubrication regime. It was found that there was 30% of friction force reduction at an optimum 

texture depth over diameter ratio of 0.14 compared to un-textured piston ring. In a similar work, 

Kligerman et al. [112] analyzed the textured PR-CL contact to identify the important parameters. 

The authors modeled the textured ring surface under transient hydrodynamic lubrication regime. 

Their results indicated that the dimple diameter had no influence on friction force, while the 

larger area density exhibited better frictional performance. In addition, they reported that the 

friction force of partial textured ring was lower than that of the full textured ring.   Afterward, 

Liu et.al [113] evaluated the tribological performance of barrel shape compression PR-CL 

contact with spherical dimples on cylinder liner by varying dimple area density, depth and 

radius. The authors presented a mixed lubrication model by considering surface roughness of 

compression ring and cylinder liner. The results indicated that dimple area density and depth had 

significant effect on tribological performance of PR-CL system whereas dimple radius had 

negligible effect. Furthermore, the effect of different array modes on tribological properties of 

PR-CL contact was studied by Yin et al. [114].  The authors considered mixed lubrication model 

with four array modes, namely; square array, stagger array, stretching and shortening of dimples 

along liner axis. The results indicated that square array of micro dimples showed better 

performance in reducing friction compared to other modes. However, in most of the cases 
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analysis of textured PR-CL system is based on ideal circular cylinder liner bore which is contrary 

to real engine conditions and overestimates energy savings per engine cycle. Therefore, Usman 

and Park [115] evaluated the performance of textured PR-CL system by considering non-circular 

cylinder bore along with asperity contact model. The results indicated that asymmetry PR-CL 

contact resulted in more frictional power loss when compared to textured circular liner due to 

leakage of hydrodynamic pressure. However, there are no specific guidelines to select texture 

parameters such as shape, size and distribution. The texture parameters need to be selected for 

specific application under a given set of operating conditions [18, 116]. Therefore, optimization 

of texture parameters could be completely application dependent. 

Reviewing the literature, the performance of textured surfaces can quite vary. Some 

studies of surface texturing have shown considerable reduction in friction coefficient, while 

others noticed no significant difference between textured and un-textured surfaces [62]. In some 

cases, surface texturing is beneficial at certain optimal conditions, while other studies report that 

any kind of surface texturing may be worse than un-textured surface [24]. Some of the authors 

report that friction reduction due to surface texturing can be achieved only if micro-features are 

smaller than contact width [117], while others report that friction increases under almost similar 

conditions [13]. In some studies, the textured surfaces showed increased friction coefficient or 

wear or did not show beneficial effect at all compared to un-textured surfaces [102, 118]. For 

example, Kovalchenko et al. [82] observed that laser micro-dimpled surfaces had detrimental 

effect on tribological performance, when the dimples are deep or the viscosity of the lubricant is 

high. Whilst some other studies showed surface textures capture the wear debris and remove the 

wear particles at the contact zone, thereby reducing the wear. 

In addition, there is no universal acceptance on issues such as what types of surface 

texture should be beneficial and under which circumstances. Furthermore, there is no consensus 

on which texture parameters are the most significant in reducing friction or wear and under what 

conditions. For example, Kovalnchenko et al. [82] observed that textured surfaces showed 

beneficial effects under boundary or mixed lubrication regime, while they had no effect in the 

case of hydrodynamic lubrication. On the contrary, Etsion et al. [84] observed a friction 

reduction of almost 50% because of surface textures. In another study, Hsu et al. [71] reported 

that surface texture shape and size had great impact on friction reduction, while Etsion et al. [23] 
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concluded that texture shape had insignificant effect on friction reduction. Similarly, Hupp [64] 

and Pettersson [117] stated that textured surfaces of higher area densities exhibited lower friction 

coefficients under hydrodynamic as well as mixed lubrication conditions, whereas Wang et al. 

[39, 65] reported smaller area densities as optimum for lower friction coefficients. In most of the 

studies, trial and error approach was adopted due to lack of systematic approach related to 

optimization procedures. In fact this trial and error method is the only option in cases of 

boundary or mixed lubrication regime, where there is a lack of theoretical modelling of textured 

surfaces. However, there are enough theoretical models for textured surfaces in the case of 

hydrodynamic lubrication. 

2.3 Research gap 

The study of literature shows that the fundamental concept and function of surface texturing is 

still in infancy despite recent improvements in fabrication techniques and computational 

algorithms. This lack of understanding motivated many researchers to study the various aspects 

related to surface textures such as the effect of various geometric parameters of surface texture, 

operational parameters as well as the physical mechanisms behind the friction and wear 

reduction. In addition, most of the previous works focused on the negative textures to ensure 

beneficial effects on tribological behaviors under different operating scenarios. Therefore, it is 

worthwhile to study the influence of positive texturing on the lubrication and tribological 

behaviors of sliding contact. It is also observed that most of the studies focused mainly on 

modelling textured surfaces in pure hydrodynamic lubrication condition and less on mixed 

lubrication. This is because of the complexity of the frictional process involving fluid and 

asperity interactions. Therefore, it is meaningful to include asperity interaction effects while 

modelling textured surfaces to predict more accurately the tribological characteristics. 

2.4 Research problem 

Many researchers have successfully introduced surface textures and attained remarkable benefits 

in various applications. However, the fundamental concept and function of surface texturing is 

still lacking despite its recent improvements. Therefore, a thorough investigation of various 

aspects related to surface texturing is needed to make this process more efficient and easy to 

implement. The present research work addresses the combined experimental and numerical 

investigation of positive surface texture on the tribological behavior of parallel sliding contact. 
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2.5 Research hypothesis 

It is believed that positive surface texturing improves the tribological behavior of interacting 

sliding pairs. It is expected that the input variables texture area density, height and texture shape 

would show a prominent effect on the output parameters such as friction coefficient through 

numerical simulation by modified Reynolds equation and asperity contact model. Based on the 

literature, the material chosen for surface texturing is AISI 1020 steel against EN 31 un-textured 

disc. In the present research work, tribological behavior is evaluated in terms of measurable 

output parameters such as friction coefficient, wear rate, hydrodynamic load support and 

minimum film thickness. These output parameters depends on input variables like texture area 

density, aspect ratio, lubricant viscosity, texture depth/height, number of textures, texture size, 

texture shape, applied load, sliding velocity and surface roughness of mating surfaces.  

2.6 Objectives of the present work 

Keeping in view the above-mentioned aspects, the objectives of the present work can be 

summarized as follows: 

 Development of positive surface textures.  

 Experimental investigation of the tribological performance of developed positive textured 

sliding contact. 

 Development of theoretical model to study the effect of positive textures on the 

tribological performance of parallel sliding contact. 

 Optimization of positive texture parameters such as shape, area density, and height on the 

tribological performance of parallel sliding contact through the developed theoretical 

model. 

The approach of achieving above-mentioned objectives can be seen in Fig.2.6.  
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Fig.2.6 Flow of overall research plan 

2.7 Summary 

In this chapter, the literature review on the experimental and numerical studies of surface texture 

in investigating tribological performance of different sliding contacts has been presented. The 

objectives of the present research work based on the research gaps identified are outlined. After 

framing the research objectives, the development of surface textures are discussed in chapter 3. 
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Chapter 3 

 

Development of surface textures 

 

The studies mentioned in the literature hold that surface textures make a significant contribution 

in improving the tribological performance of sliding surfaces. Most of the previous studies 

focused on negative textures. However, the effect of positive textures has to be addressed in 

evaluating the tribological behavior of interacting surfaces. This chapter addresses the 

development of positive textures by varying texture area density and height. A chemical etching 

method has been chosen to fabricate positive textures due to its simplicity and potency to 

produce the required geometry [119]. The effect of etching concentration and etching time for 

the desired texture height is also addressed. 

 

3.1 Fabrication methods 

Numerous methods are available for fabricating surface textures on different materials by 

varying different texture geometric parameters including texture shape, size and distribution. In 

general, surface texture fabrication methods can be classified into three groups such as etching 

methods, micro-machining/forming techniques and energy beam/electric discharge methods as 

shown in Fig.3.1.  

3.1.1 Etching methods 

Electro-polishing method has been used by Nakatsuji and Mori [120] to fabricate micro-dimples 

on medium carbon steel. In this process, the authors utilized sulphuric and phosphoric acids for 

electrolytic reactions to create micro-dimples. Reactive ion etching method was used by Xiaolei 

and Kato [121] to make micro-pits of depths 2-13 µm, diameters 50-650 µm and area densities 

2.8% to 22.5% on silicon carbide (SiC) surfaces. In this method, the diameter/size and texture 

pattern crucially depends on the masking, while texture depth depends on etching time. 

Afterwards, Zhang and Meng [122] utilized a photolithography technique and photochemical 

machining process to create different micro-feature shapes. The authors developed micro-pools 

of circular (diameter of 20 µm) and triangular (hypotenuse of 50-300 µm) shapes on ASTM 
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1020 steel surfaces. In this method, a patterned photoresist film was prepared by using 

photolithography which was followed by dipping in chemical etchant solution to create micro-

features on steel surfaces. The etchant solution was prepared by a mixture of HNO3:H3PO4: H2O. 

 

Fig.3.1 Classification of surface texture fabrication methods  

Furthermore, a mask-less electro chemical texturing process was used by Parreira et al. [123] 

to produce microstructures on electricity conducting materials such as carbon steels. The authors 

used AISI 430 steel as a cathodic tool and NaCl solution as electrolyte to create micro-features of 

various shapes. They produced micro-grooves, micro-dots and chevron shapes of sizes 400-800 

µm and depths 20-80 µm. In a similar work, Xuan et al. [124] used masking followed by 

electrochemical machining. The authors utilized a photoresist of thickness 50 µm as a mask, with 

patterned micro-grooves produced by photolithography. They developed micro-grooves of sizes 

148.5-258.6 µm and depths 17.6-58 µm on phosphor bronze anodic surfaces with NaNO3 as the 

electrolyte solution. The material restriction is the main drawback of the electrochemical 

texturing method since it is limited to electricity conducting materials [123]. Moreover, modified 

photolithography was introduced by Kortikar [125] to fabricate both positive and negative 

textures on the surface of any random cross-section and orientation. 
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3.1.2 Micro machining/forming techniques 

Vibro-rolling method was used to produce micro-grooves of different patterns on metallic 

surfaces, particularly on precision tools [24, 126]. In the vibro-rolling method, the diamond tool 

with pre-rolling against the specimen causes plastic deformation and creates micro-grooves of 

the required pattern. Among various techniques, abrasive jet machining is a promising technique 

[13, 127, 128]. In abrasive jet machining, a jet of high-velocity air mixed with fine abrasive 

particles is directed towards the target surfaces to create micro-features. The micro-dimples of 

sizes 40, 80 and 120 µm, area densities of 7.5%, 15% and 30% and depth of 5 µm were 

fabricated on the silicon nitride surfaces by abrasive jet machining [13]. The main drawback of 

abrasive jet machining is that taperness occurs with increase of dimple depth [129]. A novel 

approach based on the use of diamond embossing technique was developed by Pettersson and 

Jacobson [130] to create micro-scale textures on flat and curved metallic surfaces. This method 

involves anisotropic etching of patterned silicon wafer surface and a CVD deposition of the 

diamond film followed by application of load with the help of hardness tester. The authors 

developed sharp pyramid shape textures and rooftop shape textures with a length of 100 µm and 

spacing of 80 µm between textures. In this method, post-processing such as polishing is 

necessary to remove the burrs around the micro-dimples. Furthermore, Nakano et al. [131] 

utilized photolithography followed by shot blasting to generate micro-grooves and mico-dimples 

of width/diameter 60 µm and a depth of 6-10 µm on cast iron surfaces. Initially, the texture 

patterns were prepared by photolithography, followed by a shot blasting process. In the shot 

blasting process, air with abrasive particles, was used to remove the unmasked portions. Large 

areas can be textured irrespective of the materials’ chemical reactivity using shot blasting 

process.  

Moreover, vibro-mechanical texturing was used by Greco et al. [132] to fabricate elliptical 

shaped-dimples on cylindrical-shaped work pieces. The authors used a vibrating single-point 

cutting tool to produce elliptical dimples of sizes 50-550 µm along with axial and circumferential 

directions and depths of 2-50 µm on aluminum and steel surfaces. Any material which can be 

turned on lathe machine can be textured using vibro-mechanical texturing method. This method 

is limited to cylindrical work pieces only, which can be processed on a lathe machine. On the 

other hand, a mechanical Vickers indenter was used to create micro-dimples of different sizes on 

steel surfaces using mechanical indentation technique [133]. In this method, a diamond indenter 
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was utilized to create hemispherical dimples of diameter 65 µm and depth 0.2-1.45 µm on 

AISI52100 steel. The dimple depth can be controlled by the load applied to the diamond 

indenter. This method is a time-consuming process because it requires plastic deformation of the 

material and also post-processing methods such as polishing, to remove the material surrounded 

by micro-dimples. Furthermore, shot peening method has been utilized by Vrbka et al. [134] to 

create random peaks and valleys on AISI 52100 steel surfaces. In this method, hard particles 

combined with high velocity causes plastic deformation of surfaces and changes surface 

topography as well as mechanical properties of the surfaces. The authors used glass breeds of 

diameter 0.07-0.11 µm as abrasive particles to create an average roughness of 0.14-0.17 µm on 

the target surfaces. An innovative method of CNC texturing was used by Cho and Park [135] to 

produce micro-holes on the surfaces of polymers. They fabricated cylindrical micro-holes of 

diameter and depth of 125 µm with an area density of 5%-30% on the surfaces of 

polyoxymethylene. This method is well suited for texturing of polymeric surfaces since high 

energy beam methods fail to create textures due to melting of polymer surfaces. 

3.1.3 Energy beam/electric discharge methods 

High energy beam method such as pulsed air arc treatment has been used by Moshkovith et al. 

[136] to generate micro-dimples on the surfaces of SAE 5020 steel. In this method, a pulsed air 

arc of high voltage was used between the thin electrode and specimen to get micro-features on 

the substrate. The authors developed hemispherical dimples of diameter<20 µm. When compared 

to all other techniques, surface texturing through laser ablation is a popular method and has many 

advantages in terms of flexibility, high accuracy and resolution. Many authors used laser ablation 

to fabricate different geometrical micro-features on a wide range of engineering materials such 

as metals, polymers, ceramics, crystalline structures and glass [24, 117, 137-140]. The authors 

produced hemispherical dimples of diameter>100 µm and depth<10 µm on the surfaces of 

bearing steel GCr15, 100C6 steel, nickel alloy 400 and spring steel 1095. Although laser surface 

texturing is an accurate and popular method, it can only produce negative textures such as 

dimples of spherical and conical shapes [24]. 

3.2 Development of positive textures by chemical etching process     

Chemical etching process has been chosen to fabricate positive textures due to its simplicity and 

potency to produce the required geometry [119]. In chemical etching process, the surface is 
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exposed to chemical and allows the material to get etched wherever required, and the remaining 

portion kept under the masking material. In the chemical etching process, masking is one of the 

critical stages, depending on which the desired shape can be achieved. The masking process used 

in the earlier literature is costly and time-consuming. Therefore, in the present work, new 

material of masking is proposed, i.e. using carbon black as masking material which has been 

applied on the substrate by the application of heat and pressure. This masked specimen is used in 

the chemical etching process. A detailed procedure of producing the surface textures on the 

substrate is explored below with the help of Fig.3.2. 

 

Fig.3.2 Development of surface textures 

Firstly, the pin surface (AISI 1020) is polished and cleaned with acetone to remove dirt 

particles. The square-shaped textures (chosen because of simple shape) are created using CREO-

software by varying area density from 0.1-0.5, as shown in Fig.3.3 (a). Then, these textures are 

transferred on to the photo paper by using carbon black material with the help of laser printer and 

further on to the pin surface by applying heat and pressure for 4-5 minutes with the help of 

clothing iron. The transferred textures on to the surface from photo paper are shown in Fig.3.3 

(b). The carbon black material can resist the action of chemicals, i.e., it acts as a masking 

material. The etching solution is prepared by mixing sodium chloride (powder form), copper 

sulphate (powder form) and hot distilled water in a specific ratio by weight. Then the solution is 

stirred for proper mixing with the help of magnetic stirrer, and the solution becomes blue-

colored, as shown in Fig.3.3 (c). Afterwards, all the other sides of the pin surface are covered 

with a tape in order to avoid unwanted chemical reactions, as shown in Fig.3.3 (d). Then the 

masked substrate is kept face down in the solution for etching so that the etched metal falls and 



32 
 

goes away from the substrate, as shown in Fig.3.3 (e). The indication for the etching process is 

that the solution changes its color to deep green, and the bubbles are formed around the substrate. 

After the etching process, the specimen is washed with water to remove acid, and the masking 

material is removed by cleaning it with acetone. The images of the textured specimen after the 

etching process can be seen in Fig.3.3 (f). The SEM image of developed square-shaped textures 

is shown in Fig.3.4. 

 

Fig.3.3 Steps involved in fabrication of surface textures by chemical etching process 

 

Fig.3.4 SEM image of developed square-shaped textures 
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3.3. Texture size and height measurements 

After the fabrication of surface textures, the dimensions such as texture height and size are 

measured with the help of a 3-D microscope. The microscope image of square-shaped textures 

on the pin surface in 3-D and 2-D view is shown in Fig.3.5.  

 

Fig.3.5 3-D microscope image of distribution of textures 

In the present work, the square-shaped textures are fabricated by varying texture area 

density and height. All the surfaces of the samples have the same number of textures (taken as 

24) but different sizes and pitches in order to obtain different area densities. The area density (Sp) 

is defined as the ratio of the total area occupied by textures to the total surface area of the sample 

as follows: 

2

p

a N
S

l b





                                                                                                                               (3.1)     

From equation (3.1), the size of square-shaped texture can be calculated as follows:                                              



34 
 

pS l b
a

N

 
                                                                                                                            (3.2) 

Where, Sp= area density, a = side length of the square-shaped texture, N = number of textures, l = 

length of sample surface (10 mm), b = width of the sample surface (3 mm). 

In the present work, an etchant concentration (NaCl+CuSO4+H2O) and etching time of 

1:1:5 and 16±1 minutes respectively, are used to produce surface textures of various area 

densities which are shown in Fig.3.6. The parameters shown in Fig. 3.6 for different area 

densities are summarized in Table 3.1. The symbols d1 and d2 are horizontal and vertical distance 

between the two consecutive textures, respectively. 

 

Fig.3.6 SEM image of textured arrays for various area densities 
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Table 3.1 Parameters of textured array 

Parameter Sp = 0.1 Sp = 0.2 Sp = 0.3 Sp = 0.4 Sp = 0.5 

a (µm) 350 500 600 700 800 

d1 (µm) 950 800 670 560 450 

d2 (µm) 700 500 350 200 100 

After the development of textured surfaces with varying area density, the height of 

surface textures is measured using a 3-D microscope. In order to measure the texture height, the 

peak and valley heights at different points (can be seen in Fig.3.5 (a)) are utilized. The height 

difference between peak and valleys is measured as the height of the corresponding texture. All 

the texture heights are measured three times at each location, and the average value is taken as 

the actual height of the texture. The measured mean texture height values with standard 

deviations at different location points are presented in Table 3.2, and the corresponding average 

texture height value is obtained as 70 µm. 

Table 3.2 Texture height measurement results 

Location point 1 2 3 4 5 6 7 8 

Mean texture 

height (µm) 

70.54±  

1.04 

69.17±  

1.68 

72.55±  

1.26 

69.05±  

0.47 

69.11±  

1.8 

67.99±  

2.04 

68.91±  

0.93 

71.52±  

1.69 

 

3.4 Effect of etching time and etchant concentration on texture height  

Texture height can be controlled by varying etching time and etchant concentration. In the 

present work, the square-shaped textures are developed by varying texture height in the range of 

10-100 µm, in a step size of 30 µm. In order to study the influence of etching time and etchant 

concentration, each experiment is conducted three times, and the mean etching time is evaluated 

for the desired texture height. The experiments are conducted by varying etching time for 

different texture heights at a constant etchant concentration. The results of texture height values 

for different etching times at the etchant concentration of 1:1:5 are shown in Fig.3.7. For lower 

texture heights, the etching time is lower while more etching time is required for higher texture 

heights.   
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          Fig.3.7 The influence of etchant concentration on texture height 

 

Fig.3.8 The influence of etchant concentration on texture height 

Afterwards, the effect of etching concentration for the desired texture height is explained 

with the help of Fig.3.8. The etchant concentration is varied by changing the weight of distilled 

water. Figure 3.8 shows, the concentrated solutions took less average etching time than the 

diluted solution to obtain the desired texture height. The difference between etching times for 
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different etchant concentration is minimum for lower texture heights, while it is maximum for 

higher texture heights. The experimental results indicated that the diluted solutions are better to 

obtain lower values of texture heights, whereas concentrated solutions are recommended for 

higher texture heights. The control over texture height is difficult in the case of higher etchant 

concentration, particularly for lower texture heights. Also, the lower etching times may 

accelerate the possibilities of errors, especially for lower texture heights. Therefore, diluted 

solutions are recommended to obtain lower texture heights by avoiding unnecessary deviations in 

texture height values. 

3.5 Summary  

In this chapter, square-shaped positive surface textures have been developed on the sample 

surface using carbon black as masking material followed by a chemical etching process, which is 

simple and economical. The effect of etching time and etchant concentration for the desired 

texture height is discussed. The preliminary studies presented here are helpful for better 

understanding of the development process of surface textures. The studies presented in this 

chapter also provide a basis for further research on the fabrication of surface textures with 

different aspects such as texture shape, size and height. After the fabrication of surface textures, 

the experimental analysis of textured surfaces on tribological performance parameters such as 

friction and wear are discussed in chapter 4. 
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Chapter 4 

 

Friction and wear studies of positive textured sliding contact: 

Experimental studies 

 

After the development of square-shaped positive textures as discussed in the previous chapter, 

the present chapter addresses the impact of this developed textured surfaces on friction and wear 

behavior of parallel sliding contact. This chapter provides the information on the selection of 

appropriate lubricant to lubricate the parallel sliding contact followed by tribological sliding 

experiments to characterize the friction and wear behavior of textured surfaces. In addition, the 

worn surface morphologies of textured surfaces are discussed. 

 

4.1 Selection of lubricant 

It is well known that proper lubrication is one of the key factors to improve the tribological 

behavior of interacting sliding surfaces. Lubricant is a widely used element between the 

interacting surfaces in various mechanical components, which are in relative motion. The 

lubricant oil reflects the performance of the engine through its properties, and also the condition 

of lubricant oil affect the overall engine performance. The main function of a lubricant is to 

reduce friction and wear of the interacting surfaces by avoiding metal to metal contact. In 

addition, it can also reduce corrosion, temperature, contamination and vibrations between the 

sliding surfaces. Proper lubrication enhances the working life as well as fuel efficiency of the 

engine. The tribological properties such as friction and wear of engine components can 

significantly affect the engine performance. If the friction and wear of the components increases, 

the working life of the engine decreases [141]. The relationship between engine performance and 

engine lubricant is an important diagnostic tool to decide the overall efficiency of the engine. 

Therefore, in order to select the appropriate lubricant, different lubricants are tested for better 

lubricity. In the present work, three lubricants, namely SAE20W-50, SAE15W-40, and 

SAE10W-30 were selected, which are commercially available lubricants for automobiles. The 

selected lubricants are synthetic in nature and the viscosity of these lubricant does not change 

much during the test period. All the selected lubricants are supplied by Castrol India Limited and 
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the same brand has been used during all the tests. These are tested on four-ball tester for a better 

understanding of their frictional and wear properties.  

The friction and wear tests are conducted on a four-ball tester (Ducom made, model: TR-

30L-IAS) according to a standard test procedure of ASTM D4172. The schematic view of the 

four-ball tester assembly is shown in Fig.4.1. The four-ball tester assembly consists of four steel 

balls out of which three balls remains stationary, while the fourth ball rotates against these three 

balls (see Fig. 4.1).  

 

 

Fig.4.1 Four ball tester assembly 

 

Before each test, the four steel balls are cleaned with acetone and wiped dry with a tissue. 

Three steel balls are placed in a ball pot and tightened to a torque of a minimum 67 Nm using a 

torque wrench in order to avoid relative motion between them. Then 10 ml of test lubricant is 

poured into the ball pot and ensured that the lubricant fills all the voids in the ball pot. This ball 

pot is placed beneath the spindle to which the fourth ball is fixed through collet chuck, and this 

ball rotates against three balls which are placed in the ball pot. The operating conditions of four-

ball tester are shown in Table 4.1. Each test is conducted for 1 hour, and new steel balls are used 

for each test. After each test, the frictional torque can be measured with the help of a torque 

sensor for corresponding applied normal load. Afterwards, the friction coefficient is calculated 

by Eq. (4.1). 
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T
Friction coefficient

W r
                                                                                                        (4.1) 

Where, T is the frictional torque in Kg-mm, W1 is the applied load in Kg and r (3.67 mm) is the 

center distance between the contacting lower ball surfaces to the axis of rotation. 

Table 4.1 Operating conditions of four ball tester 

Parameter  Condition 

Experimental conditions (ASTM D4172)  

Load  15 Kg 

Speed 600, 900, 1200, 1500 rpm 

Test duration  1 hr. 

Testing ball conditions  

Ball material AISI E-52100 

Ball diameter  12.7 mm 

Ball hardness 62 HRC 

Ball roughness 0.1 µm 

After the completion of each test on the four-ball tester, the wear scar diameter of three 

stationary balls which are in ball pot is measured with the help of an image acquisition system, as 

shown in Fig.4.2. It consists of a camera to capture the image of wear scar and a compound lens 

to capture the image at pre-defined focal length to measure the wear scar diameter. The wear scar 

can be viewed on the PC with the help of SCARVIEW software, and the wear scar is measured 

using the ellipse tool. The focal length can be adjusted to get a clear image, and this image is 

captured by the camera which would be transferred and stored in PC.    

 

Fig.4.2 Wear scar captured by image acquisition system  
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The variation of frictional torque for different test lubricants is depicted in Fig.4.3. The 

tests are conducted at an applied load and rotating speed of 15 kg and 1200 rpm, respectively. 

Among the tested lubricants, SAE10W-30 shows maximum frictional torque while SAE15W-40 

exhibits minimum frictional torque (see Fig. 4.3).  

 

Fig.4.3 Frictional torque vs time for different lubricants  

 

Fig.4.4 Friction coefficient and wear scar diameter of different lubricants 

Figure 4.4 shows the measured mean friction coefficient and wear scar diameter of different 

tested lubricants at an applied load of 15 kg and speed of 1200 rpm. It is observed that the mean 
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friction coefficient of SAE20W-50, SAE15W-40 and SAE10W-30 lubricants are 0.097, 0.092 

and 0.116, respectively (see Fig.4.4 (a)). The mean wear scar diameter for SAE20W-50, 

SAE15W-40 and SAE10W-30 lubricants are 72 µm, 68 µm and 78 µm, respectively (as can be 

seen in Fig.4.4 (b)).  The test results revealed that lubricant SAE15W-40 exhibits excellent 

frictional and wear resistance when compared with other lubricants. This friction and wear 

reduction with SAE15W-40 lubricant may be due to lower frictional torque when compared with 

other lubricants, which can be observed in Fig.4.3.    

Furthermore, the frictional and wear performance of lubricants is also tested by varying 

rotational speed. Figure 4.5 shows the friction coefficient and wear scar diameter of tested 

lubricants at an applied load of 15 kg. The friction coefficient and wear scar diameter are 

increased with the rotating speed for all the lubricants tested (see Fig.4.5 (a) & (b)). This may be 

due to the fact that for higher speeds, the lubricant moves away from the contact zone and allows 

the direct contact of the surfaces, which increases the friction coefficient and wear scar diameter. 

However, lubricant SAE15W-40 exhibits superior frictional and wear performance among other 

lubricants considered in the study. Based on the above experimental results, SAE15W-40 is 

selected to lubricate the parallel sliding contact in further analysis. Table 4.2 shows the 

properties of selected lubricant. 

 

Fig.4.5 Tribological performance of various lubricants for varying speeds 
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Table 4.2  Properties of selected lubricant 

Lubricant Density (gm/cm3) Flash point (0C) Dynamic viscosity at 

300C (Pas) 

SAE15W-40         0.8725          232 0.121 

 

4.2 Experimental investigation on the tribological performance of positive 

textured sliding contact  

In general, the sliding contacts operate in a different lubrication regime by changing the fluid 

film thickness. At lower speeds or contact reversals (such as PR-CL contact near dead centers), 

insufficient lubrication conditions occur at the conjunction due to lack of relative motion 

between the interacting surfaces, resulting in poor tribological behavior. This causes mechanical 

interaction of asperities of mating surfaces and leads to a boundary or mixed lubrication regime. 

Sliding contacts operating in mixed or boundary lubrication regime generate more frictional 

losses than hydrodynamic lubrication regime. These conditions are quite common at PR-CL 

contact near dead centers and piston reversals, where surface texturing may provide greater 

benefits to improve tribological conditions.  Therefore, in the present work, a fundamental study 

on the influence of surface texturing is carried out under laboratory conditions to achieve the 

beneficial effects in terms of friction and wear reduction. The experiments are conducted with 

the selected lubricant for the developed textured surfaces in order to investigate the tribological 

performance of the sliding contact. 

 

4.2.1 Apparatus 

Pin on disc friction and wear test rig (Magnum make, model: TE-165-SPOD) was used to 

conduct the experiments by providing the lubricant between the mating surfaces. The pin on disc 

test rig mainly comprises a testing unit, a display unit, and a controller unit (see Fig. 4.6). The 

testing unit includes a lever to apply the normal load on the pin (stationary strip) against the disc 

(moving plate), a pin holder to hold the pin firmly, and an oil reservoir for continuous supply of 

the lubricant. The LVDT sensors are placed at the end of the lever to measure the friction force 

and coefficient of friction of stationary pin, which is coupled to the display unit. The controller 

unit controls the speed of the motor. The experiments are conducted between the textured 

stationary pin and un-textured moving disc as shown in Fig.4.7. 
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Fig.4.6 Pin on disc friction and wear test rig set up  

 

Fig.4.7 A schematic view of textured pin and un-textured disc 

 

4.2.2 Specimen 

In the present work, a small fraction of flat strip (pin) is chosen against rotating disc by 

considering conformal (parallel surfaces) contact between them. The strip is made from AISI 

1020 steel of length of 28 mm having a cross-section of 10 mm x 3 mm and the counter face 

material (disc) is prepared from EN31 steel with a diameter of 165 mm and a thickness of 8 mm. 
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The materials were procured from Apollo metal industries, Hyderabad in heat treated condition, 

which were used in experimentation. In the present work, texture height produced on the pin 

surface was in several microns. Therefore, the texture heights produced by etching process may 

not destroy the heat treated layer much. Furthermore, the average surface roughness of pin and 

disc materials were maintained at 0.417±0.048 µm and 0.351±0.004 respectively, which was 

measured by surface roughness tester (Handy surf). The properties of the materials used in the 

present work are provided in Table 4.3.  

Table 4.3 Material properties 

4.2.3 Experimental conditions 

The parameters that have been varied in the present work are texture area density, height and 

normal load by keeping sliding speed constant. The experimental conditions are adopted from 

the conditions of PR-CL sliding contact near the dead centers. In a real engine condition, severe 

friction and wear occur near the top and bottom dead centers of PR-CL sliding pair. Generally, 

the mixed lubrication regime is a predominant mechanism in these regions due to the presence of 

thin oil films, which causes adverse effects on friction and wear. Therefore, the experiments 

were designed to be closer to such realistic conditions. In a typical real engine, the nominal 

contact pressure near dead centers is in a range of 0.1 MPa-0.5 MPa [79]. The lower value of 

contact pressure corresponds to the ring's elasticity, and the higher value corresponds to average 

additional gas pressure in one complete operating cycle. In the present work, three values of 

contact pressures have been considered for the present analysis, i.e., 0.16 MPa, 0.33 MPa, and 

0.5 MPa and its corresponding normal loads for the considered area of pin surface are obtained 

as 5 N, 10 N and 15 N respectively. The average angular velocity near the top and bottom dead 

centers would be below 500 rpm in a real engine condition [95]. In the present work, to avoid the 

boundary lubrication conditions at lower velocities, the angular velocity has been chosen closer 

to 500 rpm, i.e. 400 rpm, and the corresponding sliding velocity is obtained as 1.67 m/s, based on 

a track radius of 40 mm. Area density has been considered from 0.1 to 0.5 in a step size of 0.1. 

Specimen Material Modulus of Elasticity Yield strength Hardness 

Fixed Strip (Pin) AISI 1020 200 GPa      295 MPa 130 HB 

Moving disc EN 31 215 GPa      450 MPa 63 HRC 
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The texture height varied in a range of 10-100 µm in a step size of 30 µm. The experimental 

conditions are presented in Table 4.4. 

Table 4.4 Experimental conditions 

 

 

 

 

 

 

All the experiments are performed at a room temperature of 300C for a sliding distance, 

ds of 1200 m at each load-speed combination. From the literature, it has been observed that in 

order to provide sufficient lubrication condition at the contact zone, an oil drop has been supplied 

at a time interval of 15 seconds [142] and 30 seconds [79]. In the present work, continuous 

supply of lubricant is provided with an oil drop of weight 0.01 gm at a time interval of 5 seconds 

(12 drops per minute) at the inlet zone of sliding contact. 

4.2.4 Friction and wear rate calculations 

In the present work, the sliding tests are conducted on a pin on disc apparatus to study the 

influence of positive texturing on friction and wear properties of parallel sliding surfaces. All the 

tests are performed in two sets; the first set consisted of un-textured surfaces, and the second set 

of square-shaped textured surfaces.  

           Before starting each experiment, pin and disc surfaces are cleaned with acetone to remove 

oil and dirt particles and then dried. After each test, friction coefficient and wear rate (the ratio of 

wear volume per unit sliding distance) of pin sample are calculated by using Eqs. (4.2) and (4.3), 

respectively. The average friction coefficient is utilized to evaluate the friction properties, 

whereas average wear rate is used to evaluate the wear properties.   

1

F
Friction coefficient

W
                                                                                                      (4.2)                                                                                    

Test parameter Value 

Normal load (N) 5,10,15 

Area density 0.1,0.2,0.3,0.4,0.5 

Texture height ( µm) 10, 40, 70, 100 

Track radius (mm) 40 
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3  ( / )
i f

s

W W
Wear rate mm m

d


                                                                                                 (4.3) 

Where, F  = Frictional force in N, W1= Applied normal load in N, Wi = Weight of the pin sample 

before the experiment in gm, Wf = Weight of the pin sample after the experiment in gm, ρ = 

Density of the pin material in gm/mm3, ds = Sliding distance in m. 

  

4.3 Results and discussion  

The experiments have been conducted on square-shape textured and un-textured surfaces under 

lubricated sliding conditions. However, in order to visualize the effect of a lubricated sliding 

condition, the results of dry sliding condition for plain surface (un-textured) are also included. In 

the experiments, the square-shaped texture with a size of 500 µm and a texture height of 70 µm 

are utilized to investigate the beneficial effects of surface textures. After each test, the friction 

coefficient and wear rate are calculated by using Eqs. (4.2) & (4.3). In the lubricated condition, 

the textured and un-textured samples are represented by (T+O) and (O), respectively. 

 

Fig.4.8 Friction coefficient vs time at a normal load of 30 N and sliding velocity of 1.67 m/s 

The result of friction coefficient for different contact conditions is described in Fig 4.8. A 

drastic decrease of friction coefficient is identified under the lubricated condition compared to the 
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dry sliding state, which is obvious due to the presence of the lubricant. Under lubricated 

conditions, the textured surface exhibited more beneficial effects in reducing the friction 

coefficient as compared to the un-textured surface (see Fig.4.8). This friction reduction may be 

due to an additional hydrodynamic lift generated by textures between the interacting surfaces, 

which is not present in the case of un-textured surfaces. 

Figure 4.9 shows the results of wear rate under dry and lubricated sliding conditions. It is 

observed that the pin sample experienced severe wear rate under dry condition when compared 

with lubricated condition. However, a further reduction in wear rate has been observed with the 

presence of the surface textures compared to un-textured lubricated surfaces. This is probably 

due to the ability of surface texturing, which offers a lower area of contact between the 

interacting surfaces and capturing the wear debris in the space between the textures, thereby 

reducing the wear rate.  

 

Fig.4.9 Wear rate vs time at a normal load of 30 N and sliding velocity of 1.67 m/s 

The wear reduction with textured surfaces is further confirmed by worn surface analysis 

which is shown in Fig.4.10. It can be seen in Fig.4.10 (a) that the deep grooves and scratches are 

an indication of severe abrasive wear under dry condition. Similarly, the narrow wear scars from 

Fig.4.10 (b) & (c) would be evident for mild abrasive wear in lubricated conditions. Moreover, it 

is observed from Fig. 4.10 (c) that the textures are not damaged severely and there is no further 

indication of severe wear tracks or deep grooves when compared with un-textured surfaces.  
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Fig.4.10 SEM images of pin surface under (a) dry condition, (b) lubricated condition without 

textures (c) lubricated condition with textures 

 

Fig.4.11 Average friction coefficient and wear rate results 
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Furthermore, Fig.4.11 shows the mean friction coefficient and wear rate of textured and 

un-textured surfaces under lubricated conditions. The results confirm that textured surfaces 

significantly reduces the mean friction coefficient and wear rate compared to an un-textured 

lubricated case (see Fig.4.11 (a) & (b)). A maximum reduction of 23.2 % in the friction 

coefficient and 38% of wear rate was observed with textured surfaces. 

As observed, textured surfaces exhibited beneficial effects in terms of  friction and wear 

reduction of the sliding contact. Therefore, the effect of geometric parameters of square-shaped 

positive textures such as area density and texture height on the tribological performance of 

parallel sliding contact was investigated.  

 

Fig.4.12 Stribeck curves for textured and un-textured surfaces 

Before a detailed discussion on the influence of geometric parameters is offered, Stribeck 

curves were drawn to assess the lubrication regimes at different operating conditions. Stribeck 

curves were plotted showing friction coefficient as a function of lubrication parameter (the ratio 

of sliding speed to nominal contact pressure with constant viscosity) for both textured and un-

textured surfaces (as can be seen in Fig.4.12). From Fig.4.12, it can be observed that the decrease 

in friction coefficient resulted in increase of lubrication parameter for both textured and un-
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textured surfaces. The tested pin samples followed similar trends to previous studies [82, 143] 

which indicated that the contact is operating in mixed lubrication regime. 

Stribeck curves confirm that the operating regime is in mixed lubrication regime for both 

textured and un-textured surfaces. Later, the experiments were conducted to study the influence 

of texture area density and texture height on the friction and wear behavior of sliding contacts.  

 

Fig.4.13 Influence of square-shaped texture area density on friction coefficient  

 

The effect of texture area density on friction coefficient at a texture height of 70 µm for 

different loads is shown in Fig.4.13. The surface becomes smooth, i.e., un-textured when the area 

density is considered to be zero. It can be observed from Fig.4.13 that all textured surfaces 

exhibit better friction performance compared to un-textured surfaces. It can also be observed that 

the average friction coefficient increased with the increase of normal load for both textured and 

un-textured surfaces. This is probably due to the fact that the increase of normal load causes high 

asperity interactions at the conjunction of sliding surfaces, thereby resulting in higher values of 

average friction coefficient. A significant reduction in average friction coefficient is observed 

with lower values of area density. Furthermore, at a normal load of 5 N and an area density of 

0.1, a maximum reduction of average friction coefficient is found to be 67.64% and 54.8% 

compared to un-textured surfaces and a textured surface of area density of 0.5 respectively. This 
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friction reduction can be better explained by hydrodynamic lift caused by pressure build-up due 

to extra oil supply at the contact zone generated by surface textures. The hydrodynamic lift is 

lower in case of higher area density of textures because of undesired edge effects which may 

limit the hydrodynamic lift [144].  

 

Fig.4.14 Influence of square-shaped texture area density on wear rate  

 

The behavior of wear rate with area density is shown in Fig.4.14. It is found that an 

increasing trend of wear rate is observed with increase of normal load for both textured and un-

textured surfaces. It can also be observed that the textured surfaces exhibit better performance 

compared to un-textured surfaces. Furthermore, at an area density of 0.1 and a normal load of 5 

N, a maximum reduction of wear rate is found to be 81.6% and 69.3% compared to un-textured 

surfaces and a textured surface of area density of 0.5, respectively. This reduction in wear rate is 

better explained by wear debris entrapment. The surfaces with lower area density provide more 

space for the entrapment of wear debris compared to higher area density. Due to this, ploughing 

action between rubbing surfaces is reduced and thereby reduces the wear rate. 

The SEM images for worn surfaces of smooth (un-textured) and textured specimens with 

area density of 0.1 and 0.5 are shown in Fig.4.15 (a), (b) & (c) respectively, after a sliding 

distance of 1200 m with normal load and sliding velocity of 5 N and 1.67 m/s respectively. 
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Fig.4.15 SEM images of worn surfaces with: (a) Sp = 0 (un-textured), 5N; (b) Sp = 0.1, 5N; (c) Sp 

= 0.5, 5N; (d) Sp = 0 (un-textured), 15N; (e) Sp = 0.1, 15N; (f) Sp = 0.5, 15N 

It can be observed that deep grooves and scratches on un-textured surface in sliding direction are 

an indication for abrasive wear (see Fig.4.15 (a)). In case of textured surfaces (see Fig.4.15 (b) & 

(c)), no indication of severe wear scars or deep grooves is evident compared to un-textured 

surface. It can be noticed that when the friction coefficient is in a range of 0.05-0.15, then the 

type of wear regime is termed as mild wear. While, the wear regime termed as severe when the 

friction coefficient is in a range of 0.15-2.0 [145]. Textures with lower area density (0.1) exhibit 

milder wear compared to higher area density (0.5) (see Fig.4.13). Furthermore, the enlarged view 

of the worn surface of texture with lower area density indicated that the texture is not as severely 

damaged as the texture with higher area density. This may be due to the fact that the wear debris 



54 
 

is captured in the space between the textures of lower area density. This effective function of 

capturing wear debris causes a decrease of abrasive wear [88, 146, 147]. In the case of higher 

area density, the edges of texture experienced higher wear compared to lower area density, and it 

may be due to undesired high-stress concentrations developed at the edges. Similar effects were 

observed at higher normal load (15N) but with higher magnification of wear scars and depth of 

penetration (see Fig.4.15 (d), (e) & (f)). From worn surfaces of pin samples, it is reported that 

lower area densities would be better to improve the tribological properties of parallel sliding 

contact. 

 

Fig.4.16 Impact of square-shaped texture height on friction coefficient 

The impact of texture height on friction coefficient at an area density and normal load of 

0.1 and 5 N, respectively is given in Fig.4.16. The textured surfaces exhibit superior performance 

in friction reduction than un-textured surfaces. The maximum friction reduction is achieved with 

textured surfaces, and corresponds to a texture height of 10 µm when compared with un-textured 

surfaces. As for the texture height concern, lower texture height values show better frictional 

performance than higher texture heights. The friction coefficient value is measured as 0.042 for a 

texture height of 10 µm, while friction coefficient value of 0.126 is obtained when the texture 

height is increased to 100 µm. Furthermore, a maximum reduction of 85.4% in friction 

coefficient is observed with textured surfaces at a height of 10 µm compared to un-textured 
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surfaces. This may be due to lower asperity interactions occur in the case of lower texture 

heights that may reduce the friction coefficient. 

 

Fig.4.17 Impact of square shaped texture height on wear rate 

 

The influence of texture height on wear rate is also presented in Fig.4.17. It is observed 

that textured surfaces exhibit better wear performance than un-textured surfaces. The maximum 

reduction of 88.9 % is achieved with textured surfaces of 10 µm texture height than un-textured 

surfaces. Moreover, the increase in texture height resulted in increased wear rate. This may be 

due to the development of additional stress concentrations in the case of higher texture heights 

that may increase the wear rate more than lower texture heights. In addition, the increase in wear 

rate between the texture heights of 70 and 100 µm is not gradual. This may be due to more 

domination of undesired stress concentration effects at a texture hight of 100 µm when compared 

to a texture height of 70 µm, which resulted in a sudden increase of wear rate between texture 

heights of 70 and 100 µm. Furthermore, the worn surfaces of textured samples also reveal that 

the lower texture heights are superior in reducing wear rate when compared with higher texture 

heights. As can be seen from Fig.4.18, the textured surfaces at a texture height of 100 µm are 

severely damaged than at a texture height of 10 µm. It is also observed that wear debris present 

in the case of higher texture heights (see Fig.4.18), which may accelerate the wear process, due 

to which the wear rate is more in the case of higher texture heights when compared with lower 
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texture heights. From the worn surface analysis, it is reported that lower texture heights would be 

recommended for improved tribological properties of parallel sliding contact.    

 

                     Fig.4.18 SEM images of worn surfaces at different texture heights 

4.4 Summary 

In this chapter, an experimental study was carried out in order to understand the effect of square-

shaped positive surface texture on the tribological performance of parallel sliding contact. An 

improved tribological behavior is observed in textured surfaces when compared with un-textured 

surfaces. It is observed from the Stribeck curves that the contact is operating in mixed lubrication 

regime for both textured and un-textured surfaces. The maximum reduction of 67.64% in friction 

reduction and 81.6% in wear rate is obtained with a texture area density of 0.1 at a texture height 

of 70 µm as compared to un-textured case. On the other hand, the lower texture heights exhibit 

better friction and wear resistance. At a texture height of 10 µm, the maximum reduction in 

friction coefficient and wear rate is observed as 85.4% and 88.9% respectively, when compared 

with un-textured surfaces. The effect of texture shape may also effect the tribological properties; 

however, conducting experiments for different texture shapes is costly and time-consuming. In 

this regard, a theoretical model is developed in chapter 5 which can be used to study the 

influence of various textural aspects such as shape, area density and height.     
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Chapter 5 

 

Numerical modelling of textured sliding contact under mixed 

lubrication regime  

 

This chapter provides a theory relating to the numerical modelling of mixed lubrication in 

textured parallel sliding contact. The modified Reynolds equation (Patir-Cheng flow model) and 

asperity contact model (Greenwood-Tripp model) are solved for hydrodynamic and asperity 

pressures, respectively. The effect of surface roughness on fluid flow is taken into account by 

considering fluid correction factors under mixed lubrication. The numerical simulations are 

performed by employing the finite difference method with Gauss-Seidel iteration scheme. The 

numerical simulation results are validated with previously available results and also with the 

experimental results of square-shaped positive textures which were obtained in the previous 

chapter. 

 

5.1 Mathematical formulation  

In general, a lubricated sliding contact operates under different regimes of lubrication such as 

hydrodynamic, mixed, and boundary lubrication. The lubricant enters the clearance between the 

interacting sliding surfaces through micro-wedge effect and supports the total applied load and 

this type of lubrication regime can be named hydrodynamic lubrication. However, in situations 

such as lower speeds or higher loads, lubricant starvation occurs. At these conditions, the 

asperities of the surfaces interact with each other and interrupt the fluid film. This asperity 

interaction generates certain pressure. This asperity pressure in addition to hydrodynamic 

pressure supports the total applied load and the type of lubrication regime can be called as mixed 

lubrication regime. A modified Reynolds equation is used to evaluate the average hydrodynamic 

pressure, while the asperity contact model is used to determine the asperity pressure. The models 

used in the present work are discussed in the following sections.  
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5.1.1 Derivation of modified Reynolds equation 

The modified Reynolds equation is derived by solving the classical Reynolds equation for rough 

bearing with randomly distributed roughness through flow simulation [148, 149]. 

The local film thickness can be defined as follows (see Fig.5.1); 

1 2Th h                                                                                                                                (5.1)                                                    

 

Fig.5.1 Film thickness function [148] 

Here hT is local film thickness, δ1, δ2 are random roughness of amplitudes measured from the 

mean values. By assuming Gaussian distribution of asperity heights with mean is equal to ‘0’, 

the combined roughness has a variance of 2 2

1 2     with standard deviations of σ1 and σ2.  

The isothermal, isoviscous, incompressible generalized Reynolds equation and the local flows 

are given as [148]: 
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Here, p is local fluid film pressure, qx, qz are local flows in x and z-directions respectively, which 

are random functions. 
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In order to derive modified Reynolds equation, the expected flows for rough bearing has been 

analyzed. Consider a small control volume of area Δx ×Δz as given in Fig.5.2. 

 

Fig.5.2 Control volume for mean flow [148] 

Considering mean expected flows entering the control volume in x and z- directions as: 
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Now, defining pressure flow factors and shear factor such that the mean expected flow in x and 

z-directions are as flows: 
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Where, p  is mean hydrodynamic pressure, Th is mean gap, xq  and zq  are mean expected flows 

in x, z-directions respectively, øx, øz are pressure flow factors that compare the flow in rough 

bearing to smooth bearing, øs is additional flow transport due to sliding in a rough bearing.                                          
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The first term of the R.H.S of Eq. (5.7) represent mean flow due to mean pressure 

gradient in x- direction. The second term represents the flow transport due to entrainment 

velocity, while the third term represents additional flow transport due to sliding in a rough 

bearing with the combined effect of both roughness and sliding in rough bearing. The third term 

is not present in the generalized Reynolds equation, which is for smooth surfaces.  

By performing mean flow balance on control volume; 
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Substitute xq  and zq  (i.e., Eqs. (5.7) & (5.8)) in Eq. (5.10) to get average Reynolds equation, 

which is given as follows: 
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Wu et al. [150] and Meng et al. [151] defined a contact factor such that T
c

h

h
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
 and it is also 

noted that for the lower value of øc, the probability of surface contact is higher and vice-versa.  

After substituting øc in Eq. (5.11), it becomes: 
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(5.13) 

From Eq. (5.13), the roughness effects on lubricant flow can be attributed to four factors øx, øz, øs 

and øc. All these factors except øc depends on oil film thickness ratio (H=h/σ) and surface pattern 

parameter, γ (the length to width ratio of asperities), while øc depends on oil film thickness ratio 

only.  
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When H→∞, then øx, øz→1 & øs →0, then Eq. (5.13) can be reduced to generalized Reynolds 

equation for smooth surfaces. 

By assuming isotropic roughness patterns i.e. γ=1, these flow factors are approximated by Patir 

and Cheng [148, 149] as follows: 
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Similar to the mean flow factors, the shear stress factors are defined such that the mean expected 

hydrodynamic shear stress is given as: 
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Where, the term øf arises from averaging the sliding velocity component of the shear stress. The 

term øfp is correlation factor for mean pressure flow component of the shear stress. The term øfs 

arises from the combined effect of roughness and sliding. 

For isotropic roughness surfaces, these are approximated as follows [148, 149]: 
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 Here, z1=h/3, * = /3σ and =σ/100                                                                                                                                                  
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5.1.2 Asperity contact model for rough surfaces 

In the mixed lubrication regime, the total load is carried by both lubricant and asperities. The 

asperities of rough contact surfaces interact mechanically with each other, thereby developing 

asperity contact pressures. These pressures can collectively contribute to the total load support of 

the system. In the present work, these contact pressures are calculated by adopting the well-

known Greenwood-Tripp asperity contact model [152] as follows: 

2.5' ' ( )aspp K E F H                (5.21) 
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Where η is the asperity density, β is the asperity mean radius of curvature, E1,ν1, E2, ν2 are the 

modulus of elasticity and Poisson’s ratio of stationary and moving surfaces respectively, and the 

integral function F2.5 (H) represents the randomly distributed asperity heights. By assuming 

Gaussian distribution of asperity heights, the function F2.5 (H) can be approximated as follows 

[153, 154]: 
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          (5.24) 

The parameters A'= 4.4068×10-5, Z'=6.804 and K'=1.198×10-4 have been adopted from the studies 

of Akalin and Newaz [153] and Hu et al. [154]. 

 The modified Reynolds model utilized in the present work assumes the fluid as 

Newtonian, iso-viscous, iso-thermal, fluid inertia and squeeze effect neglected and no-slip 

condition prevails. The asperity model considered in the present work neglects the effect of 

elastic deformation of the surfaces and asperities. In addition, the models presented here assumed 

a constant values of mean surface roughness, asperity density and asperity mean radius of 

curvature.  

In general, the transition from one lubrication regime to another lubrication regime 

occurs by changing the load, velocity or viscosity, which further leads to a change in film 
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thickness. Theoretically, lubrication regimes can be classified based on the oil film ratio h/σ, as 

shown in Fig.5.3. If the oil film thickness ratio H ≥ 4, then the frictional pair operates in pure 

hydrodynamic lubrication regime, where the total load is carried by the lubricant. For oil film 

thickness ratio of 1 < H > 4, the contact operates in mixed lubrication regime, where the total 

load is carried by both lubricant and asperity contacts. Similarly, if oil film thickness ratio H ≤ 1, 

then the friction pair operates in boundary lubrication regime, where the asperity contacts carry 

the total load. Therefore, the asperities interaction is possible only when the oil film thickness 

ratio, H is less than 4. 

 

Fig.5.3 Classification of lubrication regimes 

 

 

Fig.5.4 Contact configuration of parallel sliding contact 
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In the present work, the stationary surface is loaded by assuming the conditions near the 

dead centers in PR-CL sliding contact. At these conditions, mixed lubrication is predominating 

with no localized surface deformation [153, 155]. In the mixed lubrication regime, the total load 

(W) is supported by the hydrodynamic load (Wh) as well as asperity load (Wa) as shown in 

Fig.5.4. The modified Reynolds equation (Patir-Cheng flow model) and asperity contact model 

(Greenwood-Tripp model) are solved for hydrodynamic and asperity pressures, respectively. 

5.1.3 Film thickness equation 

Texture geometry should be well defined in order to study the effect of texture forms under 

different lubricating conditions. In order to obtain the beneficial effects of surface texturing, 

surface textures in the form of protrusions are introduced on the stationary surface of axial width 

b with square shape. The computational domain, along with the geometry of the features 

considered in the present study, is shown in Fig.5.5. The computational domain is modelled by 

placing each individual feature (i.e., an axisymmetric shape with base 2rp and height ht) at the 

center of an imaginary unit cell of size B×B. The symbol h0 represents the minimum oil film 

thickness. 

 

Fig.5.5 Computational domain considered for mathematical modeling 
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From Fig.5.5, the equation for mean oil film thickness is given as: 

 

                                                                                      (5.25) 

The area density of texture Sp is the ratio of the area occupied by texture (At) and the area 

of the unit cell (Au) which is given as: 
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It is worthwhile to mention that when altering the texture area density, the size of texture 2rp 

changes while the unit cell size B remains constant (see Eq. (5.27)).  

5.1.4 Boundary conditions 

The ambient pressures are considered at both inlet and outlet boundaries across the sliding 

direction i.e., z-direction. In order to consider the texture interaction effects, the periodic 

boundary conditions are assumed in the sliding direction i.e., x-direction. The cavitation effects 

are taken into account by considering Reynolds cavitation condition, which implies that pressure 

at each node and pressure gradient with respect to the direction normal to boundary is zero. 

Although the Reynolds boundary condition does not include the mass conservation of fluid flow, 

it is much easier to implement it in the numerical simulations. In recent studies, several authors 

have successfully implemented this condition in investigating the textured sliding contacts [38, 

156-158]. Therefore, Reynolds boundary model is adopted in the present study. The 

mathematical equations of the boundary conditions are shown in Fig.5.6. 
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Fig.5.6 Boundary conditions used in the present analysis 

 

5.1.5 Load support and friction equations 

The total load support, W of the contact system, is the sum of the load carried by the fluid film 

(Wh) and the load carried by the asperities due to mechanical interactions (Wa), thus the total load 

support is given as: 

h aW W W                                         (5.28) 

Herein Wh and Wa can be calculated by the given equations: 

0 0

b B

hW pdxdz               (5.29)
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Friction coefficient (f) of the sliding pair can be calculated using the equation: 

F
f

W
                                      (5.31) 

Where F is the total friction force, which is a combination of dissipative forces due to 

hydrodynamic and asperity interaction effects. The hydrodynamic friction force can be 

calculated from viscous shear stress generated in the fluid film. The asperity friction force on the 

other hand is obtained from simple Coulomb's law. The hydrodynamic friction force (Fh), the 
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asperity friction force (Fa) and total friction force (F) acting on the textured surface are 

calculated as: 

0 0

 

b B

hF dxdz                                                   (5.32)
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h aF F F                                          (5.34)
 

Where Cf is the boundary friction coefficient which is adopted as 0.12 in the present study based 

on the previous works [157-159].  

5.2 Numerical solution 

The modified Reynolds equation (5.13) is solved by using finite difference method. The set of 

algebraic equations are derived by finite difference method through the discretization of 

modified Reynolds equation. The discretized terms and detailed numerical solution procedure are 

provided in Appendix. The derived sets of algebraic equations are solved using point successive 

under relaxation method with Gauss- Seidel iterative scheme while satisfying appropriate 

boundary conditions. A mesh size of 150×100 (nx×nz) and pressure convergence of 10-5 is 

adopted based on the mesh convergence test, which is discussed in section 5.2. 

The convergence criteria chosen for the generated fluid film pressure is: 

nx nz
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                                                                                                        (5.35) 

Where the subscripts n and o denote new and old iterations.  

After calculating the fluid film pressure, the asperity pressure is determined using Eq. (5.21). 

Afterward, the fluid film pressure and asperity pressure are utilized to determine the total load 

support (W) given in Eq. (5.28). The convergence criteria chosen for the load balance is: 

1 3

1

W W
1 10

W




 
                                                                                                                               (5.36) 
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Where W1 is the total load applied on the stationary surface. If the above criterion is not met, 

then the minimum fluid film thickness is adjusted as: 

n o

0 0 1h h (W W) Re l                                                                                                              (5.37) 

In the present analysis, a relaxation factor Rel=0.1 is used. Once the load is balanced, the 

hydrodynamic pressure and asperity pressure determined at each node are used to calculate the 

friction coefficient using Eq. (5.31). The flow chart for the approach of numerical simulation to 

calculate the friction coefficient of the textured sliding contact is shown in Fig.5.7. 

 

Fig. 5.7 Flow chart of numerical simulation approach 
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5.3 Grid convergence test 

Before discussing the effect of the surface texture on the tribological characteristics of parallel 

sliding contact, a grid convergence test is performed to ensure that the result is independent of 

mesh size and pressure convergence value. Simulations are performed by considering a single 

square-shaped texture which is placed at the center of the unit cell having a texture area density 

and height of 0.1 and 10 µm, respectively. The grid points are varied in x and z-directions, 

respectively. Figure 5.8 shows the load support varying with mesh size for different pressure 

convergence values under pure hydrodynamic lubrication condition. As shown in Fig.5.8 (a), the 

load support is not deviating much, corresponds to nx=150 for a pressure convergence value of 

10-5. Similarly, the result of load support is close enough to accuracy value for nz=100 (see 

Fig.5.8 (b)). Therefore, a mesh size of 150×100/unit cell and convergence value of 10-5 are 

employed in the present study. The current mesh size yields results close enough to the accuracy 

desired.  

 

Fig.5.8 Grid convergence test results when different meshes are adopted 

 

5.4 Validation of the present model
 

In order to validate the present model, a comparison of numerical results with Gu et al. [157] has 

been performed. The parameters considered for validation are presented in Table 5.1. Figure 5.9 

represents the percentage of hydrodynamic load support for an un-textured piston ring surface 

under mixed lubrication regime. In the study by Gu et al. [157], the simulations were performed 
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with different crown heights by considering a one-dimensional average flow model with fully 

flooded inlet conditions. Based on their study, the hydrodynamic load support percentage of PR-

CL sliding contact was more for higher crown heights when compared with lower crown height 

values. As can be seen from Fig.5.9, the present model is in good agreement with the model 

presented by Gu et al. [157]. 

Table 5.1 Parameters considered for the model validation  

Parameter Value 

Elastic modulus of liner surface, E1 120 GPa 

Elastic modulus of ring surface, E2 250 GPa 

Minimum film thickness, h0 1 µm 

Composite roughness, σ  0.63 µm 

Dynamic viscosity of fluid, µ 0.01 Pas 

Sliding velocity, U  8 m/s 

Height of the ring crown  0.01-8 µm 

  

 

               Fig.5.9 Validation of developed numerical model 
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5.5 Comparison between experimental and numerical results
        

In the present work, a theoretical model is developed to study the influence of positive texturing 

of parallel sliding contact. The numerical simulation results are compared with experimental 

results of square-shaped positive textures through the theoretical model developed. In the present 

analysis, a small fraction of textured surface is considered, shown in Fig.5.10. The present 

analysis considered the number of textures in the sliding direction as 3. The load acting on the 

considered fraction of textured surface is obtained as 0.5 N, corresponding to an experimental 

load of 5 N on the whole surface. The average roughness of the stationary surface (σ1) and 

moving surface (σ2) surfaces are measured as 0.417 µm and 0.351 µm, respectively. Therefore, 

the composite roughness ( 2 2

1 2    ) is obtained as 0.546 µm. The parameters used in both 

numerical and experimental analysis are presented in Table 5.2. 

Table 5.2 Parameters considered in experimental and numerical analysis 

Parameter Value 

Elastic modulus of liner surface, E1 215 GPa 

Elastic modulus of ring surface, E2 200 GPa 

Poisson’s ratio of liner surface,ν1 0.3 

Poisson’s ratio of ring surface,ν2 0.3 

Composite roughness, σ  0.546 µm 

Dynamic viscosity of fluid µ 0.121 Pa s 

Sliding velocity, U 1.67 m/s 

Axial width of the textured surface, b 3 mm 

Area density of texture, Sp 0.1-0.5 

Height of texture, ht 10 µm 

Normal load (experimental) 5 N 

Normal load (numerical) 0.5 N 
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Fig.5.10 Textured surface considered for mathematical modelling 

Simulations are performed by varying area density from 0.1 to 0.5 at a texture height of 

10 µm, as shown in Fig.5.11. A similar trend of friction coefficient is observed in both 

experimental and numerical studies with the increase of area density. This result indicates that 

simulation results are qualitatively in agreement with experimental results for square-shaped 

textures. However, the deviation between the results, particularly at higher area densities, may be 

due to experimental and numerical errors. 

 

                                Fig.5.11 Comparison between experimental and numerical simulation results 
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5.6 Summary 

In this chapter, a theoretical model has been developed for textured parallel sliding contact under 

a mixed lubrication regime. Well-known models such as Patir-Cheng model and Greenwood-

Tripp model are solved for hydrodynamic pressure and asperity pressure, respectively. The effect 

of surface roughness on fluid flow is considered by taking into account corrective flow factors. 

The model developed is validated with simulation results in previously available literature. The 

numerical results are also compared with the experimental results of square shaped textures. The 

result indicates that the simulation results are qualitatively in agreement with experimental 

results. In the next chapter, the numerical model thus developed is used to investigate the effect 

of various aspects of surface texture such as texture shape, area density and height on the 

tribological performance of parallel sliding contact.  
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Chapter 6 

 

Investigation of surface textured geometric parameters on 

tribological performance of parallel sliding contact 

 

The numerical model developed in the previous chapter is utilized in the present chapter to 

optimize the geometric parameters of the surface texture for better tribological performance. This 

chapter emphasizes the impact of various texture geometric parameters such as texture shape, 

area density, and texture height on tribological performance parameters such as friction 

coefficient, hydrodynamic load support percentage and minimum film thickness. In addition, the 

effect of sliding velocity on tribological performance parameters for different texture shapes is 

discussed. The range of geometric parameters considered in the present numerical solution and 

the influence of texture shape, area density and texture height are explained in the following sub-

sections.   

 

6.1 Textured geometric parameters  

Performing the experiments by varying different texture shapes with different area density and 

texture height is time consuming and costly. Within mind, a theoretical model is developed in 

order to perceive economic gain. Theory relating to the numerical modelling of mixed 

lubrication in textured parallel sliding contact by considering the effect of surface roughness on 

fluid flow, was developed in the previous chapter. In this chapter, the impact of various texture 

parameters on tribological performance is explored. The tribological performance is evaluated in 

terms of friction coefficient, hydrodynamic load support percentage, and minimum film 

thickness. It is desired to obtain lower values of friction coefficient and higher values of 

hydrodynamic load support percentage as well as minimum film thickness. In mixed lubrication 

regime, although the total load is supported by the lubricant and asperity contacts, it is beneficial 

to obtain more hydrodynamic load support than asperity load support in order to achieve better 

tribological performance. In the present analysis, hydrodynamic load support percentage is 

evaluated to characterize the hydrodynamic load support of textured sliding contact. The material 
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parameters, operating parameters and texture parameters considered in the numerical simulations 

are presented in Table 6.1. 

Table 6.1 Parameters considered in numerical simulations 

Parameter Value 

Material parameters  

Elastic modulus of moving plate, E1 215 GPa 

Elastic modulus of stationary strip, E2 200 GPa 

Poisson’s ratio of moving plate,ν1 0.3 

Poisson’s ratio of stationary strip,ν2 0.3 

Composite roughness, σ  0.546 µm 

Texture parameters  

Area density, Sp 0.5-0.95 

Texture height, ht 2.5-20 µm 

Operating parameters  

Dynamic viscosity of fluid µ 0.121 Pa s 

Axial width of the textured surface, b 3 mm 

Sliding velocity, U 0.1-2 m/s 

Numerical load, W  0.5 N 

 

In the present analysis, different texture shapes such as square, triangular, circular and 

elliptical are considered (see Fig.6.1). As various texture shapes are considered, half of the base 

length (rp) can be different for different configurations which are calculated by equations given 

in Table 6.2. Herein, the possible range of area density (Sp) for various texture shapes is also 

presented. Accordingly, the textured surface is modelled for different texture shapes by varying 

area density.  
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Fig.6.1 Modelled configurations with different texture shapes (a: square, b: triangular, c: 

circular, d: elliptical) 

 

Table 6.2 Area density calculations for different texture shapes 

Texture shape At Au rp Range of area density, Sp 

1. Square 
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2. Triangular 
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3. Circular  

 
 

2

pr  2B  2
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
 

0.01-0.75 

4. Ellipse 

 
 

22 pr  2B  2

2

pS B


 

0.01-0.35 

 

Texture height is a crucial factor while designing textured surfaces. In the present 

analysis, the texture height is varied in a range of 2.5 µm-20 µm for all texture shapes. The 

increase of texture height beyond 20 µm may increase the asperity interactions more, which may 

produce detrimental hydrodynamic effects at the conjunction and therefore the chances of 

occurring boundary lubrication regime is more. The texture parameters along with operating 

conditions considered in the present analysis are presented in Table 6.1. 

 

6.2 Influence of texture area density on tribological performance 

The effect of texture area density for different texture shapes on friction coefficient at a constant 

texture height of 10 µm is presented in Fig.6.2. As can be seen from Fig.6.2, the friction 

coefficient is decreases initially as the area density increases from 0.05 to 0.1 for all texture 

shapes, and a further increase of area density increased friction coefficient. The experimental 

results of friction coefficient also showed a similar trend with the increase of area density (see 

Fig. 4.12). Furthermore, there exists an optimum area density that minimizes the friction 

coefficient. The optimum area density is found to be 0.1, for all texture shapes. Moreover, among 

the considered texture shapes, elliptical shape is most significant in reducing friction coefficient 

whereas circular shape generates high values of friction coefficient. Furthermore, at an area 

density of 0.1, the maximum percentage reduction in friction coefficient by elliptical textures 
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with respect to other shapes, i.e., circular, square and triangular are 26.5%, 19.1%, and 12.5%, 

respectively. 

 

Fig.6.2 Influence of area density on friction coefficient 

  

 

Fig.6.3 Influence of area density on hydrodynamic load support percentage 

The impact of area density on hydrodynamic load support percentage is shown in Fig.6.3. 

As can be seen from Fig.6.3, the hydrodynamic load percentage increases with area densities in 
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the range of 0.05-0.45, any further increase in area density resulted in decrease of hydrodynamic 

load support percentage because of the domination of asperity interactions at higher area 

densities. It seems that among all the texture shapes, elliptical textures generate maximum 

hydrodynamic load support percentage. Because the pressure developed in elliptical textures 

occupy more area under the curve as shown in Fig 6.4 (d), due to which hydrodynamic load 

support percentage is maximum when compared to other texture shapes (as can be seen in 

Fig.6.4). It confirms that elliptical textures are superior in generating hydrodynamic pressure, 

thereby increasing the ability to support the total load.  

 

Fig.6.4 Hydrodynamic pressure distribution at Sp=0.1, ht=10 µm and U=1.67 m/s: (a) 

square, (b) triangular, (c) circular, (d) elliptical 

Figure 6.5 depicts the influence of area density on minimum film thickness for various 

texture shapes. As can be seen, the minimum film thickness increases initially with the increase 

of area density from 0.05-0.5, and a further increase of area density does not affect minimum 

film thickness. Moreover, elliptical shape exhibits superior performance in increasing minimum 

film thickness compared to other shapes. 
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Fig.6.5 Influence of area density on minimum film thickness 

6.3 Influence of texture height on tribological performance 

The impact of texture height on tribological performance parameters for various texture shapes is 

explored with the help of Fig.6.6. It can be seen from Fig.6.6 that significant changes in friction 

coefficient are observed as the texture height changes from 2.5 µm to 20 µm in a step size of 2.5 

µm. The increase of texture height from 2.5 to 5 µm results in a decrease of friction coefficient 

for all textured surfaces of different shapes. A further increase in texture height resulted in 

increased friction coefficient. The results confirm that lower texture heights proved superior in 

reducing friction coefficient, in particular for an optimum value of 5 µm, where all texture 

shapes show the minimum friction coefficient. In agreement with previous results [100], the 

shallower textures show beneficial effects in reducing the friction coefficient. The numerical 

results presented here are also in line with the experimental results, where larger values of 

texture heights generated more friction coefficients (see Fig. 4.15). This is because smaller 

texture heights generate additional hydrodynamic pressures compared to considerably larger 

texture heights for all texture shapes. Moreover, it is observed that at a texture height of 5 µm, 

the elliptical textures decreased the friction by 18.3%, 13%, and 4.7% when compared with 

circular, square and triangular textures respectively.  
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Fig.6.6 Influence of texture height on friction coefficient 

Figure 6.7 shows the hydrodynamic load support percentage as a function of texture 

height for various texture shapes. It is observed that increase of texture height reduces the 

hydrodynamic load support percentage for all texture shapes. The higher texture heights shows 

more domination of asperities interaction than lower texture heights. As can be seen in Fig.6.8, 

the elliptical texture shape at lower texture height (ht=5 µm) generates more hydrodynamic 

pressure than higher texture height (ht=20 µm). Moreover, similar results of hydrodynamic 

pressure are observed for all the remaining texture shapes with variation of magnitudes. As for 

the texture shape’s concern, the elliptical shape exhibit superior hydrodynamic load carrying 

performance, while circular shape generate lowest hydrodynamic load carrying performance 

when compared with other texture shapes.  
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Fig.6.7 Influence of texture height on hydrodynamic load support percentage  

 

 

Fig.6.8 Hydrodynamic pressure profiles for elliptical shape at Sp=0.1, U=1.67 m/s: (a) 

ht=5 µm, (b) ht=20 µm 
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Fig.6.9 Influence of texture height on minimum film thickness 

Figure 6.9 depicts the impact of texture height on minimum film thickness for different 

texture shapes. It is observed that considerably lower texture heights are better in generating 

minimum film thickness than higher texture heights. Among all texture shapes, the minimum 

film thickness is more for elliptical shape, while the circular shape exhibit minimum at all texture 

heights. However, at higher texture heights the effect of texture shape on minimum film 

thickness is limited compared to lower texture heights. Because, the variation in percentage of 

hydrodynamic load support is lower for higher texture heights as depicted in Fig.6.7. 

 

6.4 Influence of sliding velocity on tribological performance 

The variation of friction coefficient as a function of sliding velocity for various texture shapes is 

shown in Fig.6.10. The result exhibits that increase of sliding velocity from 0.1 to 0.5 m/s 

decreased the friction coefficient and a further increase of sliding velocity resulted in increased 

friction coefficient for all texture shapes. From the obtained results, it is observed asperity 

pressure is more predominated due to which higher friction coefficient is generated for sliding 

velocities less than 0.5 m/s. In addition, a sudden drop in the friction coefficient when the sliding 

velocity increased from 0.1 m/s to 0.5 m/s is due to generation of additional hydrodynamic load 

support percentage at a sliding velocity 0.5 m/s when compared with a sliding velocity of 0.1 
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m/s, as shown in Fig.6.11. Furthermore, for sliding velocities greater than 0.5 m/s, the 

hydrodynamic pressure is more predominant and increased the friction coefficient gradually 

when the sliding velocity varied in a range of 0.5-2 m/s. This may be due to additional viscous 

shear forces which raised the friction coefficient more in the case higher sliding velocities than 

lower velocities. For all the considered texture shapes, the maximum friction reduction is 

achieved for a sliding velocity of 0.5 m/s. As for texture shape’s concern, elliptical shape 

exhibits superior friction reduction, while circular shape generates higher friction coefficient 

values among all considered shapes. Furthermore, it is observed that at a sliding velocity of 0.5 

m/s, the elliptical shape of textures reduced the friction coefficient by 26.8%, 19.8%, and 12% 

compared to circular, square and triangular shapes, respectively. 

 

Fig.6.10 Friction coefficient as a function of sliding velocity for different texture shapes 

The variation of hydrodynamic load support percentage with sliding velocity for different 

texture shapes is shown in Fig 6.11. The result depicts that increase of sliding velocity increases 

the hydrodynamic load support percentage for all texture shapes. Furthermore, at lower velocities 

the hydrodynamic load support is lower due to more interaction of asperities between the sliding 

surfaces. However, higher velocities show superiority in generating hydrodynamic load support 

percentage than lower velocities. The hydrodynamic pressure profiles for elliptical textured 

shape are depicted in Fig.6.12. As can be seen, at higher velocity (U=2 m/s), the area under the 
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curve is more than the lower velocity (U=0.5 m/s). A similar trend of results are obtained for all 

other texture shapes with the variation of sliding velocity. Moreover, elliptical textures exhibit 

better hydrodynamic load carrying performance than all other considered texture shapes. 

 

Fig.6.11 Hydrodynamic load support percentage vs sliding velocity 

 

Fig.6.12 Hydrodynamic pressure profiles for elliptical shape at Sp=0.1, ht=5 µm: (a) 

U=0.5 m/s, (b) U=2 m/s 
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The impact of sliding velocity on minimum film thickness for different texture shapes is 

depicted in Fig.6.13. It can be seen that higher velocities exhibit greater values of minimum film 

thickness than lower velocities. Furthermore, elliptical textures showed better performance in 

generating additional minimum film thickness, while circular textures generate lowest minimum 

film thickness among considered shapes. However, at lower velocities, the beneficial effect of 

texture shape is limited than at higher velocities.  

 

Fig.6.13 Minimum film thickness vs sliding velocity  

The numerical simulations reveal that optimum results are obtained for elliptical shape at 

an area density of 0.1, texture height of 5 µm, and a sliding velocity of 0.5 m/s. The simulations 

are also performed for un-textured surfaces at these optimal conditions and compared with the 

results of textured surfaces. The friction coefficient results of both textured and un-textured 

surfaces are shown in Fig. 6.14. The textured surfaces reduced the friction coefficient by 87% 

compared with the un-textured case.  
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Fig.6.14 Comparison of un-textured and textured surfaces 

6.5 Summary 

In this chapter, the effect of various texture geometric parameters was investigated for the 

improvement in tribological performance of the parallel sliding contact. The texture area density 

of 0.1 and texture height of 5 µm exhibit better tribological behavior for all considered texture 

shapes. It is observed that for all the textured surfaces, the sliding velocity of 0.5 m/s shows 

excellent frictional resistance. Furthermore, texture shape is crucial in improving the tribological 

performance of the sliding contact. In this regard, the elliptical texture shape has shown better 

improvement in tribological performance of parallel sliding contact compared with other texture 

shapes. Moreover, the elliptical textured surfaces reduced the friction coefficient to a maximum 

of 87% compared to un-textured surface. 

 

 

 

 

 



88 
 

Chapter 7 

 

Conclusions and future scope 

 

The present dissertation focused on the experimental and numerical investigation on the effect of 

positive surface textures on tribological behavior of parallel sliding contact. Chemical etching 

method was chosen to fabricate square-shaped positive textures of varying texture area density 

and height. After the fabrication of surface texture, different lubricants were tested in order to 

select the appropriate lubricant. Furthermore, the textured surfaces are tested for frictional and 

wear performance between the parallel sliding surfaces with continuous supply of the selected 

lubricant. 

 Performing the experiments with different texture shapes for different texture area 

density and height is time consuming and costly. In this context, a theoretical model was 

developed to investigate the effects of texture shape, area density and height on tribological 

performance parameters. In modeling, the modified Reynolds equation (Patir-Cheng flow model) 

and asperity contact model (Greenwood-Tripp model) were solved for hydrodynamic and 

asperity pressures, respectively. The developed numerical model was quantitatively validated 

with previously available result and qualitatively with the present experimental results. Later, the 

numerical analysis was extended to study the effect of various texture aspects such as shape, area 

density and height on the tribological performance of parallel sliding contact. 

 

7.1 Conclusions 

From the experimental and numerical studies performed, the conclusions of the present work can 

be summarized as follows:  

• A new masking material such as carbon black was successfully used for the fabrication 

of surface textures by using chemical etching process. Despite previous etching methods, 

the method proposed in the present work is simple and well suited for laboratory 

experiments. 
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• The experimental results for square-shaped textures exhibited minimum friction 

coefficient and wear rate at an area density and a texture height of 0.1 and 10 µm, 

respectively. 

• The maximum reduction in friction coefficient and wear rate was observed to be 85.4% 

and 88.9%, respectively when compared with un-textured surface.  

• The numerical simulation results depicted lower value of friction coefficient at an area 

density of 0.1 and a texture height of 5 µm for all the considered texture shapes. 

• Sliding velocity showed a prominent effect on tribological performance of the textured 

parallel sliding contact. Among all the considered sliding velocities, the sliding velocity 

of 0.5 m/s exhibited better tribological performance parameters for all texture shapes.  

• Texture shape has shown significant impact on the tribological performance of parallel 

sliding contact. In this regard, elliptical shape of texture exhibited superior anti frictional 

performance as compared to other shapes. 

• At an area density of 0.1, texture height of 5 µm, sliding velocity of 0.5 m/s and elliptical 

shape of texture exhibited maximum friction reduction of 87% compared to un-textured 

case. 

 

On the whole, reduction in friction and wear can be achieved by introducing positive surface 

textures on the interacting parallel sliding surfaces. The improvement in lubrication performance 

can be attained by varying various aspects of surface texture such as shape, area density and 

height. In future, this makes surface texturing vital and prominent technique to use in industrial 

applications. In addition, the present work will provide a basis for better understanding of 

lubrication in textured parallel sliding surfaces.  

 

7.2 Future scope 

Based on the present work, the following recommendations have been made for future scope of 

the work in the research area. 

• Fabrication of minimum size of texture in the present method is 350 µm. In future, 

the study can be further extended to produce lower texture sizes than 350 µm by 

modifying the present method. 
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• Numerical studies can also be extended by considering different aspects of surface 

textures such as varying texture distribution and orientation. 

• The developed theoretical model can be modified further by incorporating different 

aspects like fluid inertia effect, squeeze effect, temperature effect and non-Newtonian 

fluid effect. 
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Appendix 

 
Method of numerical solution 

The appendix gives the idea of the solution procedure for the modified Reynolds equation and 

asperity contact model.  

Finite difference method (FDM) is used to solve the Reynolds differential equation. The 

modified Reynolds equation by taking account of fluid flow factors can be given as: 
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Expanding the terms in equation (A 1) 
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The differentials can be approximated by central difference method as: 
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Then equation (A 2) will become 
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Arranging the terms and solving for ( , )p i j will give 
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The Gauss-Seidel iterative scheme is employed to solve equation (A 4) for mean hydrodynamic 

pressure. The pressure at any mesh point (i, j) is expressed in terms of pressure of four adjacent 

points. The iteration method starts by assuming the pressure at all these mesh points corresponds 

to respective boundaries as given in section 5.1.4.The equation (A 4) is solved for all the mesh 

points by satisfying the preset pressure convergence of 10-6. As the pressures were assumed in 

the beginning, equation (A 4) will not be satisfied. Therefore, the error at the point (i, j) is 

(error)i. j= RHS of equation (A 4) - ( , )p i j                                                                              (A 14) 

The new pressure can be computed as 

,( , ) ( , ) ( )new old i jp i j p i j error erf  
                                                                                     (A 15) 

Where, erf is the relaxation factor for pressure convergence. The relaxation factor may be over 

relaxation or under relaxation based on the stability of numerical solution. Once the pressure is 

balanced, the fluid film pressure determined.  

After calculating the fluid film pressure, the asperity pressure is determined as discussed in 

section 5.1.2. 

2.5' ' ( )aspp K E F H
                                                                                                                          (A 16)

 

The asperity pressure is determined by using equation (A 16) for given conditions. Later, the 

fluid film pressure and asperity pressure are utilized to determine the total load support (W) as 

given in Eq. (5.28). This generated load should equate it to the total applied load (W1) with a load 

convergence value of 10-3.  If the load balance criterion is not met, then the minimum fluid film 

thickness can be adjusted as: 

n o
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Where Rel is the relaxation factor for load convergence. The relaxation factor can be assumed 

based on the numerical stability of the solution. 

A code has to be generated to solve equations (A 4) and (A 16) numerically. Any programming 

platforms such as C, C++ and MATLAB can be used. Nowadays, MATLAB is popular for 

providing the easier syntax for coding. 
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